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Synthesis, thermal stability, structural transformations
thermally induced


, ,YDQRYLü . $QÿHONRYLü 90 /HRYDF /M .OLVDURYD 0 /D]DUHYLü ' 0LQLü
7UDQVLWLRQ mHWDO cRPSOH[HV wLWK h\GUD]LGHV DQG h\GUD]RQHV 3DUW  
'LR[RPRO\EGHQLXP 9,  cRPSOH[HV RI sDOLF\ODOGHKLGH SK\GUR[V\EHQ]R\OK\GUD]RQH
DQGWKHLUtKHUPDOsWDELOLW\-RXUQDORI7KHUPDO$QDO\VLVDQG&DORULPHWU\ 

 7 6DER ' 0LQLü 6 7ULIXQRYLü 6\QWKHVLV, cKDUDFWHUL]DWLRQ DQG tKHUPDO
bHKDYLRXURIPHULVRPHURIXQVFLV HKW\OHQHGLDPLQH11 GLSURSLRQDWR DDPLQR
L]REXWLUDWR FREDOW ,,, sHPLK\GUDWH7HKQLND1RYLPDWHULMDOL    

. $QÿHONRYLü 9 %HOMDQVNL , ,YDQRYLü%XUPD]RYLü , %UþHVNL ' 0LQLü 7KHUPDO
bHKDYLRXURIcRQGHQVHGdHULYDWLYHVRIuVQLFaFLGDQGWKHLUcRPSOH[HVZLWK&X ,, 
+HPLMVND,QGXVWULMD    
 7   6 D E R   6   * U J X U L ü ' 0LQLü 6 7ULIXQRYLü 3UHSDUDWLRQ DQG cKDUDFWHUL]DWLRQ RI
fDFLDO DQG mHULGLRQDO iVRPHUV RI XQVFLV HWK\OHQHGLDPLQH11 GL
SURSLRQDWR J\LFRQDWR FREDOW ,,, sHPLK\GUDWH-RXUQDO&RRUGLQDWLRQ&KHPLVWU\ 
  
 6 3 6RYLOM . %DELü6DPDUGåLMD '  0LQLü 6\QWKHVLV DQG pK\VLFRFKHPLFDO
cKDUDFWHUL]DWLRQRIWKHcRPSOH[FLV>&R DFDF F\FODP@ &O2 -RXUQDORIWKH6HUELDQ
&KHPLFDO6RFLHW\    

6 7ULIXQRYLü . $QÿHONRYLü 7 6DER = 0DUNRYLü ' 0LQLü 6\QWKHVLV
cKDUDFWHUL]DWLRQ DQG tKHUPDO dHJUDGDWLRQ RI &R ,,  cRPSOH[ ZLWK pRWDVVLXP
GLWKLRFDUER[LD]DDPLQRSHQWDQRDWRPdLK\GUDWH7HKQLND1RYLPDWHUMDOL 
 
 7 6DER 6 7ULIXQRYLü '  0LQLü 6\QWKHVLV DQG cKDUDFWHUL]DWLRQ DQG tKHUPDO
bHKDYLRXU RI PHUiVRPHU RI XQVFLV HKW\OHQHGLDPLQH11 GLSURSLRQDWR 5 
DODQLQDWR &R ,,, tULK\GUDWHV7HKQLND1RYLPDWHUMDOL    
 636RYLOM.%DELü6DPDUGåLMD'0LQLü'6WRMLü7KHUPDOsWDELOLW\DQGkLQHWLF
sWXGLHVRInHZFREDOW ,,, cRPSOH[HVZLWKDtHWUD]DPDFURF\FOLFDQGdLWKLRFDUEDPDWH
lLJDQGV0DWHULDOV6FLHQFH)RUXP  276
 13HWUDQRYLü'0LQLü76DER'çRNRYLü.LQHWLFDQGtKHUPRG\QDPLFsWXGLHVRI
fDFLDO DQG
P
HULGLRQDO XQVFLV>&R HGGS JO]@FRPSOH[HV
-RXUQDORI7KHUPDO$QDO\VLVDQG&DORULPHWU\  
 63 6RYLOM * 9XþNRYLü 0/HRYDF ' 0LQLü 'LQXFOHDU cRSSHU ,,  &RPSOH[HV RI
11 1 1 tHWUDNLV p\ULGLOPHWK\O tHWUD]DF\FORWHWUD dHFDQH DQG sRPH
16RU12bLGHQWDQWHlLJDQGV3ROLVK-RXUQDORI&KHPLVWU\  
 636RYLOM.%DELü6DPDUGåLMD'00LQLü7KHUPDOsWDELOLW\DQGkLQHWLFsWXGLHV
RI nHZ dLQXFOHDU cRSSHU ,,  cRPSOH[HV ZLWK oFWDD]DPDFURF\FOLF DQG mXOWLGRQRU
bLGHQWDWHlLJDQGV7KHUPRFKLPLFD$FWD  
 ' 0LQLü , ,YDQRYLü%XUPD]RYLü 0 âXPDU . $QÿHONRYLü 6\QWKHVLV
cKDUDFWHUL]DWLRQ tKHUPDO bHKDYLRXU DQG pURSHUWLHV RI aF\OKLGUD]RQV DQG WKHLU
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1HERMãD%HJRYLü9ODGLPLU$%ODJRMHYLü6DQMD2VWRMLü1HQDG)LOLSRYLü.DWDULQD
$QGMHONRYLü'UDJLFD00LQLü7KHUPDOO\iQGXFHGsWUXFWXUDOtUDQVIRUPDWLRQVRID
sHULHV RI pDOODGLXP ,,  RPSOH[HV ZLWK 1hHWHURDURPDWLF bLGHQWDWH h\GUD]RQH
lLJDQGV7KHUPRFKLPLFD$FWD  
 0âXPDU5LVWRYLü'00LQLü9%ODJRMHYLü.$QÿHONRYLü.LQHWLFVRImXOWL
sWHS pURFHVVHV RI tKHUPDO dHJUDGDWLRQ RI &R ,,  cRPSOH[ wLWK 1
bHQ]\OR[\FDUERQ\OJO\FLQDWR lLJDQG. DHFRQYROXWLRQ RI '7* cXUYHV 6FLHQFH RI
6LQWHULQJ  
 1HERMãD 1 %HJRYLü 9ODGLPLU $ %ODJRMHYLü 6DQMD % 2VWRMLü $OHNVDQGUD 0
5DGXORYLü 'HMDQ 3ROHWL 'UDJLFD 0 0LQLü 7KHUPDOO\ aFWLYDWHG ' WR '
sWUXFWXUDO tUDQVIRUPDWLRQ RI >1L HQ  +2  S\U @Â+2 fOH[LEOH cRUGLQDWLRQ
pRO\PHU0DWHULDOV&KHPLVWU\DQG3K\VLFV  
 1HERMãD 1 %HJRYLü 1HPDQMD 1 6WRMDQRYLü 6DQMD % 2VWRMLü $OHNVDQGUD 0
5DGXORYLü 9ODGLPLU $ %ODJRMHYLü %UDQLVODY 6LPRQRYLü 'UDJLFD 0 0LQLü
7KHUPDOO\ LQGXFHG SRO\PHUL]DWLRQ RI ELQXFOHDU >1L HQ  +2  S\U @Â+2
FRPSOH[7KHUPRFKLPLFD$FWD  
 -HOHQD =GUDYNRYLü  'HMDQ 3ROHWL -HOHQD 5RJDQ 1HERMãD 1 %HJRYLü 9ODGLPLU $
%ODJRMHYLü 'UDJLFD 0 0LQLü 7KHUPDO syability and GHJUDGDWLRQRI ELQXFOHDU
KH[DDTXDELV HWK\OHQHGLDPLQH  ȝ\URPHOOLWDWR GLQLFNHO ,, WHWUDK\GUDWH-RXUQDORI7
KHUPDO$QDO\VLVDQG&DORULPHWU\  
 1HQDG 5 )LOLSRYLü 6QHåDQD %MHORJUOLü 7DPDUD 5 7RGRURYLü 9ODGLPLU $
%ODJRMHYLü&KULVWLDQ'0XOOHU$OHNVDQGDU0DULQNRYLI0LURVODYD9XMþLü%DUEDUD
-DQRYLü$OHNVDQGDU60DOHãHYLü1HERMãD%HJRYLü0LODQ6HQüDQVNL 'UDJLFD0
0LQLü 1L ,,  FRPSOH[ ZLWK ELVK\GUD]RQH OLJDQG S\QWKHVLV FKDUDFWHUL]DWLRQ
'1$ ELQGLQJ VWXGLHV DQG SUR±DSRSWRWLF DQG SUR±GLIIHUHQWLDWLRQ LQGXFWLRQ LQ
KXPDQ FDQFHURXVFHOOOLQHV56&$GYDQFHV  
 1HERMãD1%HJRYLü0LOLFD09DVLü9ODGLPLU$%ODJRMHYLü1HQDG5)LOLSRYLü
$OHNVDQGDU'0DULQNRYLü$OHNVDQGDU0DOHãHYLü'UDJLFD00LQLü6\QWKHVLVDQG
WKHUPDO VWDELOLW\ RI FLVGLFKORULGR > ( HWK\O   K\GUR[\TXLQROLQLO 
PHWK\OHQH  K\GUD]LQ\O  DFHWDWHț1@SDOODGLXP ,,  FRPSOH[ -RXUQDO RI 7KHUPDO
$QDO\VLVDQG&DORULPHWU\  
 -HOHQD=GUDYNRYLü'HMDQ'3ROHWL-HOHQD55RJDQ9ODGLPLU$%ODJRMHYLü.DWDOLQ
0pV]iVDURV 6]pFVpQ\L 'UDJLFD 0 0LQLü 7KH LQIOXHQFH RI DONDOLQH FDWLRQV RQ WKH
PHFKDQLVP DQG NLQHWLFV RI GHK\GUDWLRQ RI SRO\PHULF SKWKDODWRFXSUDWH ,, 
GHK\GUDWHV-RXUQDORI$QDO\WLFDODQG$SSOLHG3\URO\VLV  ±

cRPSOH[HVX³3URIHVRUX'UDJDQX9HVHOLQRYLüX´XUHGQLFL6ORERGDQ$QLüL'UDJDQ
0DUNRYLü 'UXãWYR IL]LNRKHPLþDUD 6UELMH L )DNXOWHW ]D IL]LþNX KHPLMX  
 
 65 7ULIXQRYLü = 0DUNRYLü ' 6ODGLü . $QÿHONRYLü 7 6DER ' 0LQLü 7KH
s\QWKHVLV DQG cKDUDFWHUL]DWLRQ RI 1LFNHO ,,  DQG &RSSHU ,,  cRPSOH[HV ZLWK WKH
pRO\GHQWDWH dLDON\O dLWKLRFDUEDPLF aFLG lLJDQG GLWKLRFDUER[\D]D
DPLQRSHQWDQRDWH-RXUQDORIWKH6HUELDQ&KHPLFDO6RFLHW\    
 65*UJXULüâLSND7-6DER657ULIXQRYLü'00LQLü,QYHVWLJDWLRQVRItKHUPDO
sWDELOLW\ DQG kLQHWLFV RI tKHUPDO dHJUDGDWLRQ RI mHULGLRQDO iVRPHUV RI
aPLQRFDUER[\ODWRcREDOW ,,, cRPSOH[HV7KHUPRFKLPLFD$FWD   
'0LQLü*-DNRYOMHYLü'6ODGLü.$QÿHONRYLü,QYHVWLJDWLRQRI tKHUPDOsWDELOLW\
DQGkLQHWLFsWXGLHVRItUDQVLWLRQmHWDOcRPSOH[HVZLWKWKHcRQGHQVDWLRQpURGXFWRI
GLDFHW\OS\ULGLQH DQG sHPLR[DPD]LGH 0DWHULDOV 6FLHQFH )RUXP   

 7 7RGRURYLü . $QÿHONRYLü ' 6ODGLü ' -HUHPLü ' 0LQLü ,QYHVWLJDWLRQ RI
tKHUPDOsWDELOW\RI=Q ,, 3W ,, DQG3G ,, cRPSOH[HVZLWK ( R[R^1> S\ULGLQ
\O HWK\OLGHQH@K\GUD]LQR`DFHWDPLGH0DWHULDOV6FLHQFH)RUXP  
 Ĉ80LRGUDJRYLü=00LRGUDJRYLü'6NDOD0-0DOLQDUDQG '00LQLü
.$QÿHONRYLü 0L[HG cREDOW ,,,  cRPSOH[HV ZLWK aURPDWLF aPLQR aFLGV DQG
dLDPLQH 3DUW 9 7KHUPDO iQYHVWLJDWLRQ RI
GLDPLQRHWKDQH ELV 6
W\URVLQDWR FREDOW ,,, cRPSOH[dLDVWHUHRPHUV7KHUPRFKLPLFD$FWD   












0DMD 7 âXPDU5LVWRYLü 'UDJLFD 0 0LQLü 'HMDQ 3ROHWL .DWDULQD $QÿHONRYLü
=RUDQ 0LRGUDJLYLü ĈHQDQD 0LRGUDJRYLü 7KHUPDO VWDELOLW\ DQG GHJUDGDWLRQ RI
&R ,,  &G ,,  DQG =Q ,,  FRPSOH[HV ZLWK 1 EHQ]\OR[\FDUERQ\OJO\FLQDWR OLJDQG
-RXUQDORI7KHUPDO$QDO\VLVDQG&DORULPHWU\  
0DMD7âXPDU5LVWRYLü.DWDULQD.$QÿHONRYLü'HMDQ3ROHWL 'UDJLFD00LQLü
7KHUPDO GHJUDGDWLRQ RI FRRUGLQDWLRQ SRO\PHU >&G 1%RFJO\  +2 @ Q
7KHUPRFKLPLFD$FWD  
0DMD âXPDU 5LVWRYLü 0DMD *UXGHQ 3DYORYLü  0DWLMD =ODWDU 9ODGLPLU %ODJRMHYLü
.DWDULQD $QÿHONRYLü 'HMDQ 3ROHWL 'UDJLFD 0 0LQLü .LQHWLFV PHFKDQLVP DQG
')7 FDOFXODWLRQV RI WKHUPDO GHJUDGDWLRQ RI =Q ,,  FRPSOH[ ZLWK 1
EHQ]\OR[\FDUERQ\OJO\FLQDWROLJDQGs0RQDWVKHIWHIU&KHPLH    

'UDJLFD 0 0LQLü 0DMD 7 âXPDU5LVWRYLü ĈHQDQD 8 0LRGUDJRYLü .DWDULQD .
$QÿHONRYLü 'HMDQ 3ROHWL .LQHWLFV and mechnism RI GHJUDGDWLRQ RI &R ,, 1
EHQ]\OR[\FDUERQ\OJO\FLQDWRFRPSOH[-RXUQDORI7KHUPDO$QDO\VLVDQG&DORULPHWU\
  
1HERMãD%HJRYLü0LOLFD09DVLü$QD*UNRYLü9ODGLPLU$%ODJRMHYLü 'UDJLFD
0 0LQLü ,VRNLQHWLF SDUDPHWHUV RI WKHUPDO GHJUDGDWLRQ RI FRRUGLQDWLRQ SRO\PHU
>&G 1%RFJO\  +2 @ Q6FLHQFHRI6LQWHULQJ  
-HOHQD =GUDYNRYLü 'HMDQ 3ROHWL -HOHQD 5RJDQ 'UDJLFD 0 0LQLF %LV ¶
ELS\ULGLQH ELV ȝSKWKDODWR GLFRSSHU ,,  WHWUDK\GUDWH DV PROHFXODU VLHYH ZLWK
]HURGLPHQVLRQDOVWUXFWXUH3RO\KHGURQ  
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KINETIC AND THERMODYNAMIC STUDIES OF
FACIAL AND MERIDIONAL uns-cis-[Co(eddp)gly]
COMPLEXES

PETRANOVIÆ et al.: COBALT(III) COMPLEXES

The objective of the present work was an investigation of the thermal decompositions of facial and meridional uns-cis-Co(eddp)(gly)⋅0.5H2O and a thermodynamic
and kinetic analysis of the accompanying processes.

Experimental
Thermal analysis

N. Petranoviæ1, D. Miniæ1, T. J. Sabo2 and D. Dokoviæ2
1

Faculty of Physical Chemistry, University of Belgrade, P.O. Box 173, 11000 Belgrade
Faculty of Chemistry, University of Belgrade, P.O. Box 158, 11000 Belgrade, Yugoslavia

2

(Received January 10, 1998; in revised form March 16, 1999)

Thermal analysis was performed on a DuPont 1090 thermoanalyzer, using a DSC cell
and a 951 TG thermogravimetric cell. The TG curves were obtained at a heating rate
of 10°C min −1, while DSC curves were obtained at different heating rates. The DSC
measurements were made in H2 atmosphere, while the TG curves were obtained in H2
and in air.

Abstract

Mass spectra

Thermal properties of facial and meridional uns-cis-[Co(eddp)gly]⋅0.5H2O complexes were investigated by means of DSC and TG techniques. It was shown that the processes of thermal decomposition of these complexes are multi-step degradation processes, which can also be well separated into
individual steps, depending on the molecular symmetry. Thus, the process of thermal degradation of
the meridional isomer of the above complex consists of 4 well-separated steps in the temperature interval from 100 to 500°C. The corresponding kinetic and thermodynamic parameters of this process
were determined, and a possible mechanism is discussed.

Mass spectra were recorded on a double focusing reverse geometry Finnigan-MAT
8230 mass spectrometer at resolution 1000, using a combined EI-CI source at a
source temperature of 200°C. Samples were introduced by means of a DCI probe
with a tungsten wire (diameter 0.08 mm). Current through the wire was programmed
linearly at a rate of 40 mA s −1. The technique is known as In-beam [7]. The data system used was the Finnigan INCOS SS-300, running on a DEC PDP 11/73 computer.

Keywords: facial and meridional Co(III) complexes, kinetics, thermodynamics

X-ray analysis
X-ray analysis was carried out on a Philips Analytical PW710 diffractometer, using
CuKα radiation (0.15405 nm).

Introduction
New complexes of cobalt(III) have been synthesized, with ethylenediamine-N,N’di-3-propionate (eddp) and glycine anions as ligands [1]. Theoretically, these compounds can exist as three geometric isomers [1]. However, it can be deduced from
previous work [2] that complexing with eddp favours the uns-cis configuration. Consequently, two geometric isomers are expected: a facial and a meridional uns-cis(ethylenediamine-N,N’-3-propionato)(glycinato)cobalt(III) complex.
These compounds, and also some similar, previously described complexes, are
of vital importance in studying processes in biological systems. It is recognized that
they cause hyperglycemia [3], increase albumin content [4], and stimulate kerotene
synthesis, while it is also noted that they stimulate growth [5]. Besides being of importance in biological systems, these compounds can be of interest from another aspect: as convenient starting substances in syntheses of novel oxide materials −
nanomaterials, with ultra-fine nanoparticles. It is known [6] that for these syntheses
the most favourable complexes are those that yield an oxide as a final product of thermal treatment, with elimination of other components by their gasification.

Akadémiai Kiadó, Budapest
Kluwer Academic Publishers, Dordrecht
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Results and discussion
Thermal studies
The TG curve in an atmosphere of air (Fig. 3) shows three steps of mass loss, followed by burning at a temperature above 300°C. For this reason, the other TG curve
was obtained in H2 atmosphere.
Thermal investigation of the synthesized isomers in the temperature interval
from room temperature to 550°C reveals a series of degradation stages (endothermal
and exothermal, Figs 1 and 2). At 140°C, water loss takes place, after which the samples are stable until about 205°C, when stepwise degradation starts and lasts until the
formation of a stable product. The X-ray powder diffraction pattern of the residue
was identified as that of CoO for both isomers investigated (Powder Diffraction File
No. 9-402 27).
The stepwise degradation of the facial (red) isomer proceeds with the individual
steps overlapping, which prevents analysis of each step individually (Fig. 1). This be-

J. Therm. Anal. Cal., 59, 2000
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Fig. 1 DSC curves of fac-uns-cis-[Co(eddp)gly] in a H2 flow; heating rate 20 C min (a);
TG curve of fac-uns-cis-[Co(eddp)gly] in a H2 flow; heating rate 10oC min −1 (b)
−1
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Fig. 4 TG curve of mer-uns-cis-[Co(eddp)gly] in a H2 flow; heating rate 20oC min −1

haviour is certainly a consequence of the structure. The structure of the red isomer is
such that the beginning of degradation at 200°C causes further, almost chainwise,
degradation of the remaining part of the molecule, which is manifested by overlapping of the individual degradation steps. It is therefore impossible to separate and analyze them in detail.
However, the processes of stepwise degradation in the case of the meridional
(violet) isomer are well separated, which permits the determination of enthalpies
(DSC, Fig. 2) and the mass losses of each of the individual steps (TG, Fig. 4, Table 1).
Table 1 TG and DSC data on mer-uns-cis-[Co(eddp)gly] in the temperature interval 25−600oC
TG data (a)

Fig. 2 DSC curves of mer-uns-cis-[Co(eddp)gly] for two heating cycles and one cooling cycle in a H2 flow; heating rate 20oC min −1

Fig. 3 TG curve of mer-uns-cis-[Co(eddp)gly] in an atmosphere of air; heating rate 20oC min −1

J. Therm. Anal. Cal., 59, 2000

DSC data (b)
mass loss/%

140.5

3.98

236.8

16.91

262.7

273

283.9

15.88

301.9

101

398.6

41.90

476.3

–1753

Residue

20.7

T/°C
150

92

The DSC curve of the meridional isomer exhibits three endothermal peaks, at
150, 262.7 and 301.9°C, plus one exothermal peak, at 476.3°C (Fig. 2).
The first peak, at 150°C, is attributed to complex dehydration, which corresponds to a loss of 0.5 moles of H2O. Two subsequent endothermal peaks, at 262.7
and 301.9°C, are well defined, but somewhat asymmetric. They are the result of
changes that occur during the thermal treatment of Co(III), also evident in the corresponding TG curve (Fig. 4).
Thermal decomposition of the Co(III) complex in the atmosphere of hydrogen
(Fig. 4) proceeds in four completely separate steps. The first process of mass loss of
2.98% at about 140°C, which is complementary to the first endothermal peak in the
DSC curve, corresponds to a loss of 0.5 mole of crystal water. In the temperature

J. Therm. Anal. Cal., 59, 2000
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∆H/J g–1

T/°C
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range 140−205°C, the complex is stable, but after that thermal decomposition is observed. The results of TG curve analysis (Fig. 4) are given in Table 1a, and DSC data
(Fig. 2) are given in Table 1b.
On the basis of the above results, taking into account the experimental (TG) and
theoretical calculations based on mass losses, the process of thermal decomposition
of the meridional isomer in the temperature range studied can be assumed to occur in
the following way:
Step 1:
. H 2O
*CoC10 H18 N 3O 6 ⋅05
. H 2O →CoC10 H18 N 3O 6 +05
344**
experimental mass loss
calculated mass loss
Step 2:

335**
2.98%
2.62%

812
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ligand is similar to the edta ligand. Accordingly, similar decompositions of eddp and
edta complexes can also be expected. Obviously, in this step the complex losses fragments of the coordinated eddp ligand. Fragment C2H4 is derived from the backbone
diamine ring. Finally, in Step 4 the complex decomposes to CoO.
The results presented are in accordance with the results of thermal analysis of
edta and its salts complexes [8]. We are inclined to attribute the exothermal peak
at 476.3°C to the formation-crystallization of cobalt(II) oxide, which, according
to the mechanism proposed, arises in Step 4, as the final product of the decomposition of coordinately bound ligands, which also liberates CO, H2O, N2 and H2.
The total enthalpy change for this process is ∆H =−1753 J g–1, derived as the sum
of the endothermal effects of decomposition and the exothermal effect of crystallization, which dominates the total sum.

CoC10 H18 N 3O 6 →CoC 7 H14 N 3O 5 +CO+C2H4
335**
experimental mass loss
calculated mass loss
Step 3:

279**
16.91%
16.28%

. C 2 N 2 +H 2
CoC 7 H14 N 3O 5 →CoC 4 H 8 N 2O 5 +C 2 H 4 +05
279**
experimental mass loss
calculated mass loss
Step 4:

223**
15.88%
16.28%
Fig. 5 Mass spectra of meridional uns-cis-[Co(eddp)gly]

. H 2 +CO 2 +N 2 +15
. C2 H 2
CoC 4 H 8 N 2O 5 →CoO+2H 2O+05
223**
75**
experimental mass loss
41.90%
calculated mass loss
43.02%
*mer-uns-cis-[Co(eddp)gly]⋅0.5H2O=Co(C10H18N3O6)⋅0.5H2O
**relative molecular mass
Residue:
experimental mass loss
22.33%
calculated mass loss
21.80%
In the mechanism presented, Step 1 corresponds to the loss of crystal water.
Step 2 is attributed to the release of C2H4 and CO. Exactly at 262.7°C, the coordinated
glycine of the anhydrous compound begins to decompose. Free glycine actually decomposes at 232°C, and the higher temperature of glycine decomposition in the investigated complex can be attributed to the higher stability of glycine as a result of
coordination. Step 3 is attributed to the release of C2H4, 1/2C2N2 and H2. The eddp

J. Therm. Anal. Cal., 59, 2000
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The results of thermal analysis suggest a higher thermodynamic stability of
the meridional isomer than that of the facial isomer of uns-cis-[Co(eddp)gly].
Also, these results suggest that the higher thermodynamic stability of the meridional isomer is the dominant factor in the distribution of the isomers (mer:fac=12:1,
see experimental section).
For a more detailed analysis of these processes, a mass spectrum, presented in
Fig. 5, was used. It shows the presence of all molecular species that are proposed to be
formed on sample decomposition. The absence of the parent ion (m/z=335) from the
mass spectrum can be explained by its fast degradation, or by thermal degradation precluding the transformation of the starting material, in the gaseous phase. Degradation of
the anhydrous complex in the first phase of Step 2 gives rise to molecular species C2H4
and CO, along with the formation of an ion with m/z 279. The presence of ions with m/z
249, 186, 142 and 114 results from the degradation of the primary products of thermal
degradation of the ion with m/z 279, according to the following reactions:
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Step 3:
CoC 7 H14 N 3O 5 →CoC 5 H 8 N 3O 5 +C 2 H 4 +H 2
m/z=279

m/z=249

CoC 5 H 8 N 3O 5 →CoC 4 H 8 N 2O 5 +05
. C2 N 2
m/z=249
Step 4:

m/z=223

. H2
CoC 4 H 8 N 2O 5 →CoC 4 H 3 N 2O 3 +2H 2O +05
m/z=223

m/z=186

CoC 4 H 3 N 2O 3 →CoC 3 H 3 N 2O+CO 2
m/z=186

Fig. 6 Arrhenius plots of lnb vs. 1/Tm: a − process of dehydration; b − process of crystallization of meridional uns-cis-[Co(eddp)gly]

m/z=142

CoC 3 H 3 N 2O →CoC 3 H 3O+N 2
m/z=142

476.3°C, we used the Ozawa method [10], which relates the heating rate variation, b,
with the peak temperature Tm (Fig. 6). The plots of lnb vs. 1/Tm were used to determine the activation energies, found to be 411 and 130 kJ mol −1, respectively.

m/z=114

. C2 H 2
CoC 3 H 3O →CoO+15
m/z=114

m/z=75

* * *
This work was supported by the Ministry of Science of the Republic of Serbia.

Kinetic analysis of the process
The thermal effect observed in the DSC curves are not suitable for kinetic analysis,
because the peaks are complex (asymmetric and very close to one another), except for
the exothermal one at 476.3°C. Comparison of the results of the DSC and TG analyses leads to the conclusion that the DSC diagram probably contains combined but
overlapping thermal effects of Steps 2 and 3.
However, the TG curve in Fig. 2b displays well-separated processes, which allows a
kinetic analysis of Steps 2 through 4, by applying Coats-Redfern [9] and DobovišekZivkoviæ [11] methods, i.e. determining the reaction order and the activation energy of
the process. The results of this analysis are presented in Table 2.
Table 2 Kinetic parameters of mer-uns-cis-[Co(eddp)gly] derived from TG data
Coats-Redfern method [9]
Step

E/kJ mol

–1

Dobovišek-Zivkoviæ method [11]

n

R

Step

E/kJ mol–1

R

2

375

1

99895

2

345

99888

3

225

1

99896

3

214

99889

4

325

1

99709

4

321

99878
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The reaction order n=1 is typical for reactions of decomposition where the surface is decomposed by first-order kinetics.
In order to obtain kinetic parameters for the process that corresponds to the
endothermal effect at 150°C in the DSC curve and for the exothermal process at
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of N,N,N,N-Tetrakis(2-pyridylmethyl)1,4,8,11-tetraazacyclotetradecane and Some N,S
or N,O Bidentate Ligands
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Four new mixed complexes of Cu(II) with tpmc (N,N,N,N-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane) and bridged bound N,S or N,O ligands of the
general formula [Cu2(X)tpmc](ClO4)4, where X = thiosemicarbazide (tsc), semicarbazide (sc), thiourea (tu) or urea (u), were prepared. Elemental and thermal analyses,
conductometric and magnetic measurements, electronic, IR and mass spectroscopy have
been employed. The molar conductivity values in acetonitrile show a behavior of 1:4
electrolytes. IR studies clearly indicate that X ligand is coordinated via N, S (tsc and tu)
or N, O (sc and u) atoms, acting as bidentate bridging ligands. An exo coordination of
Cu(II) ions and tpmc was proposed. Thermal decomposition of the complexes was performed. The mass decomposition pathways are proposed. Finally, the obtained complexes exhibit microbiological activity against some bacteria.
Key words: copper(II) complexes, octaazamacrocycle, bridging ligands, microbiological activity, thermal analyses, synthesis

A number of dinuclear Cu(II) complexes with the ligand tpmc is known, in which
the macrocycle exhibits the chair [1,2] or the boat [2–4] coordination mode (Fig. 1).
While the chair coordination is rarely obtained, when two simple anions, as additional ligands occupy apical positions, the latter one is favorable especially in the
presence of some bidentate ligand [4], which forms a bridge between the two copper
atoms. In multidonor ligands, containing nitrogen and sulphur or oxygen as potential
donor atoms, their versatile chelating ability with transition metals has attracted considerable attention due to their pharmacological properties [5,6]. However, a considerable number of work on copper(II) complexes of thiosemicarbazide, semicarbazide, thiourea or urea derivatives have been reported [7–16], but only a sparse information is available on their mixed-ligand complexes. As a macrocyclic ligand,
tpmc is very flexible, adapting itself to different bridging ligands [17–19] and achieving stable mixed-ligand complexes.
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N
N

N

N

N
N

N

by S.P. Sovilj*1, G. Vuèkoviæ1, V.M. Leovac2 and D.M. Miniæ3
1

S.P. Sovilj et al.

Figure 1. The octaazamacrocyclic ligand tpmc and its possible coordination mode.

The aim of this paper is the synthesis of dinuclear Cu(II) complexes which, besides tpmc also contain a bridged ligand, i.e., thiosemicarbazide (tsc), semicarbazide
(sc), thiourea (tu) or urea (u), as well as the determination of the mode of the ligands
coordination. In addition, the thermal stability is investigated. Finally, the effect of
the copper(II) ion on the antibacterial activities of the ligands has been evaluated.
EXPERIMENTAL
Materials: The macrocyclic ligand tpmc 20 and the Cu2tpmc(ClO4)4 * complex 2 were prepared by
the literature procedures.
Syntheses of the Cu2(X)tpmc(ClO4)4 complexes: Into a solution containing 136 mg (0.125 mmol) of
Cu2tpmc(ClO4)4 in acetonitrile (20 cm3), 0.150 mmol of the ligand X (i.e., X = tsc, 13.5 mg; scHCl, 16.5
mg; tu, 11.3 mg; or u, 9.0 mg) dissolved in water (4 cm3) was added dropwise during 2 h with stirring and
heating on a water bath at 60C. The mixture was then continuously stirred for about 3 h, and after that
concentrated in a vacuum evaporator to 10 cm3. Upon cooling the mixture to room temperature crude
products precipitated. After recrystallization from C2H5OH:CH3CN mixture (1:1, v/v) crystalline substances of the corresponding complexes were filtered off. Analytical results confirmed the compositions
proposed.
Methods: Elemental analyses (C,H,N) were performed by standard micromethods at the Department of
Instrumental Analysis of the Faculty of Chemistry, University of Belgrade. The metal content was determined using a Varian-Techtron instrument AA6. Electronic spectra of the acetonitrile:water mixture (5:1,
v/v) were recorded on a GBC UV/VIS 911A spectrophotometer. IR spectra in the 4000–400 cm–1 range
were measured on a Perkin Elmer 317 25 x FTIR spectrophotometer, using KBr discs. Far IR spectra were
recorded on a Perkin Elmer 983G instrument using CsI discs. Molar conductivity of acetonitrile solutions (1 × 10–3 mol dm–3) was measured at 20C by a Jenway-4009 conductometer. Magnetic susceptibility was determined at room temperature (25 + 2C) using a MSB-MKI balance. Data were corrected for
diamagnetic susceptibilities. Mass spectra were recorded on a double focusing reverse geometry
Finnigan-MAT 8230 mass spectrometer at a resolution of 1000, using a combined EI-CI source at 200C.
The sample was introduced with a tungsten wire (diameter 0.08 mm) using a DCI probe. The current
through the wire was programmed linearly at the rate of 40 mA s–1. This technique is known as the ln-beam
technique 21. The reagent gas for chemical ionization was 1 mtorr of isobutane. CI spectra were recorded at 150 eV electron energy for deeper penetration through the reagent gas and 0.2 mA collector current. Thermogravimetric analyses (TG and DSC) were recorded on a DuPont 1090 thermal analyzer in a
nitrogen atmosphere in the range from 20C to 400C, at a heating rate of 20C min–1. The antimicrobial
activity of the test compounds was assayed against four bacteria: Sarcina lutea (ATCC 9341), Esche-

* Author for correspondence.
* Caution: The perchlorate salts prepared in this work are potentially explosive and must be handled with
care!
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richia coli (ATCC 35218), Staphylococcus aureus (ATCC 12228) and Bacillus subtilis (ATCC 10707).
Among these bacteria, the former two are gram-negative, while the latter are gram-positive. About 8–10
cm3 of molten nutritient agar was poured into sterile petri plates about 10 cm in diameter. Before the solidification of the agar, a bacterial suspension was uniformly spread. Then, the test solution (concetration of
2 g/cm3 in acetonitrile) at the disc (Whatman 30) 1.0 cm in diameter was added. After incubating the
plates at 37C for 24 h, the diameter of the zone of inhibition of the bacterial growth was then recorded.

RESULTS AND DISCUSSION
[Cu2(X)tpmc](ClO4)4 complexes were obtained by adding the ligand X into the
[Cu2tpmc](ClO4)4 complex [2] (the molar ratio 1:1). All new complexes are colored
and appear to be microcrystalline, soluble in water and in common organic solvents.
The molar conductivity values (Table 1) obtained for the 1 × 10–3 mol dm–3 solution of
the I–IV complexes in acetonitrile [M = 560; 500; 520; 520 –1 cm2 mol–1, respectively] fall into the range anticipated for a 1:4 electrolyte [22]. The complexes possess magnetic moments (BM/Cu), which lie in the range 2.02–2.16 (Table 1) shifted to
the higher limit of experimentally observed values (1.73–2.20) [23]. Similar values
are reported for dinuclear copper(II) complexes, in which there is no appreciable interaction between two copper ions [1,24].
–1

3
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IR spectra: The significant regions of IR spectra of all complexes are very similar
and the following observations are of interest: a sharp band at 1612 (s) belonging to
skeletal pyridine vibrations; (ClO 4 ) at 1110 (s, broad) and (ClO 4 ) sharp at 625 cm–1
(m), where s and m refer to strong and medium intensities, respectively. The most relevant IR absorption bands of the tsc, sc, tu and u as well as their copper(II) tpmc complexes are presented in Table 2. A comparison of IR spectra of the complexes
obtained with those of free additional ligands helps to distinguish their coordination
mode. In principle, tsc and sc are essentially bidentate ligands, which bond to metal
ions through sulphur/oxygen and hydrazinic nitrogen atoms [7]. The attention has
been focused on a limited number of bands, which provide considerable structural
significance in order to suggest the most probable manner of coordination of the additional ligands with the copper ions.
Table 2. IR absorption bands (cm–1) of the free and coordinated tsc, sc, tu, u ligands.
Vibrations

tsc

I

3366vs*

tu

III

u

IV

3432vs
3430s

(NH)

II

3262vs

3435s
3311vs

–1

Table 1. Positions of max (nm) and molar absorption coefficients (/mol dm cm ), as well as the molar
conductivities (M/–1 cm2 mol–1) and magnetic moments (eff) at room temperature of the complexes obtained and of the starting complex.

3179vs

as(NH2)

2925m

max ()

M

eff

I

675 (444)

560

2.02

amide II +

1646vs

II

682 (464)

500

2.02

(NH2)+(pyr)

1621vs

III

679 (331)

520

2.14

IV

678 (376)

520

2.16

[Cu2tpmc](ClO4)4

670 (312)

510

1.90

s(NH2)

2971s

2988s

1612s

1687vs

4USBOB

2925m

3327vs

s(CN)+(NH2)

1534s

1573m

(CS)

1485s

1486m

amide III

1317vs

1297m

(CS) 1165vs

1031s

+

980m

(NH2)+(CN)

1002vs

(CO)
(C=S)

3442vs
3425s 3348vs

3169vs

3260vs

1620s

1613m 1682vs

802vs

1613s

1625vs

1530vs

1573m

1484vs

1487m

1389vs

3436s

1612s

1586vs

(C=O)

as(CN) +

Electronic absorption spectra: All obtained complexes exhibit similar electronic
absorption spectra, which indicate that the central ions and ligands are coordinated in
a similar mode. The position of the absorption maxima and the molar absorption coefficients values are given in Table 1. The absorbance at 675 ( = 444); 682 ( = 464);
679 ( = 331); 678 nm ( = 376 mol–1 dm3 cm–1) for I–IV, respectively, can be related
to d-d transitions 25. Comparison with the spectrum of the Cu2tpmc(ClO4)4 complex 670 nm ( = 312 mol–1 dm3 cm–1) indicates that these maxima are shifted to longer wavelengths and have greater molar absorption coefficients, suggesting that the
additional ligands are coordinated. On the other hand, the position and a very similar
shape of the corresponding bands, also, suggest that tpmc macrocyclic ligand has the
same exo coordination as in the starting Cu2tpmc(ClO4)4 complex 2. The relatively higher molar absorption coefficients for II and IV in relation to I and III can be
ascribed to the fact that the oxygen atom is less polarisable than the sulphur one 7.

3255vs
3070vs

Complex

64

scHCl

1520s

1573m

1573m
1466vs

1474vs

1485m

1085vs

1091s

1475s

1312m

1138s

1027s

1153vs

1094s

979m

1061s

768s

780s

1029s

768m

728m
(Cu–N)

477m

(Cu–S)

298w

471m

480s

477m

297w
425m

(Cu–O)

429m

* Abbreviations: vs, very strong; s, strong; m, medium; w, weak.
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NH2

As it can be seen, the marked change occurs for (CS) band of tsc at about 800
–1
cm , which is shifted to lower frequencies (Table 2), when the sulphur donor atom is
coordinated (complex I). It indicates the formation of a strong highly covalent metal–
sulphur bond [10]. The other bands, which in part involve CS stretching, behave in a
similar way on complex formation. It is interesting to note that in I the (CS) band is
split. Since the complex contains copper atoms in two different environments, the
splitting is not unexpected [26]. In the case of tu, the (CS) vibration is less free from
the contribution of other vibrations, especially CN vibration [27]. Thus, the (CS)
band occurring in the ligand spectrum at 780 cm–1 is shifted in the spectrum of the
complex III to lower energies by 12 cm–1. This lowering is smaller in the complex III
than that in the complex I, but it is indicative of the participation of sulphur atom in
chelation [28]. On the other hand, the small change in the positions at 1485, 1484,
1474 and 1466 cm–1 for tsc, sc, tu and u, respectively of the band belonging to as(CN)
possibly occurs because of the participation of the CN group in chelation, which reduces the contribution of the CN group to this band. The (CO) band in II and IV undergoes to lower frequencies, but it seems to be covered by the strong pyridine
stretching vibration. In this case, coupling will occur and assignment becomes difficult. Thus, the bands at 1588 (for sc) and 1625 cm–1 (for u) are absent in the IR spectra
of II and IV, suggesting the participation of the oxygen atom in the coordination. Contrary to the (NH) vibrations in the high frequency region, for amides II (with some
contribution of other stretches) and III as well, which exhibit relatively small shift for
I and II, the great lowering of (NH2) frequencies for I–IV is indicative of coordination [26], suggesting the participation of the hydrazinic nitrogen atom.
It is well known that urea, in spite of its three coordinating sites, usually acts as a
monodentate ligand [9], i.e., showing almost exclusive coordination through the oxygen atom [28], sometimes via the nitrogen atom [16] and rarely as a bidentate ligand
via both the oxygen and the nitrogen atoms [29]. The macrocyclic ligand tpmc due to
its high flexibility facilitates a bidentate function of urea in the complex IV. Since
both the free and coordinated (N–H) frequencies are observed in the spectrum of the
complex IV, it is concluded that only one nitrogen atom of urea molecule coordinates
to the copper atom. In addition, the absence both of a carbonyl band near 1700 cm–1
and of shifted NH2 peaks supports that in the urea complex oxygen as well as nitrogen
atoms act as the ligators.
The coordination of the tsc, sc, tu, and u is further substantiated by the appearance
of the additional bands of Cu–N, Cu–S and Cu–O frequencies in the far IR spectra
(250–470 cm–1) of the complexes. These vibrations are in good agreement with available literature data [31].
Thus, the IR data confirmed that the additional ligands are bidentate, bonding
through sulphur/oxygen and nitrogen atoms, as it can be seen in Fig. 2. As X-ray quality crystals of these complexes could not be obtained, IR spectra together with mass
spectral data, discussed below, supported the most probable structures.
Mass spectra: Mass spectral data obtained by chemical ionization in isobutane exhibit the product complex ions as the tetracation Cu2(X)tpmc4+ and the trication

Cu2(X)tpmc(ClO4)3+ with peaks located at m/z 196; 191; 191; 188 and at m/z 294;
288; 288; 283 for I–IV, respectively. After the cation Cu2(X)tpmc4+ ionization the
cation Cu2(X)tpmc5+ with positive charge on the amide nitrogen atom is formed.
The further decomposition of the complexes can be presented by the most probable
mechanism, which explains the general features of the fragmentation, as presented in
Scheme 1. The base peaks at m/z 157; 153; 154; 150 for I–IV, respectively, result
from the carbon-nitrogen cleavage next to the amide group, as expected [32], and belong to the cations 1 and 2 with the same masses but different structures. The cation 2
is fragment whose origin cannot be described by simple cleavage of C–N bond in the
parent ion, but is a result of intramolecular atomic rearrangement prior to fragmentation. The rearrangements involving migration of amide hydrogen atom to the adjacent nitrogen atom followed by simultaneously formation of double carbon–amide
nitrogen bond are especially noticeable. The presence of these peaks is good and conclusive evidence for a sulphur/oxygen coordination and seems to be a convincing approach to molecular structure. The cation 3 can be correlated with cleavage of the
copper–nitrogen bond leaving the charge on the N-containing fragments, N2H4 at m/z
32 (I and II) and NH3 at m/z 17 (III and IV). The cleavage of the copper–sulphur/oxygen bond is associated with elimination of stable molecules HN=C=S/O and the cation 4 as an elementary ion with m/z value 173 is produced. The appearance of intact
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Figure 2. Suggested structures of the complex cation [Cu2(X)tpmc]4+ (X = tsc, sc, tu or u).
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a single step rapid degradation. Only a single step with a total weight loss more than
85% over the temperature range demonstrates not only the remarkably high purity of
the sample, but also the high thermal stability of these compounds. The relatively
lower thermal stability for I and III in relation to II and IV could be ascribed to the
higher polarisability of the sulphur than that of the oxygen atom [7]. The enhanced increase in the enthalpy is connected with the autocatalytic processes influenced by the
presence of the perchlorate ions. The complexes on heating undergo thermal dissociation followed by the reduction process of the copper ion due to the electron transfer
mechanisms and probably the oxidation of the ligands. The intermediate products
may undergo chemical reaction as a consequence of the secondary processes of some
thermal degradation products in gaseous phase. The decompositions proceed with a
rapid mass loss giving, according to the TG curves, different products of copper(II)
sulphide (complex I); copper(I) sulphide (complex III), copper(II) oxide (complex
II), copper(I) oxide (complex IV) and copper(I) chloride ([Cu2tpmc](ClO4)4 complex).

Table 3. Thermal parameters data of the complexes obtained as well as of the starting complex.

3
residue
m/z 151;147;151;147
for I-IV, resp.

+

..

NH 2

.+

NH2

.+

NH 3

..

HN

C

.
..S .

4+

O

+

Cu2 tpmc

Complex

Ti(C)

Tf(C)

Hr (J/g)

m (%)

compound

I

235.1

244.2

–4109

83.69

2 CuS

192.59
(16.31)

191.22
(16.19)

II

269.2

275.3

–3866

85.02

2 CuO

174.62
(14.98)

159.10
(13.65)

III

250.7

256.5

–4407

85.54

Cu2S

168.57
(13.65)

159.16
(13.65)

IV

257.5

272.5

–5841

87.28

Cu2O

146.24
(12.72)

143.10
(12.45)

Cu2tpmc(ClO4)4

275.8

286.0

–7368

91.02

CuCl

97.86
(8.98)

99.00
(9.08)

4
m/z 32

m/z 17

for I and II

for III and IV

m/z 43 or 59

m/z 173

Scheme 1. The probable mechanism of the fragmentation’s according to mass spectral data for I–IV complexes.

ions Cu2tpmc4+ at m/z 173 founded for the observed complexes, as well as for the
starting complex indicates that all additional ligands are, as expected, weaker agents
than the macrocyclic tpmc ligand. Finally, the last peaks at m/z 99 (for the starting
complex) and at m/z 96; 79; 160; 143 for I–IV, respectively, undoubtedly correspond
to different Cu(I) and Cu(II) species proposed in the thermal analyses as the
end-products.
Thermal analyses: The thermal parameters data of I–IV complexes and those of the
starting complex Cu2tpmc(ClO4)4 for comparison are listed in Table 3. The thermal
behavior is largely dependent on the nature of the additional ligands. For a particular
complex, the initial temperature of decomposition and the total weight loss at the end
of the reaction are different.
All the complexes obtained, as well as the starting complex, were stable up to 235
C. Above this temperature started decomposition in the range of 235–276C depending on the nature of the ligand X. A strong exothermic peak appears, corresponding to
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mass found mass calcd.
g (%)
g (%)

Evaluation of antibacterial activity: The impact of the central ion of the compounds
was found in the antimicrobial activity against the tested gram-positive and gramnegative bacteria. The experimental values are given in Table 4. The results obtained
by agar disc diffusion method show that the coordination compounds have enhanced
activity compared to the ligands, which indicates that the coordinated copper atoms
have an influence on the antibacterial effects. It also shows that the complex II had no
activity against S. lutea (in spite of the fact that uncoordinated sc had a small activity
against it) and S. aureus. Contrary to the additional ligands, the free macrocyclic
ligand tpmc did not display any activity against the tested bacteria.
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Table 4. Antibacterial activity of the complexes obtained and of the ligands.
Complex / Ligand

B. subtilis
(gram-positive)

S. aureus
(gram-positive)

E. coli
(gram-negative)

S. lutea
(gram-negative)

++ *

++

+

++

tsc

–

–

+

–

II

++

–

+

–

sc

–

–

+

+

III

++

+

++

++

tu

–

+

+

–

IV

++

+

++

++

u

–

–

+

+

tpmc

–

–

–

–

acetonitrile

–

–

–

–

I
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* Diameter of zone of inhibition (mm): +, 15–20 mm; ++, 25–35 mm.
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The synthesis and characterization of nickel(II) and copper(II)
complexes with the polydentate dialkyl dithiocarbamic acid
ligand 3-dithiocarboxy-3-aza-5-aminopentanoate
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Square planar complexes of Ni(II) and Cu(II) with potassium 3-dithiocarboxy-3-aza-5-aminopentanoate have been prepared by direct synthesis. The obtained
neutral complexes were characterized by elemental analysis, magnetic susceptibility
measurements, infrared and electronic spectra. The thermal behaviour of both the Ni(II)
and Cu(II) complexes, and the ligand itself was investigated by DSC and TG.
Keywords: nickel(II), copper(II), dithiocarbamate, synthesis, complexes, thermal analyses.
INTRODUCTION

Alarge number of transition metal complexes with various aliphatic and aromatic
dithiocarbamate ligands have been synthesized until now.1–4 Complexes with dithiocarbamate ligands like dithiocarbamates themselves have practical application in agriculture, and in medicine for the treatment of alcoholism.5–6
The dithiocarbamate ligands reported in the literature1–4 have only the dithiocarboxy group as the ligator group, so they behave like bidentate ligands in complexes.
We have recently synthesized potassium 3-dithiocarboxy-3-aza-5-aminopentanoate
dihydrate7 K-DAAP . 2H2O, a polydentate ligand of the dialkyldithiocarbamic acid
type, the structure of which was determined by X-ray structure analysis.
The ligand K-DAAP . 2H2O has five potential donor atoms: two sulfur atoms
from the dithiocarboxy group, two nitrogen atoms, and an oxygen atom from the
carboxylic group (Scheme 1). Therefore, the ligand can be coordinated to a central
Author for correspondence: E-mail: srecko@knez.uis.kg.ac.yu.
 Serbian Chemical Society active member.
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metal ion as a bidentate (via the two sulfur atoms) or as a tridentate ligand (via the two
nitrogen atoms and the oxygen atom).
The first transition metal complex with K-DAAP . 2H2O to be synthesized and
characterized was the Co(II) complex.8 This complex with octahedral geometry has
three dithiocarbamate ligands coordinated as bidentates. The thermal behaviour of the
complex in temperature range from 20 ºC to 600 ºC indicated that on loss of crystal water and one ligand molecule, structural transformations occurred, i.e., rearrangement
from octahedral to square planar geometry. The obtained square planar cobalt(II) complex showed thermal stability until 600 ºC.
The subject of this work was the synthesis and characterization of Ni(II) and Cu(II)
complexes with potassium 3-dithiocarboxy-3-aza-5-aminopentanoate dihydrate, with particular accent on the thermal behaviour of both the ligand and the complexes.

Thermal analysis was performed on a thermoanalyzer Du Pont 1090. DSC and TG curves
were obtained in nitrogen at a scan rate of 20 º/min.
RESULTS AND DISCUSSION

Potassium 3-dithiocarboxy-3-aza-5-aminopentanoate (K-DAAP) (Scheme 1),
the ligand with a large number of possible donor atoms (two sulfur atoms, two nitrogen
atoms and one oxygen atom from the deprotonated COOH group), was obtained by direct synthesis.

EXPERIMENTAL
Materials
Ethylenediamine-N-monoacetic acid dihydrochloride was prepared according to the published procedure.9 All other substances were used without further purification.

Scheme 1. The structure of the K-DAAP . 2H2O molecule.

Preparation of bis(3-dithiocarboxy-3-aza-5-aminopentanoato)-nickel(II), Ni(DAAP)2
To a solution of 1 mmol (0.237 g) of NiCl2 . 6H2O in 5 ml of water, 2 mmol (0.536 g) of
K-DAAP . 2H2O were slowly added. The light-green Ni(DAAP)2 precipitated immediately. The mixture was stirred for a further half an hour after which the precipitate of the complex was filtered off,
washed several times with 110-3 mol/l HCl, then acetone, and finally air-dried. Yield: 0.3 g (67.5
%). Anal. Calcd. for Ni(DAAP)2 = NiC10H18O4N4S4 (FW = 444.70): C, 26.98; H, 4.05; N, 12.59.
Found: C, 26.43; H, 4.42; N, 12.19. eff = 0.00 BM.

The DAAP ligand could be coordinated to transition metal ions as either a
tridentate O,N,N’ ligand or a bidentate S,S’ ligand. The complexes of Ni(II) and Cu(II)
with 3-dithiocarboxy-3-aza-5-aminopentanoate were prepared by direct synthesis and
characterized by elemental analysis, infrared and electron absorption spectroscopy, and
magnetic susceptibility measurements. The behavior of these complexes during thermal decomposition was also studied.

Preparation of bis(3-dithiocarboxy-3-aza-5-aminopentanoato)-copper(II), Cu(DAAP)2
To a solution of 1 mmol (0.370 g) of Cu(ClO4)2 . 6H2O in 5 ml of water, 2 mmol (0.536 g) of
K-DAAP . 2H2O were slowly added.The brown Cu(DAAP)2 was precipitated immediately. The mixture was stirred for a further half an hour after which the precipitate of the complex was filtered off,
washed several times with 110-3 mol/l HCl, then acetone and finally air-dried. Yield: 0.41 g (91.2
%). Anal. Calcd. for Cu(DAAP)2 = CuC10H18O4N4S4 (FW = 449.50): C, 26.69; H, 4.00; N, 12.46;
Cu, 14.12. Found: C, 27.37; H, 4.38; N, 11.98; Cu, 14.06. eff = 1.79 BM.

Spectroscopic characterization of the complexes
The most significant bands recorded in the IR spectra of the DAAP ligand, as potassium salt, and corresponding Ni(II) and Cu(II) complexes are shown in Table I.

Physical measurements
Analyses for C, H, and N were performed out by conventional methods at the Laboratory for
Microanalysis of The Faculty of Chemistry, Belgrade. The Cu content was determined by atomic absorption spectrometry using a Perkin Elmer spectrophotometer model 1100-B.
The infrared spectra in the 4000–400 cm-1 range were measured on a Perkin Elmer FTIR 317
25X spectrophotometer using the KBr technique. The far IR spectra were measured on a Perkin
Elmer 983 spectrophotometer using Nujol mull supported between Csl sheets.
The electronic absorption spectrum of Cu(DAAP)2 was recorded an a GBC UV/VIS 911A
spectrophotometer (810-5 mol/l aqueous solution). The electronic absorption reflection spectrum of
solid Ni(DAAP)2 was recorded on Cary 2300 spectrophotometer at the Dipartimento di Chimiche e
Technologie Inorganiche e Metallorganiche, Universita di Cagliari, 09124 Cagliari, Italy.
The magnetic susceptibilities were determined at room temperature using a magnetic susceptibility balance MSB-MKI. The data were corrected for diamagnetism.
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TABLE I. The most important infrared absorption bands (cm-1)
COO-

C–Na

C–S

S–H
2631

M–S

as

s

K-DAAP

1597

1414

1453

963

Ni(DAAP)2

1605

1420

1480

960

390

Cu(DAAP)2

1608

1412

1480

951

370

a

Carbon atom of the dithiocarbamate group

All the examined substances show bands in the 1500–1450 cm–1 range (Table I).
These bands can be assigned to carbon-nitrogen bonds, and lie between (C=N) (1680
– 1640 cm–1) and (C–N) (1350–1250 cm–1) ranges,4,10 suggesting a considerable
double bond character of the C–N bond in the dithiocarbamate group. As the double
bond character is more pronounced in the complexes (larger wave numbers), it can be
concluded that the ligand is coordinated via S,S’ atoms. The lack of S–H band in the
complexes confirms such a mode of coordination.

93

4USBOB



NICKEL(II) AND COPPER(II) COMPLEXES



TRIFUNOVI] et al.

The presence of asymmetric stretching vibrations of carboxylate groups at
1610–1590 cm–1 suggests that the carboxylic groups are deprotonated both in the
DAAP ligand, and the corresponding Ni(II) and Cu(II) complexes.11–13 Based on the
spectral data and elemental analysis, it is obvious that the amino group is protonated,
i.e., that the uncoordinated part of the DAAP molecule is in the zwitter ion form.
In the far-IR region, the bands of the ligand are mostly unchanged in the spectra of
the complexes but new bands at 390 cm–1 (for the Ni(DAAP)2 complex) and at 370
cm–1 (for the Cu(DAAP)2 complex) due to (M–S) stretching modes2–4,10 appear.
Electronic spectra
The electronic spectra data are given in Table II.
TABLE II. Electronic spectra data for the Ni(DAAP)2 and Cu(DAAP)2 complexes
Complex
Ni(DAAP)2

Transition
dxy 
dz2

Cu(DAAP)2



max/nm

2

dx – y2
dx2 – y2

640
490

LM

440

LM

410

  *

320

  *

230

dxy  dxz

438

The expected local symmetry around the nickel(II) ion is not strictly D4h, but D2h
symmetry, as the S–S distances between the two sulphur atoms belonging to the same
dithiocarbamate ligand are usually shorter than the distances between the two sulphur
atoms in the cis positions belonging to two ligands.
Four bands are to be expected for Ni(II) complexes with D2h symmetry,4,10 but in
the case of the Ni(DAAP)2 complex six bands were recorded. According to results published earlier,4,10,14–16 the low intensities of the first two bands (at 640 and 490 nm) indicate that these bands could be assigned to d-d, Laporte forbidden, spin-allowed transitions of the Ni(II) ion. The medium-intensity bands (at 440 and 410 nm) are due to
metal-ligand charge transfer processes.16 The last two bands (at 320 and 230 nm) are
usually ascribed to transitions in the ligand.
According to other authors,4,17 two bands (at about 660 and 460 nm) are to be expected for Cu(II) complexes with D2h symmetry. These bands are due to dxy  dz2 and dxy
 dxz transitions. The isolated Cu(DAAP)2 complex shows only one very broad and intense band (at 438 nm) with no indication of resolution. This band could be ascribed to dxy
 dxz transitions of the Cu(II) ion but the band originating from dxy  dz2 transitions was
not recorded because of its low intensity and the insolubility of the Cu(DAAP)2 complex.
Magnetic measurements
The nickel(II) complex with the DAAP ligand is diamagnetic (eff = 0.00 BM)
indicating the square-planar structure of the complex. The copper(II) complex with a
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Fig. 1. DSC curve of K-DAAP . 2H2O.

DAAP ligand is paramagnetic (eff = 1.79 BM) confirming the presence of one unpaired electron18 but not probably the square-planar geometry of the complex.
Thermal analysis
The thermal behavior of the potassium salts of the ligand, as well as of the Ni(II)
and Cu(II) complexes with 3-dithiocarboxy-3-aza-5-aminopentanoate was also studied. The thermal behaviour was studied using DSC and TG thermograms in the temperature range from 20 ºC to 600 ºC in a nitrogen stream.
The thermal decomposition of the ligand (K-DAAP . 2H2O) starts with the loss of
crystal water. Between 144.4 ºC and 159.5 ºC an endothermic process, immediately followed by an exothermic process occurs, corresponding to the loss of a molecule of hydrogen sulfide. The resulting product is stable until 334.4 ºC. The product is presumably potassium salt of 1-carboxymethyl-2-imidazolidinethione, an ethylenethiourea
derivate. It is well known that thioureas can be prepared by heating amine salts of
dithiocarbamic acids.19 In this particular case, the reaction, being intramolecular,
would be particularly favored. At higher temperatures decomposition of the ligand proceeds in two endothermic steps (Fig. 1).
The square planar complexes of Ni(II) and Cu(II) have different thermal stabilities, although they are structurally similar. The Ni(II) complex is thermally stable until
243.7 ºC, i.e., is more stable than the ligand (Fig. 2). At higher temperatures stepwise
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endothermic decomposition takes place, but the steps are not separated sufficiently for
the individual mass losses to be identified. The Cu(II) complex is less stable, and its
degradation occurs in two well-separated steps, that do not proceed at an equal rate. Its
swift decomposition starts at 179.8 ºC, giving rise to a sharp endothermic peak, indicates a concommitant melting process (Fig. 3). The other, much slower step takes place
in the temperature range 250 ºC to 350 ºC.
Acknowledgements: This work was supported by the Ministry for Science and Technology of
the Republic of Serbia and by Federal Ministry for Development, Science and Environment of the FR
Yugoslavia (Project OSI 048).

I Z V O D

SINTEZA I KARAKTERIZACIJA NIKAL(II) I BAKAR(II) KOMPLEKSA SA
POLIDENTATNIM DIALKIL DITIOKARBAMINSKIM LIGANDOM
3-DITIOKARBOKSI-3-AZA-5-AMINOPENTANOATOM
SRE]KO R. TRIFUNOVI]a, ZORICA MARKOVI]b, DU[AN SLADI]c, KATARINA
AN\ELKOVI]c, TIBOR SABOc i DRAGICA MINI]d
a

Fig. 2. DSC curve of Ni(DAAP)2.

Institut za hemijske nauke, Prirodno-matemati~ki fakultet, Univerzitet u Kragujevcu, p. pr. 60,
R. Domanovi}a 12, 34000 Kragujevac, bMetalur{ko-tehnolo{ki fakultet, 81000 Podgorica, cHemijski
fakultet, Univerzitet u Beogradu, p. pr. 158, Studentski trg 16, 11000 Beograd, i dFakultet za fizi~ku
hemiju, Univerzitet u Beogradu, p. pr. 173, 11001 Beograd

Direktnom sintezom izme|u nikal(II)- i bakar(II)- soli i kalijum 3-ditiokarboksi-3-aza-5-aminopentanoata nagra|eni su odgovaraju}i kompleksi kvadratno-planarne strukture. Izolovani neutralni kompleksi karakterisani su elementalnom
analizom, infracrvenom i elektronskom apsorpcionom spektroskopijom, kao i merewem magnetnih susceptibiliteta. Termi~ko pona{awe kompleksa i liganda ispitivano je primenom DSC i TG metoda.
(Primqeno 26. aprila, revidirano 3. oktobra 2001)

REFERENCES

Fig. 3. DSC curve of Cu(DAAP)2.

1. H. J. Emelous, A. G. Sharpe, Adv. Inorg. Radiochem. 23 (1980) 211
2. D. Coucouvanis, Prog. Inorg. Chem. 11 (1970) 233
3. D. Coucouvanis, Prog. Inorg. Chem. 16 (1978) 303
4. A. C. Fabretti, F. Forghieri, A. Giusti, C. Preti, G. Tosi, Inorg. Chim. Acta 86 (1984) 127 and references therein
5. N. K. Kaushik, B. Bhushan, A. K. Sharma, Transition Met. Chem. 9 (1984) 250
6. T. Kitson, Educ. Chem. 22 (1985) 43
7. B. Prelesnik, K. Andjelkovi}, Z. Markovi}, T. Sabo, S. Trifunovi}, Acta Cryst. C53 (1997) 719
8. S.R. Trifunovi}, K. Andjelkovi}, T. Sabo, Z. Markovi}, D. Mini}, Novi materijali 7 (1998)5
9. Y. Fujii, E. Kyuno, R. Thuchida, Bull. Chem. Soc. Jpn. 43 (1970) 86
10. J. J. Criado, A. Carrasco, B. Macias, J. M. Salas, M. Medarde, M. Castillo, Inorg. Chim. Acta 160
(1989) 37 and referenced therein
11. M. L. Morris, D. H. Busch, J. Am. Chem. Soc. 78 (1956) 5178
12. D. H. Busch, J. C. Bailar, Jr., J. Am. Chem. Soc. 75 (1953) 4574; ibid. 78 (1956)
13. K. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, Wiley, New York,
1963

4USBOB
96

4USBOB
97



TRIFUNOVI] et al.

14. C. K. Jorgensen, J. Inorg. Nucl. Chem. 24 (1962) 1571
15. R. Dingle, Inorg. Chem. 10 (1971) 1141
16. A. B. P. Lever, Inorganic Electronic Spectroscopy, Elsevier, Amsteredam, 1984
17. S-N. Choi, E. R. Menzel, J. R. Wasson, J. Inorg. Nucl. Chem. 39 (1977) 5189
18. F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, Wiley, New York, 1972
19. C. R. Noller, Chemistry of Organic Compounds, 3rd edition, Saunders, Philadephia, 1965, p. 350.

7KHUPRFKLPLFD $FWD   ±

,QYHVWLJDWLRQ RI WKHUPDO VWDELOLW\ DQG NLQHWLFV RI WKHUPDO
GHJUDGDWLRQ RI PHULGLRQDO LVRPHUV RI DPLQRFDUER[\ODWR
FREDOW ,,, FRPSOH[HV
65 *UJXULFâLSND D  7- 6DER D  65 7ULIXQRYLF E  '0 0LQLF F,∗
D

)DFXOW\ RI &KHPLVWU\ 8QLYHUVLW\ RI %HOJUDGH 32 %R[   %HOJUDGH <XJRVODYLD
)DFXOW\ RI 6FLHQFH 8QLYHUVLW\ RI .UDJXMHYDF 32 %R[   .UDJXMHYDF <XJRVODYLD
)DFXOW\ RI 3K\VLFDO &KHPLVWU\ 8QLYHUVLW\ RI %HOJUDGH 32 %R[   %HOJUDGH <XJRVODYLD
E

F

5HFHLYHG  'HFHPEHU  UHFHLYHG LQ UHYLVHG IRUP  -XO\  DFFHSWHG  $XJXVW 

$EVWUDFW
7KH WKHUPDO SURSHUWLHV RI VRPH PL[HG FRPSOH[HV RI FREDOW ,,, FRQWDLQLQJ WHWUDGHQWDWH HWK\OHQHGLDPLQH11� GLSURSLR
QDWH HGGS OLJDQG DQG VHYHUDO DPLQR DFLGV ZHUH LQYHVWLJDWHG E\ WKHUPRJUDYLPHWU\ 7* DQG GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\
'6&  7KH WKHUPDO VWDELOLW\ GHULYHG IURP GHFRPSRVLWLRQ WHPSHUDWXUHV ZDV GLVFXVVHG LQ WHUPV RI DPLQR DFLG SUHVHQW ,W ZDV
VKRZQ WKDW WKH SURFHVVHV RI WKHUPDO GHFRPSRVLWLRQ RI WKHVH FRPSOH[HV DUH PXOWLVWHS GHJUDGDWLRQ SURFHVVHV 6RPH RI WKHVH
FDQ EH VHSDUDWHG LQWR LQGLYLGXDO VWHSV
7KHFRUUHVSRQGLQJNLQHWLFDQGWKHUPRG\QDPLFSDUDPHWHUVRIWKHVHSURFHVVHVZHUHGHWHUPLQHGDQGWKHSRVVLEOHPHFKDQLVPV
ZHUHGLVFXVVHG
.H\ZRUGV &REDOW ,,, FRPSOH[HV 7KHUPDO DQDO\VLV .LQHWLF VWXGLHV

 ,QWURGXFWLRQ

WKH GLVWULEXWLRQ RI JHRPHWULF LVRPHUV ,Q WKH FDVH
RI RFWDKHGUDO HGGDW\SH&R ,,, FRPSOH[HV ZLWK DG
GLWLRQDO XQV\PPHWULFDO ELGHQWDWH OLJDQG DV DPLQR
DFLGV D IXUWKHU LVRPHULVP LQ WKH XQVFLV JHRPHWU\
DULVHV IDFLDO XQVFLV DQG PHULGLRQDO XQVFLV )LJ E 
7KHVH FRPSRXQGV DV ZHOO DV WKH RWKHUV SUHYLRXVO\
V\QWKHVL]HG FRPSRXQGV DUH DWWUDFWLQJ WKH DWWHQWLRQ
EHFDXVH RI WKHLU LPSRUWDQFH LQ VWXG\LQJ ELRORJLFDO
V\VWHPV ,Q WKH ODVW SHULRG WKHUH KDV EHHQ DQ LQ
FUHDVHG LQWHUHVW LQ &R ,,, FRPSOH[HV ZLWK OLJDQGV
VLPLODU WR HGGS EHFDXVH RI WKHLU SRVVLEOH K\GURO\WLF
DFWLYLW\ RQ '1$ PROHFXOH >@ $OVR WKHVH FRP
SRXQGV DUH YHU\ LQWHUHVWLQJ LQ WKH YLHZ RI VWXG\LQJ
WKHLU FKLUDOLW\ RSWLFDO UHVROXWLRQ LVRPHUL]DWLRQ UH
DFWLRQV SKRWRFKHPLVWU\ DQG RWKHU YDULRXV DVSHFWV
>±@

&REDOW ,,, FRPSOH[HV ZLWK WKH HWK\OHQHGLDPLQH
11� GLSURSLRQDWH HGGS OLJDQG KDYH EHHQ LQYHV
WLJDWHG LQ WKH SDVW IHZ \HDUV >±@ 7KH HGGS LV D
WHWUDGHQWDWH OLJDQG ZLWK WZR QLWURJHQ DQG WZR R[\
JHQ DWRPV DV GRQRUV DQG DV ZHOO DV HGGD FDQ WDNH
WZR GLIIHUHQW FRQ¿JXUDWLRQV LQ WKH VL[FRRUGLQDWH
PHWDO FRPSOH[HV VFLV DQG XQVFLV )LJ D >@ ,W
ZDV QRWHG WKDW FRPSOH[HV FRQWDLQLQJ HGGS ZKLFK
IRUPV D VL[PHPEHUHG DPLQRFDUER[\ODWR EDFNERQH
SUHIHU WKH XQVFLV FRQ¿JXUDWLRQ VXJJHVWLQJ WKDW WKH
VL]H RI WKH FKHODWH ULQJ KDV D SURIRXQG HIIHFW RQ
∗ &RUUHVSRQGLQJ DXWKRU )D[ +
(PDLO DGGUHVV GPLQLF#IIKEJDF\X '0 0LQLF 
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LQJ DPLQR DFLG DV GHVFULEHG HDUOLHU >@ 7KH FRP
SOH[HV ZHUH IXOO\ FKDUDFWHUL]HG E\ HOHPHQWDO DQDO\VLV
LQIUDUHG DQG HOHFWURQLF DEVRUSWLRQ VSHFWUD
 7KHUPDO DQDO\VHV
7KHUPDO DQDO\VHV ZHUH SHUIRUPHG RQ D 'X3RQW
 WKHUPDO DQDO\]HU XVLQJ D '6& FHOO DQG D 7*
FHOO 7KH 7* DQG '6& FXUYHV ZHUH REWDLQHG DW D KHDW
LQJ UDWH RI  DQG  ◦ & PLQ− LQ 1 DWPRVSKHUH 7KH
PDVVHV RI WKH VDPSOHV XVHG LQ 7* DQG '6& PHDVXUH
PHQWV ZHUH LQ WKH UDQJH ± PJ
 0DVV VSHFWUD
0DVV VSHFWUD ZHUH UHFRUGHG RQ D GRXEOH IRFXVLQJ UH
YHUVH JHRPHWU\ )XQQLJDQ0$7  PDVV VSHFWURP
HWHU DW D UHVROXWLRQ RI  XVLQJ D FRPELQHG (,±&,
VRXUFH DW D VRXUFH WHPSHUDWXUH RI  ◦ & DV GHVFULEHG
HDUOLHU >@
 ;UD\ DQDO\VLV

)LJ  3RVVLEOH JHRPHWULFDO LVRPHUV RI >0 HGGS /@ FRP
SOH[HV D /V\PPHWULFDO ELGHQWDWH OLJDQG E /XQV\PPHWULFDO
12ELGHQWDWH OLJDQG

;UD\ DQDO\VLV ZDV FDUULHG RXW RQ D 3KLOLSV $QD
O\WLFDO 3: 'LIIUDFWRPHWHU XVLQJ &X . UDGLDWLRQ
 QP 

7KLV SDSHU LQYHVWLJDWHV WKH WKHUPDO EHKDYLRU RI D VH
ULHV RI PHULGLRQDO LVRPHUV RI XQVFLV>&R HGGS $P@
FRPSOH[HV $P DQLRQ RI DODQLQH DOD  YDOLQH YDO 
QRUYDOLQH QYDO  OHXFLQH OHX  LVROHXFLQH LOH 
ZKHUHDV WKH WKHUPDO VWXGLHV RI ERWK IDFLDO DQG PHULG
LRQDO LVRPHUV RI XQVFLV>&R HGGS JO\@ JO\ DQLRQ
RI JO\FLQH KDV DOUHDG\ EHHQ SXEOLVKHG >@ ,W ZDV
VKRZQ WKDW WKH VWHSZLVH GHJUDGDWLRQ RI WKH IDFLDO LVR
PHU SURFHHGHG ZLWK WKH LQGLYLGXDO VWHSV RYHUODSSLQJ
WKDW SUHYHQWHG DQDO\VLV RI HDFK VWHS LQGLYLGXDOO\ XQ
OLNH GHJUDGDWLRQ RI WKH PHULGLRQDO LVRPHU ZKHUH WKH
GHWDLOHG DQDO\VHV ZDV FDUULHG RXW 7KH SXUSRVH RI WKLV
LQYHVWLJDWLRQ LV WR LQYHVWLJDWH WKH WKHUPDO GHFRPSR
VLWLRQ SDWKZD\V RI WKHVH FRPSOH[HV DQG WR HOXFLGDWH
NLQHWLF SDUDPHWHUV GHULYHG IURP WKHLU 7* FXUYHV

 5HVXOWV DQG GLVFXVVLRQ
 7KHUPDO VWXGLHV
7KHUPDO LQYHVWLJDWLRQ RI WKH V\QWKHVL]HG FRPSOH[HV
LQ WKH WHPSHUDWXUH LQWHUYDO IURP URRP WHPSHUDWXUH WR
 ◦ & UHYHDOV D VHULHV RI GHJUDGDWLRQ VWDJHV )LJ  
)URP WKH '6& FXUYHV LW FDQ EH VHHQ WKDW VWHSZLVH
GHJUDGDWLRQ RI DOO LQYHVWLJDWHG FRPSOH[HV SURFHHGHG
ZLWK WKH LQGLYLGXDO VWHSV RYHUODSSLQJ ZKLFK SUHYHQWHG
DQDO\VLV RI HDFK VWHS LQGLYLGXDOO\ ,Q DOO FRPSRXQGV
FDQ EH REVHUYHG ¿UVW WKH ORVV RI ERWK ZDWHU RI FU\V
WDOOL]DWLRQ DQG WUDFH RI K\JURVFRSLF ZDWHU 7KH PDVV
ORVV IRU WKH IUHVKO\ SUHSDUHG VDPSOHV DJUHHV ZLWK
WKH FRPSRVLWLRQ JLYHQ E\ HOHPHQWDO DQDO\VLV +RZ
HYHU WKH ZDWHU FRQWHQW RI WKH ROGHU VDPSOHV DV FDQ
EH VHHQ LQ 7DEOH  LV VRPHZKDW KLJKHU WKH FRP
SOH[HV >&R HGGS OHX@ DQG >&R HGGS LOH@  7KH H[
SHFWHG HQGRWKHUPLF EHKDYLRU IRU VXFK SURFHVVHV KDV
EHHQ REVHUYHG LQ WKH '6& FXUYHV RYHU WKH ± ◦ &
WHPSHUDWXUH UDQJH IRU DOO FRPSOH[HV 7KH DQK\GURXV

 ([SHULPHQWDO
 0DWHULDO SUHSDUDWLRQ
7KH LQYHVWLJDWHG FRPSOH[HV ZHUH SUHSDUHG E\ WKH
UHDFWLRQ RI XQVFLV1D>&R HGGS &2 @ DQG FRUUHVSRQG
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2Q WKH EDVLV RI WKH DERYH UHVXOWV LH WDNLQJ LQWR
DFFRXQW WKH H[SHULPHQWDO 7* DQG WKHRUHWLFDO FDOFX
ODWLRQV EDVHG RQ PDVV ORVVHV WKH SURFHVVHV RI WKHUPDO
GHFRPSRVLWLRQ RI WKH FRPSOH[HV FDQ EH DVVXPHG WR
RFFXU DV JHQHUDO PHFKDQLVP SDWKZD\V

FRPSOH[HV DUH VWDEOH XQWLO DERXW  ◦ & EXW DIWHU
WKDW WKHUPDO GHFRPSRVLWLRQ LV REVHUYHG 7KH WHP
SHUDWXUH DW ZKLFK WKH DQK\GURXV FRPSOH[HV EHJLQ WR
GHFRPSRVH YDULHV ZLWK WKH DPLQR DFLG OLJDQG
+RZHYHU WKH 7* FXUYHV RI WKH LQYHVWLJDWHG FRP
SOH[HV VKRZHG WKH EHWWHU VHSDUDWHG VWHSZLVH GHJUDGD
WLRQ ZKLFK SHUPLWWHG GHWHUPLQDWLRQ RI PDVV ORVVHV RI
HDFK RI WKH LQGLYLGXDO VWHSV )LJ   )URP WKH REVHUYHG
ZHLJKW ORVVHV SRVVLEOH SURGXFWV RI GHJUDGDWLRQ ZHUH
SURSRVHG DQG FRPSDUHG ZLWK WKRVH FDOFXODWHG IURP
JLYHQ IRUPXODH DV UHSRUWHG LQ 7DEOH  7KH ¿UVW VWHS
FRUUHVSRQGV WR WKH ORVV RI ERWK FU\VWDO DQG WUDFH RI
K\JURVFRSLF ZDWHU WKH VHFRQG DQG WKLUG VWHSV DUH DW
WULEXWHG WR WKH IUDJPHQWDWLRQ RI WKH FRRUGLQDWHG DPLQR
DFLGV DQG DIWHU WKDW VWDUWV WKH GHFRPSRVLWLRQ RI HGGS
OLJDQG 7KH SUHVHQFH RI GLIIHUHQW SURGXFWV RI GHJUD
GDWLRQ LV D FRQVHTXHQFH RI FKDQJH RI SUHVHQW DPLQR
DFLG FKDLQ 7DEOH   ,W FRXOG EH DVVXPHG WKDW FRP
SOH[HV RQ KHDWLQJ XQGHUJR GHFRPSRVLWLRQ WKDW VWDUWV
ZLWK WKH IUDJPHQWDWLRQ RI WKH DPLQR DFLG PROHFXOH
IROORZHG E\ R[LGDWLRQ RI WKH UHPDLQLQJ FRRUGLQDWHG
HGGS 7KH UHVXOW LV DSSHDUDQFH RI QXPHURXV SURGXFWV
LQ D JDVHRXV SKDVH 7KH JUHDWHU VWDELOLW\ RI FRRUGLQDWHG
HGGS OLJDQG FRPSDULQJ ZLWK WKH DPLQR DFLG LV GXH WR
WKUHH FKHODWH ULQJV IRUPLQJ E\ WHWUDGHQWDWH HGGS %\
KHDWLQJ WKH FRPSOH[HV RYHU  ◦ & LW ZDV GHWHUPLQHG
XVLQJ ;UD\ DQDO\VHV WKDW ¿QDO UHVLGXH RI GHFRPSRVL
WLRQ LV &R 7DNLQJ LQWR DFFRXQW WKLV IDFW LW FRXOG EH
VXJJHVW WKDW GHFRPSRVLWLRQ SURFHHGV ZLWK UHGXFWLRQ
RI FHQWUDO PHWDO LRQ DQG R[LGDWLRQ RI WKH UHPDLQLQJ
OLJDQGV
6LPLODU WKHUPDO GHJUDGDWLRQ SDWKZD\V WKDW ZHUH
REVHUYHG DUH FRQVLVWHQW ZLWK WKHLU YHU\ VLPLODU VWUXF
WXUH GHULYHG IURP DOPRVW WKH VDPH HOHFWURQLF DE
VRUSWLRQ DQG LQIUDUHG VSHFWUD >@ $OWKRXJK WKH
FKDQJH RI WKH K\GURFDUERQ VLGH FKDLQV RI WKH DPLQR
DFLG FRXOG QRW DIIHFW WKH VLJQL¿FDQW GLIIHUHQFH LQ
WKH GHFRPSRVLWLRQ SDWKV LW FDQ EH QRWLFHG WKDW
GHFUHDVH LQ VWDELOLW\ JRLQJ IURP >&R HGGS DOD@ WR
>&R HGGS QYDO@ 7KH HQODUJHPHQW RI WKH QXPEHU RI
FDUERQ DWRPV OHDG WR GHFUHDVH LQ VWDELOLW\ 7KH ORQJHU
VLGH FKDLQV PD\ EH DVVXPHG WR EH UHVSRQVLEOH IRU D
GHFUHDVH LQ WKHUPDO VWDELOLW\ GXH WR WKHLU YLEUDWLRQV
RU VWHULF KLQGUDQFH 7KH UHODWLYHO\ KLJK VWDELOLW\ RI
>&R HGGS OHX@ DQG >&R HGGS LOH@ FRXOG EH H[SODLQHG
E\ ±&+ &+ ±&+ &+ DQG ±&+ ±&+ &+  VLGH
FKDLQV ZKLFK FDQ WDNH SODFH LQ IRUPLQJ LQWHUPROHFXODU
EULGJHV >@

6WHS  
>&R(HGGS)($P)@ · x+ 2
→ >&R(HGGS)($P)@ + x+ 2
6WHS  
>&R(HGGS)($P)@
→ >&R(HGGS)($P� )@ + &n +n + &2
6WHS  
>&R(HGGS)($P� )@→>&R(HGGS� )@+&n +n +& 1
6WHS  
>&R(HGGS� )@ → >&R(HGGS�� )@ + &n +n + & 1
6WHS  
>&R(HGGS�� )@
→ &R + &n +n + &2 + &2 + + + + 2
)RU D PRUH GHWDLOHG DQDO\VLV RI WKHVH SURFHVVHV WKH
PDVV VSHFWUD RI >&R HGGS YDO@ DQG >&R HGGS QYDO@
ZHUH XVHG 7KH\ VKRZ WKH SUHVHQFH RI VSHFLHV WKDW
DUH SURSRVHG WR EH IRUPHG RQ VDPSOH GHFRPSRVLWLRQ
'HJUDGDWLRQ RI WKH >&R HGGS YDO@ LQ WKH ¿UVW SKDVH RI
6WHS  JLYHV ULVH WR VSHFLHV & 1 DORQJ ZLWK WKH IRU
PDWLRQ RI DQ LRQ ZLWK m/z =  7KH SUHVHQFH RI
LRQV ZLWK m/z =    UHVXOWV IURP WKH GHJUD
GDWLRQ DFFRUGLQJ WR WKH IROORZLQJ UHDFWLRQV
6WHS  
&R& + 1 2 → &R& + 1 2 + .& 1
m/z=

&R& + 1 2 → &R& + 1 2 + & +
m/z=

m/z=

6WHS  
&R& + 1 2 →&R& + 1 2 +& + ++ 2
m/z=

m/z=

 ,Q WKLV VWHS HGGS VWDUWV WR GHFRPSRVH RQ WKH ZD\ WKDW GHSHQGV
RQ WKH FRPSOH[
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6WHS  

&R& + 1 2 → &R& + 12 + .& 1
m/z=



m/z=

&R& + 1 2 → &R& + 1 2 + + 2

&R& + 12 → &R& + 12 + + 2

m/z=

m/z=

&R& + 1 2 → &R& + 1 2 + &2
m/z=

,W ZDV QRWHG WKDW >&R HGGS QYDO@ XQGHUJRHV IDVWHU
GHJUDGDWLRQ DOWKRXJK LWV PDVV VSHFWUXP VKRZV VRPH
PROHFXODU VSHFLHV SURSRVHG RQ WKH EDVLV RI WKH 7*

 .LQHWLF VWXGLHV
7KH WKHUPDO HIIHFWV REVHUYHG LQ WKH '6& FXUYHV DUH
QRW VXLWDEOH IRU NLQHWLF DQDO\VLV EHFDXVH WKH SHDNV DUH
FRPSOH[ DV\PPHWULF DQG RYHUODSSHG +RZHYHU WKH
7* FXUYHV GLVSOD\ EHWWHU VHSDUDWHG SURFHVVHV ZKLFK
DOORZHG D NLQHWLF DQDO\VLV RI LQGLYLGXDO VWHSV )RU WKLV
SXUSRVH ZHUH DSSOLHG 1HZNLUN >@ )UHHPDQ±&DUUROO

6WHS  
&R& + 1 2 → &R& + 1 2 + &2
m/z=

m/z=

&R& + 1 2 → &R& + 1 2 + & +
m/z=

m/z=

m/z=

7DEOH 
7KH DFWLYDWLRQ HQHUJ\ N-PRO RI LQGLYLGXDO VWHSV RI WKH GHFRPSRVLWLRQ RI WKH FRPSOH[HV GHULYHG IURP 7* FXUYHVD
&RPSOH[

6WHS 

6WHS 

6WHS 

6WHS 

6WHS 

>&R HGGS DOD@·+ 2

















±
±
±













±
±
±

>&R HGGS YDO@·+ 2

±
±
±

>&R HGGS QYDO@·+ 2





















>&R HGGS OHX@·+ 2





















>&R HGGS LOH@·+ 2





















D 7KH ¿UVW YDOXH IRU HDFK FRPSOH[ UHSUHVHQWV GDWD REWDLQHG E\ 1HZNLUN¶V PHWKRG WKH VHFRQG E\ &RDWV±5HGIHUQ¶V PHWKRG DQG WKH WKLUG
E\ )UHHPDQ±&DUUROO¶V PHWKRG 7KH HUURU RI PHWKRGV LV 

7DEOH 
7KH DFWLYDWLRQ SDUDPHWHUV UHODWLQJ WR WKH UDWH FRQVWDQW FDOFXODWHG IURP 7* FXUYHV E\ 1HZNLUN¶V PHWKRG IRU WKH ¿UVW DQG VHFRQG VWHS RI
GHJUDGDWLRQ RI WKH FRPSOH[HV
&RPSOH[

>&R
>&R
>&R
>&R
>&R

HGGS
HGGS
HGGS
HGGS
HGGS

6WHS 

DOD@·+ 2
YDO@·+ 2
QYDO@·+ 2
OHX@·+ 2
LOH@·+ 2

6WHS 

�+ N-PRO

�6 -PRO .

�* N-PRO

�+ N-PRO

�6 -PRO .

�* N-PRO


±




−
±
−
−
−


±










−
−
−
−








4USBOB

104

4USBOB

105

0DWHULDOV6FLHQFH)RUXP9ROV  SS
RQOLQHDWKWWSZZZVFLHQWLILFQHW



65 *UJXULFâLSND HW DO  7KHUPRFKLPLFD $FWD   ±

FLDO VXSSRUW SURMHFW QR ²V\QWKHVLV DQG VWUXF
WXUH RI SRWHQWLDOO\ DQWLWXPRU SODWLQXP ,9 FRPSOH[HV
DQG VLPLODU FRRUGLQDWLRQ FRPSRXQGV DV SUHFXUVRUV IRU
QDQRSKDVHG PDWHULDOV 

>@ DQG &RDWV±5HGIHUQ >@ PHWKRGV 7KH UHDFWLRQ
RUGHU n =  LV W\SLFDO IRU UHDFWLRQV RI GHFRPSRVL
WLRQ ZKHUH WKH VXUIDFH LV GHFRPSRVHG E\ ¿UVWRUGHU
NLQHWLFV 7KH REWDLQHG DFWLYDWLRQ HQHUJLHV IRU WKHVH
SURFHVVHV DUH OLVWHG LQ 7DEOH  7KH YDOXHV IRU DFWL
YDWLRQ HQHUJLHV IROORZ WKH DVVXPSWLRQ GHULYHG IURP
FRQVLGHUDWLRQ RI WKHUPDO VWDELOLW\ ,W FDQ EH QRWLFHG
WKDW GHFUHDVH LQ YDOXHV RI DFWLYDWLRQ HQHUJLHV JRLQJ
IURP >&R HGGS DOD@ WR >&R HGGS QYDO@ EXW KLJKHU
YDOXHV IRU WKH >&R HGGS OHX@ DQG >&R HGGS LOH@ ZKDW LV
FRQVHTXHQFH RI ORQJHU VLGH FKDLQV WKDW FDQ WDNH SODFH
LQ IRUPLQJ LQWHUPROHFXODU LQWHUDFWLRQV DV DVVXPHG
SUHYLRXVO\
7KH DFWLYDWLRQ SDUDPHWHUV UHODWLQJ WR WKH UDWH FRQ
VWDQW REWDLQHG IURP 7* FXUYHV E\ 1HZNLUN¶V PHWKRG
ZHUH FDOFXODWHG IRU WKH ¿UVW DQG VHFRQG VWHSV RI
GHJUDGDWLRQ RI WKH FRPSOH[HV LQ WKH XVXDO ZD\ >@
7DEOH  

5HIHUHQFHV
>@ '- 5DGDQRYLF 0, 'MXUDQ 9' 0LOHWLF 55 3DULMH] -
6HUE &KHP 6RF   
>@ + .DZDJXFKL 1 0DUX\DPD 7 $PD 7 <DVXL %XOO &KHP
6RF -SQ   
>@ 1 6DNDJDPL 7 <DVXL + .DZDJXFKL 7 $PD 6 .DL]DNL
%XOO &KHP 6RF -SQ   
>@ + .DZDJXFKL 0 <RVKLGD 7 <RQHPXUD 7 $PD .
2NDPRWR 7 <DVXL %XOO &KHP 6RF -SQ  

>@ 65 *UJXULF 7- 6DER 6\QWK 5HDFW ,QRUJ 0HW  

>@ '- 5DGDQRYLF &RRUG &KHP 5HY   
>@ 5/ )DQVKDZH $* %ODFNPDQ ,QRUJ &KHP  

>@ + 1DND]DZD + 2KWVXUX + <RQHGD %XOO &KHP 6RF -SQ
  
>@ + .DZDJXFKL 1 0DUX\DPD 7 $PD 7 <DVXL %XOO &KHP
6RF -SQ   
>@ + .DZDJXFKL 0 <RVKLGD 7 <RQHPXUD 7 $PD .
2NDPRWR 7 <DVXL %XOO &KHP 6RF -SQ  

>@ 1 3HWUDQRYLF ' 0LQLF 7- 6DER ' 'MRNRYLF - 7KHUP
$QDO &DORULP   
>@ 65 *UJXULF 65 7ULIXQRYLF 7- 6DER - 6HUE &KHP 6RF
  
>@ 7- 6DER /9 3RSRYLF 65 7ULIXQRYLF %XOO &KHP
7HFKQRO 0DFHGRQLD   
>@ 8 %LDGHU &HLSLGRU 5 %XFFL $0 *LUHOOL $' 0DJUL
7KHUPRFKLP $FWD   
>@ $( 1HZNLUN $QDO &KHP   
>@ (6 )UHHPDQ % &DUUROO - 3K\V &KHP  

>@ $: &RDWV -3 5HGIHUQ 1DWXUH   
>@ $$ )URVW 5* 3HDUVRQ .LQHWLFV DQG 0HFKDQLVP :LOH\
1HZ <RUN 

 &RQFOXVLRQ
2Q WKH EDVLV RI WKH UHVXOWV REWDLQHG IURP 7* DQG
'6& FXUYHV LW FRXOG EH FRQFOXGHG WKDW LQYHVWLJDWHG
FRPSOH[HV KDYH YHU\ VLPLODU WKHUPDO EHKDYLRU WKHU
PDO VWDELOLW\ DQG GHFRPSRVLWLRQ SDWKZD\V 7KH HI
IHFW RI WKH GLIIHUHQW DPLQR DFLG FKDLQ LV UHÀHFWHG ZLWK
WKH VOLJKW GLIIHUHQFHV LH WKH ORZHU VWDELOLW\ RI WKH
>&R HGGS QYDO@ FRPSOH[ DQG WKH JUHDWHU VWDELOLW\ RI
WKH >&R HGGS OHX@ FRPSOH[ 7KH DFWLYDWLRQ HQHUJLHV RI
WKH UHDFWLRQ GHFRPSRVLWLRQ REWDLQHG IURP D IHZ GLI
IHUHQW PHWKRGV DUH LQ JRRG DJUHHPHQW ,Q DGGLWLRQ
GHJUDGDWLRQ SDWKZD\V DUH SURSRVHG
$FNQRZOHGJHPHQWV
7KH DXWKRUV DUH JUDWHIXO WR WKH 0LQLVWU\ RI 6FLHQFH
DQG 7HFKQRORJ\ RI WKH 5HSXEOLF RI 6HUELD IRU ¿QDQ

,QYHVWLJDWLRQRI7KHUPDO6WDELOLW\DQG.LQHWLF6WXGLHVRI7UDQVLWLRQ
0HWDO&RPSOH[HVZLWKWKH&RQGHQVDWLRQ3URGXFWRIGLDFHW\OS\ULGLQH
DQG6HPLR[DPD]LGH

'0LQLü*-DNRYOMHYLü'6ODGLüDQG.$QGMHONRYLü 


)DFXOW\RI3K\VLFDO&KHPLVWU\8QLYHUVLW\RI%HOJUDGH%HOJUDGH6HUELDDQG0RQWHQHJUR

)DFXOW\RI&KHPLVWU\8QLYHUVLW\RI%HOJUDGH%HOJUDGH6HUELDDQG0RQWHQHJUR

.H\ZRUGVGLDFHW\OS\ULGLQH'HULYDWLYHV.LQHWLF6WXGLHV7KHUPDO$QDO\VLV7UDQVLWLRQ
0HWDO&RPSOH[HV



$%675$&7

7KHUPDO EHKDYLRU RI &X ,,  8 9,  0Q ,,  DQG 1L ,,  FRPSOH[HV ZLWK    
S\ULGLQHGL\OGLHWK\OLG\QH GLR[DPRK\GUD]LGH ZDV VWXGLHG E\ '6& DQG 7* DQDO\VLV LQ WKH
WHPSHUDWXUHUDQJHRI&LQDVWUHDPRIQLWURJHQ'HSHQGLQJRQWKHVWUXFWXUHRIFRPSOH[HV
WKHUPDOGHJUDGDWLRQRFFXUUHGPRVWO\LQWKHUDQJHRI&SUHFHGHGE\DORVVRIFU\VWDODQG
FRRUGLQDWHG VROYHQW LI SUHVHQW.LQHWLF SURFHVVHV RIGHJUDGDWLRQ ZHUH VWXGLHGE\DQDO\VLV RI '6&
DQG7*FXUYHVUHFRUGHGDWRQHRUPRUHKHDWLQJUDWHV%DVHGRQDFWLYDWLRQHQHUJLHVGHWHUPLQHGLQ
WKLV ZD\WKHUPRG\QDPLF SDUDPHWHUVRI DFWLYDWHG FRPSOH[HVZHUHDOVRGHWHUPLQHG IRU 8 9, DQG
0Q ,, FRPSOH[HV0HFKDQLVPVRIGHJUDGDWLRQSURFHVVHVZHUHHVWDEOLVKHGXVLQJWKHREWDLQHGGDWD

,1752'8&7,21

%LV DF\OK\GUD]RQHV RIGLDFHW\OS\ULGLQHKDYHDVSHFLDOSODFHDPRQJOLJDQGVRIWKH6FKLII
EDVH W\SH EHFDXVH RI WKH ODUJH QXPEHU RI SRWHQWLDO GRQRU DWRPV DQG SRVVLEOH GHSURWRQDWLRQ RI
K\GUD]LGH!1+JURXSV>@
,QRXUSUHYLRXVLQYHVWLJDWLRQVFRPSOH[HVRI&X ,, 1L ,, 0Q ,, &R ,, DQG82 ZLWKD
OLJDQG RI WKLV W\SH QDPHO\ +GDSVR[    S\ULGLQHGL\OGLHWK\OLG\QH GLR[DPRK\GUD]LGH 
6FKHPH ZHUHWKRURXJKO\VWXGLHG>@
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6WUXFWXUHV RI WKH FRPSOH[HV >&X GDSVR[ +2@Â+2 >1L +GDSVR[ &+2+ @&O2
>0Q +GDSVR[ &O +2 @&OÂ+2 DQG >82 GDSVR[ @Â+2 DUH VKRZQ LQ 6FKHPHV    DQG 
UHVSHFWLYHO\
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)RUVWUXFWXUHFKDUDFWHUL]DWLRQRIFRPSOH[HVWKHPRVWLPSRUWDQWWHFKQLTXHVDUH;UD\VWUXFWXUH
DQDO\VLV DQG VSHFWURVFRSLF PHWKRGV 105 ,5 899,6  EXW WKH SRVVLELOLW\ RI DSSOLFDWLRQ RI
WKHUPDODQDO\VLVWRFKDUDFWHUL]HWKHVWUXFWXUHVRIWKHVHV\VWHPVLVDVWRQLVKLQJ,QRXUSUHYLRXVZRUN
>@ ZH ZHUH DEOH WR GHWHUPLQH WKH FRRUGLQDWLRQ PRGH DQG JHRPHWU\ RI WKH FRPSOH[HV
XQDPELJXRXVO\ E\ 7* DQG '6& FXUYH DQDO\VLV WKH UHIHUHQFH V\VWHPV EHLQJ WKH VXEVWDQFHV IRU
ZKLFKWKH;UD\VWUXFWXUHDQDO\VLVKDGEHHQPDGH

(;3(5,0(17$/

$OOLQYHVWLJDWHGFRPSOH[HVZHUHSUHSDUHGE\WKHSURFHGXUHGHVFULEHGLQOLWHUDWXUH>@
7KH WKHUPRJUDYLPHWULF DQDO\VHV ZHUH FDUULHG RXW RQ D 'X3RQW  LQVWUXPHQW ZLWK D 
GLIIHUHQWLDOVFDQQLQJFDORULPHWHUDQGDWKHUPRJUDYLPHWHUDQDO\]HUPRGXOH+HDWLQJUDWH&
PLQLQQLWURJHQDWPRVSKHUH7KHPDVVHVRIWKHVDPSOHVXVHGLQ7*DQG'6&PHDVXUHPHQWVZHUH
LQ WKH UDQJH    PJ ,5 VSHFWUD ZHUH UHFRUGHG RQ D 3HUNLQ(OPHU )7,5 ;
VSHFWURSKRWRPHWHUXVLQJ.%UWHFKQLTXH

5(68/76$1'',6&866,21

7KH VHOHFWLRQ RI FRPSOH[HV IRU WKH VWXG\ RI WKH NLQHWLFV RI WKHLU WKHUPDO GHJUDGDWLRQ ZDV
PDGH WDNLQJ LQWR DFFRXQW SRVVLELOLWLHV RI GLIIHUHQW PRGHV RI FRRUGLQDWLRQ GHSHQGLQJ RQ WKH
HOHFWURQLF FRQILJXUDWLRQ RI WKH FHQWUDO PHWDO LRQ DQG WKH LQIOXHQFH RI OLJDQG GHSURWRQDWLRQ RQ WKH
JHRPHWU\RIWKHFRPSOH[HV
7ZRVHOHFWHGFRPSOH[HV0Q ,, DQG82KDYHSHQWDJRQDOELS\UDPLGDOJHRPHWU\GLIIHULQJ
RQO\ LQ WKH FKDUJH RI WKH FRRUGLQDWHG SHQWDGHQWDWH LQ WKH 82 FRPSOH[ +GDSVR[ OLJDQG LV
FRRUGLQDWHG LQ WKH GLDQLRQLF IRUP ± GDSVR[ DQG LQ WKH 0Q ,,  FRPSOH[ LQ WKH QHXWUDO IRUP DV
+GDSVR[ 
7KH 1L ,,  FRPSOH[ KDV DQ RFWDKHGUDO JHRPHWU\ ZLWK WHWUDFRRUGLQDWHG SRO\GHQWDWH LQ WKH
PRQRDQLRQLF IRUP +GDSVR[  7KH &X ,,  FRPSOH[ KDV D VTXDUH S\UDPLGDO JHRPHWU\ ZLWK
WHWUDFRRUGLQDWHGSRO\GHQWDWHLQWKHGLDQLRQLFIRUP±GDSVR[
)URPD7*FXUYHRIWKH0Q ,, FRPSOH[LWFDQEHVHHQWKDWWKHSURFHVVVWDUWVDW&E\
GLVVRFLDWLRQRIFU\VWDO ZDWHU IROORZHGE\ GLVVRFLDWLRQRIFRRUGLQDWHG ZDWHU DW &7KH ODWWHU
SURFHVV OHDGV WR WKH IRUPDWLRQ RI D VWUXFWXUH VWDEOH XS WR  & 7KH ,5 VSHFWUXP RI WKLV
LQWHUPHGLDWHLVLQVLJQLILFDQWO\GLIIHUHQW IURPWKH,5VSHFWUXPRIWKHLQLWLDOFRPSOH[H[FHSWLQWKH
UDQJH EHWZHHQ  DQG  FP ZKLFK LV D FRQVHTXHQFH RI WKH ORVV RI ZDWHU PROHFXOHV
6LPLODULW\ EHWZHHQ WKH ,5 VSHFWUD LQGLFDWHV XQFKDQJHG PRGH RI FRRUGLQDWLRQ RI WKH SHQWDGHQWDWH
DQGSHQWDJRQDOS\UDPLGDOJHRPHWU\RIWKHLQWHUPHGLDWH0Q ,, FRPSOH[HVRIWKLVJHRPHWU\VXFKDV
>0Q&O / @&O2>0Q&O / @&O>0Q 1&6 / @&O2 / GLDFHW\OS\ULGLQHDQGGLD]DGHFDQH
GLDPLQH  ZHUH VWXGLHG E\ 1HOVRQ DQG FRZRUNHUV >@ $W  & FRPPHQFHV DQ DSSDUHQWO\
RQHVWHSGHFRPSRVLWLRQRIWKHDIRUHPHQWLRQHGLQWHUPHGLDWH+RZHYHUIURP'7*DQG'6&FXUYHV

 D 





 F 
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 G 






7*   '7* ±±±  DQG '6& Â±Â±Â  FXUYHV IRU D D>0Q +GDSVR[ &O+2@&OÂ+2
E E>82 GDSVR[ @Â+2 F F>&X GDSVR[ +2@Â+2DQG G G>1L +GDSVR[ &+2+ @&O2

$OWKRXJK WKHWKHUPDOGHFRPSRVLWLRQ RI 82PLJKW EHH[SHFWHGWR SURFHHG DQDORJRXVO\WR
WKH WKHUPDO GHJUDGDWLRQ RI WKH 0Q ,,  FRPSOH[ D VLQJOHVWHS WKHUPDO GHFRPSRVLWLRQ RI WKH
FRRUGLQDWHG SRO\GHQWDWH RFFXUV ZLWK WKH 82 FRPSOH[ )LJ E  ,W FDQ EH DWWULEXWHG WR DQ
H[WHQVLYHHOHFWURQGHORFDOL]DWLRQLQWKHZKROHGDSVR[OHDGLQJWRXQLIRUPERQGHQHUJLHV:LWKWKLV
FRPSOH[ WKH FU\VWDO ZDWHU GLVDSSHDUV EHORZ  & DQG WKH UHPDLQLQJ DQK\GURXV VXEVWDQFH LV
VWDEOH XS WR  & ZKHQ D VZLIW GHFRPSRVLWLRQ RI SRO\GHQWDWH LQ RQH VWHS RFFXUV DQG WKH
SURFHVVLVFRPSOHWHGDW&7KHILQDOSURGXFWLV82
6\PPHWULF HOHFWURQ GLVWULEXWLRQ LQ G[\ G[\ DQG G] RUELWDOV HQKDQFHV WKH VWDELOLW\ RI
SHQWDJRQDO ELS\UDPLGDO JHRPHWU\ VR WKDW 3%3 0Q ,,  FRPSOH[HV DUH DPRQJ WKH PRVW VWDEOH G
PHWDOFRPSOH[HVKDYLQJWKLVJHRPHWU\&RPSDULVRQRIWKHUPDOVWDELOLWLHVRIYDULRXV3%3FRPSOH[HV
FRQILUPHG WKLV DV WKH GHFRPSRVLWLRQ RI D 0Q ,,  FRPSOH[ ZLWK D SHQWDGHQWDWHO\ FRRUGLQDWHG
ELV DF\OK\GUD]RQH FRPPHQFHVDERYH&ZKLOHRWKHUG3%3FRPSOH[HVVWDUWWRGHFRPSRVHDW
 & RU DW HYHQ ORZHU WHPSHUDWXUHV >@  :LWK 0Q ,,  DQG 82 FRPSOH[HV DQ XQDPELJXRXV
FRQQHFWLRQEHWZHHQWKHZD\RIWKHUPDOGHJUDGDWLRQDQGWKHPRGHRIFRRUGLQDWLRQRIDSRO\GHQWDWH
FRXOG EH HVWDEOLVKHG 7KXV LQ ERWK FDVHV ZLWK V\PPHWULFDOO\ FKDUJHG DQG FRRUGLQDWHG
)LJ
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)LJD WZRVWHSVFDQEHREVHUYHG7KHILUVWHQGRWKHUPLFVWHSFDQEHDWWULEXWHGWRWKHORVVRI+1
&2&21+ DQG &+12 IUDJPHQWV ZKHUHE\ RQ WKH DYHUDJH RQH RI FRRUGLQDWHG R[\JHQ DWRPV
UHPDLQV ERXQG WR HYHU\ VHFRQG 0Q ,,  LRQ 7KLV VWHS LV FRPSOHWHG DW  & ZKHQ WKH VHFRQG
GHFRPSRVLWLRQVWHS\LHOGLQJ0Q2DQG0Q&OEHJLQV7KHVHFRQGVWHSLVFRPSOHWHGDW&
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0DWHULDOV6FLHQFH)RUXP9ROV

DF\OK\GUD]RQHVLGHFKDLQVRISHQWDFRRUGLQDWHG+GDSVR[ ZLWK0Q ,, RUGDSVR[ ZLWK82 WKH
FRPSOH[HVGHFRPSRVHZLWKV\PPHWULFVLGHFKDLQERQGEUHDNLQJ
7KHUPDODQDO\VLVRIWKH&X ,, FRPSOH[VKRZVWKDWERWKFU\VWDODQGFRRUGLQDWHGZDWHUOHDYH
LQ RQH HQGRWKHUPLF VWHS HQGLQJ DW  & )LJ F  7KLV EHKDYLRU FDQ EH H[SODLQHG E\ WKH
SDUWLFLSDWLRQRIFU\VWDOZDWHULQWKHIRUPDWLRQRIDJUHDWHUQXPEHURIK\GURJHQERQGV$IWHUWKHORVV
RIZDWHUPROHFXOHVDQG FRQVHTXHQWGLVDSSHDUDQFHRIK\GURJHQERQGVIL[LQJWKHSHQGDQWFKDLQRI
WKHFRRUGLQDWHGSRO\GHQWDWHLWVFRQIRUPDWLRQEHFRPHVPRUHIOH[LEOHVRWKDWWKHJUHDWHUPRELOLW\RI
WKHFKDLQHQDEOHVEUHDNLQJRIWKHUHPDLQLQJK\GURJHQERQGV7KLVLVUHJLVWHUHGLQWKH'6&FXUYHE\
DQ HQGRWKHUPLF FKDQJH LPPHGLDWHO\ IROORZLQJ WKH FKDQJH FRUUHVSRQGLQJ WR WKH ORVV RI ZDWHU
PROHFXOHV7KLVVWHSFDQQRWEHREVHUYHGDVDPDVVORVVLQWKH7*FXUYH 7KHFRRUGLQDWHGGDSVR[
GHFRPSRVHVLQWZRFORVHHQGRWKHUPLFVWHSVWKHILUVWRQHFRUUHVSRQGLQJWRWKHORVVRIXQFRRUGLQDWHG
IUDJPHQW+1&2&21RIWKHSRO\GHQWDWH 6FKHPH DQGWKHVHFRQGRQHWRWKHGHFRPSRVLWLRQ
RIWKHFRRUGLQDWHGSDUWRISRO\GHQWDWHWKHILQDOSURGXFWEHLQJ&X2
7KHUPDODQDO\VLVRIWKH1L ,, FRPSOH[VKRZHGVWDELOLW\RIWKHFRRUGLQDWHGSRO\GHQWDWHXSWR
&ZKHQDWZRVWHSGHFRPSRVLWLRQRIWKHRUJDQLFOLJDQGDQDORJRXVWRWKDWREVHUYHGZLWKWKH
&X ,, FRPSOH[VWDUWV )LJG 7KHSURFHVVHQGVDW&DQGWKHVROLGSURGXFWLV1L2
+DYLQJLQ PLQGWKDWWKHFRRUGLQDWLRQQXPEHU RI WKH FHQWUDOLRQLQ FRPSOH[HVRI82 DQG
0Q ,, ZLWK    S\ULGLQHGL\OGLHWK\OLG\QH GLR[DPRK\GUD]LGH LVDQGWKDWWKH\DUHWKHPRVW
VWDEOH RQHV LQWKLVVHULHV RI FRPSOH[HV WKHDFWLYDWLRQHQHUJLHV RI DOOVWHSV RI WKHUPDO GHJUDGDWLRQ
ZHUH FDOFXODWHG $FWLYDWLRQ HQHUJLHV IRU WKH GHJUDGDWLRQ RI IUDJPHQWV RI 1L ,,  DQG &X ,, 
FRPSOH[HV ZLWK FRRUGLQDWHG SRO\GHQWDWH DURXQG WKH FHQWUDO PHWDO LRQ RQO\ ZHUH DOVR FDOFXODWHG
7DEOH :LWK0Q ,,  &X ,, DQG1L ,, FRPSOH[HVLQZKLFKWKHOLJDQG GHFRPSRVLWLRQRFFXUVLQ
WZRVWHSVWKHDFWLYDWLRQHQHUJLHVZHUHFDOFXODWHGRQO\IRUWKHILUVWVWHSRIWKHOLJDQGGHFRPSRVLWLRQ
7DEOHV DQGVWHS 9DULRXVPHWKRGV ZHUHXVHGIRUWKHFDOFXODWLRQRIDFWLYDWLRQHQHUJLHVDV
VKRZQ LQ 7DEOH  7KH GDWD REWDLQHG E\ GLIIHUHQW PHWKRGV DUH LQ JRRG DJUHHPHQW $FWLYDWLRQ
SDUDPHWHUV FDOFXODWHGE\WKH%RUFKDUGW'DQLHOVPHWKRG IRUWKHFRPSOH[PROHFXOH>82 GDSVR[ @
DQG WKH FRPSOH[ LRQ >0Q +GDSVR[ &O +2 @ LQ ZKLFK WKH FRRUGLQDWHG SHQWDGHQWDWH  LV LQ
GLDQLRQLFIRUPDQGQDWXUDOIRUPUHVSHFWLYHO\DUHJLYHQLQ7DEOH

7DEOH7KHDFWLYDWLRQHQHUJLHVRIWKHUPDOGHJUDGDWLRQRIWKHFRPSOH[HV
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VWHSORVVRIFU\VWDOZDWHU
VWHS ORVVRIFRRUGLQDWHGZDWHU
VWHSWKHUPDOGHFRPSRVLWLRQRITXLQTXHGHQWDWHOLJDQG


$V H[SHFWHG WKH DFWLYDWLRQ HQHUJLHV DUH KLJKHU IRU WKH VHFRQG VWHS LQ ERWK WKH 0Q ,,  DQG
82FRPSOH[HVWKDQIRUWKHORVVRIFU\VWDODQGRUFRRUGLQDWHGZDWHU,WLVLQWHUHVWLQJWRQRWHWKDW
WKH HQWURS\ RI DFWLYDWLRQ LV QHJDWLYH IRU WKH ORVV RI ZDWHU DQG SRVLWLYH IRU WKH VHFRQG VWHS ,W
LQGLFDWHV D KLJKO\ RUGHUHG WUDQVLWLRQ VWDWH LQ WKH SURFHVV RI ORVV RI ZDWHU $V WKLV VWHS LV
HQGRWKHUPLFDFFRUGLQJWRWKH+DPPRQGSRVWXODWHWKHWUDQVLWLRQVWDWHLVVLPLODUWRWKHSURGXFWLH
WRWKH LQWHUPHGLDWH H[LVWLQJEHWZHHQ DQG  & IRUWKH 0Q ,, FRPSOH[HV DQGEHWZHHQ 
DQG&IRUWKH82FRPSOH[7KLVLQWHUPHGLDWHLVREYLRXVO\YHU\RUGHUHGSUREDEO\KDYLQJD
VWDEOHSHQWDJRQDOS\UDPLGDOVWUXFWXUHLQWKHFDVHRIWKH0Q ,, FRPSOH[DQGDVWDEOH3%3JHRPHWU\
LQWKHFDVHRIWKH82,QWKHVHFRQGVWHSGHFRPSRVLWLRQRIWKHRUJDQLFOLJDQGSURFHHGVWKURXJKD
OHVVRUGHUHGWUDQVLWLRQVWDWH

$FNQRZOHGJHPHQWV
7KLV ZRUN ZDV VXSSRUWHG ILQDQFLDOO\ E\ WKH 0LQLVWU\ RI 6FLHQFH 7HFKQRORJ\ DQG
'HYHORSPHQWRIWKH5HSXEOLFRI6HUELD 3URMHFW1XPEHU 
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Investigation of Thermal Stability of Zn(II), Pt(II) and Pd(II) Complexes
with (E)-2-oxo-2-{N’-[1-(pyridin-2-yl)ethylidene]hydrazino}acetamide
1,a

1,b

1,c

T. Todoroviü , K. Andjelkoviü , D. Sladiü , D. Jeremiü
1

2

1,d

2,e

and D. Miniü

Faculty of Chemistry, University of Belgrade, P. O. Box 158, 11001 Belgrade,
Serbia and Montenegro

Faculty of Physical Chemistry, University of Belgrade, P. O. Box 137, 11001 Belgrade,
Serbia and Montenegro
a

tamarat@chem.bg.ac.yu, b kka@chem.bg.ac.yu, c dsladic@chem.bg.ac.yu,
d
dejanjeremic@hotmail.com, e dminic@ffh.bg.ac.yu

Keywords: 2-Acetylpyridine Derivatives, Transition Metal Complexes, Thermal Analysis.

Abstract. Thermal stability of neutral Zn(II), Pd(II) and Pt(II) complexes of formulae
[Zn(apsox)2]·3H2O and [M(apsox)Cl] (M=Pd(II), Pt(II), HL=(E)-2-oxo-2-{N’-[1-(pyridin-2yl)ethylidene]hydrazino}acetamide) were studied. The results of DSC and TG analyses within the
temperature range from 20 to 600 °C in nitrogen atmosphere showed that the loss of crystal water
represents the first step during decomposition of the octahedral Zn(II) complex followed by
structural rearrangement of its anhydrous form. After that the complex remained stable to about 330
°C. Different from neutral square-planar Pd(II) and Pt(II) complexes, a satisfactory resolution of the
peaks in DSC of the Zn(II) complex enabled determination of the activation energies of its
structural transformation and thermal degradation.
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Experimental
All investigated complexes were prepared exactly as previously described [4-6].
The differential scanning calorimetry (DSC) analyses were carried out on a SHIMADZU
DSC-50 in nitrogen atmosphere at a heating rate of 10 °C/min, unless otherwise stated. The
thermogravimetric analyses (TG) were performed using a DuPont 9900 instrument with 951thermogravimeter analyzer module. Heating rate was also 10 °C/min in nitrogen atmosphere. The
masses of the samples subjected to TG and DSC analyses ranged from 2.0 to 7.3 mg. The infrared
(IR) spectra were recorded on a Perkin-Elmer FTIR 1726X spectrophotometer using KBr technique.
Results and Discussion
DSC curves of the ligand, [Pt(apsox)Cl], [Pd(apsox)Cl] and [Zn(apsox)2]·3H2O are shown in Fig. 1.

Introduction
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A group of metal complexes with condensation derivatives of 2-acetylpyridine and compounds
containing oxygen as a donor atom in the side chain were shown to be potent antimicrobial agents
[1]. Also, investigations of the complexes of the platinum group of metals are of utmost interest
from both theoretical and practical aspect, especially in relation to the search for efficient
pharmaceuticals with pharmacological profile similar to that of cisplatin [2]. As a result, several
thousand Pt(II) complexes were synthesized so far and checked for a possible cytotoxic activity.
To understand biological activity of both ligands and their complexes it is necessary to know
not only their structure but also the stability of the formed compounds. With this aim and in
continuation of our earlier studies in this field [3], we synthesized and structurally characterized a
new ligand (E)-2-oxo-2-{N’-[1-(pyridin-2-yl)ethylidene]hydrazino}acetamide (Hapsox) and its
complexes with Zn(II), Pt(II) and Pd(II) [4]. Hapsox ligand possesses six potential donor atoms and
can coordinate either in neutral or monoanionic form (Scheme 1). All complexes synthesized with
this ligand were shown to be of neutral type. In the case of Zn(II) complex, two apsox ligands are
meridionally coordinated, while in Pd(II) and Pt(II) complexes, only a single polydentate is
coordinated in the monoanionic form. Also, in all these complexes, polydentate is coordinated as a
tridentate through pyridine nitrogen, hydrazine nitrogen and Į-oxyazine oxygen, forming octahedral
geometry around Zn(II) (Scheme 2), and square-planar geometry around Pd(II) and Pt(II) (Scheme
3).
In the present paper, thermal stability of the Hapsox ligand itself, as well as of its complexes
with Zn(II), Pd(II) and Pt(II) were studied as a continuation of the above mentioned investigations.
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Fig. 1 DSC curves for Hapsox (−), [Pt(apsox)Cl] (···),
[Pd(apsox)Cl] (---) and [Zn(apsox)2]·3H2O (−·−·)
DSC curves of the Pt(II) and Pd(II) complexes pointed to a series of endothermic and
exothermic degradation processes above 270 and 290 °C, respectively. These processes were not
clearly separated and thus were unsuitable for further analyses. On the other hand, thermal
degradation of the Zn(II) complex above 330 °C was preceded by a loss of crystal water (up to 120
°C) and by an exothermic process at 215 °C. Because of that, our further efforts were focused on
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thermal decomposition of the Zn(II) complex showing a series of well resolved steps of thermal
degradation to the temperature of 330 °C.
The TG of [Zn(apsox)2]·3H2O presented in Fig. 2 clearly demonstrates a gradual loss of three
crystal water molecules terminating at approximately 120 °C, in accordance with the DSC curve.
The mass of the anhydrous Zn(II) complex remained unchanged within the temperature range from
120 to 330 °C as demonstrated by TG analysis. In the DSC curve, an exothermic peak visible at 215
°C, which was not accompanied by the mass loss, demonstrated a phase transition, i.e. structural
rearrangement of the anhydrous form of the Zn(II) complex. No significant changes before and after
phase transition were observed in the IR spectra. Characteristic bands of these spectra differed only
by the intensity, but neither by the species nor the position. So, based on TG and DSC of the Zn(II)
complex it can be concluded that its anhydrous octahedral form is stable to the temperature of about
330 °C after which it starts to decompose and nitride Zn3N2 [7] represents the final product of the
Zn(II) complex decomposition.



&XUUHQW5HVHDUFKLQ$GYDQFHG0DWHULDOVDQG3URFHVVHV

with coordinated apsox ligand starts already at about 270 °C with a gradual mass loss (mass loss at
600 °C was 38%). Different from thermal degradation of [Pt(apsox)Cl] complex, the degradation of
the structure of Pd(II) complex (Fig. 3) containing apsox ligand in the coordination sphere, starts at
290 °C to reach at 600 °C a mass loss of 58%. Further heating above 690 °C led to the formation of
PdO as a solid residue resulting from thermal decomposition of [Pd(apsox)Cl] complex.
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Fig. 4 DSC curves for [Zn(apsox)2]·3H2O with three heating rates:
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60

50

40
0

100

200

300

400

500

0

Temperature ( C)

Fig. 2 TG curve for [Zn(apsox)2]·3H2O
After melting of the Hapsox ligand at 269 °C (Fig. 1), the organic ligand decomposes almost
completely up to 290 °C (Fig. 3). Also, from Fig. 3 it can be seen that the degradation of the Pt(II)
complex

Since the Zn(II) complex was the most stable among the complexes analyzed throughout the
present study, based on DSC of [Zn(apsox)2]·3H2O complex, the activation energies of the processes
of its structural transformation and degradation were determined. For this purpose, the DSC curves
recorded at three different heating rates were used (Fig. 4). Applying the method after Kissinger [8],
it was found that the activation energy of the structural transformation process was Ea=26.8 kJ/mol,
and that of the thermal degradation process of this complex Ea=78.4 kJ/mol.
Table 1 Peak temperatures and enthalpies of corresponding thermal processes for the Hapsox ligand
and complexes [Pt(apsox)Cl], [Pd(apsox)Cl] and [Zn(apsox)2]Â3H2O

Hapsox
[Pd(apsox)Cl]
[Pt(apsox)Cl]

100

80

Weight (%)

100

80

Hapsox

60

[Pt(apsox)Cl]

Corresponding Thermal
Process

[kJ/mol]

268.9

degradation

78.1

267.2

14.7
degradation

365.7

40

288.9

20
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Fig. 3 TG curves for Hapsox (—), [Pd(apsox)Cl] (---) and [Pt(apsox)Cl] (···)
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Enthalpies of other thermal processes were also calculated from DSC thermograms (Table
1) for all treated substances.
Among the three investigated complexes, the zinc complex showed the highest thermal
stability. This increased stability is likely a consequence of the chelate effect, since its coordination
sphere is occupied by two tridentate ligands.

7KHUPRFKLPLFD $FWD   ±

0L[HG FREDOW ,,, FRPSOH[HV ZLWK DURPDWLF DPLQR DFLGV DQG GLDPLQH
3DUW 9 7KHUPDO LQYHVWLJDWLRQ RI
GLDPLQRHWKDQH bis SW\URVLQDWR FREDOW ,,, FRPSOH[ GLDVWHUHRPHUV
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5HFHLYHG  -XQH  UHFHLYHG LQ UHYLVHG IRUP  -XO\  DFFHSWHG  -XO\ 
$YDLODEOH RQOLQH  $SULO 

Abstract
7KHUPDO SURSHUWLHV RI GLDPLQRHWKDQH bis SW\URVLQDWR FREDOW ,,, FRPSOH[ GLDVWHUHRPHUV DUH LQYHVWLJDWHG E\ PHDQV RI 7* WHFKQLTXH LQ
± . WHPSHUDWXUH UDQJH 7KLV LV D ¿UVW WKHUPDO VWXG\ RI >&R SDD  HQ@+ SDD DQLRQ RI SDPLQR DFLG HQ GLDPLQRHWKDQH FRPSOH[
GLDVWHUHRPHUV ,W LV VKRZQ WKDW WKHUPDO GHFRPSRVLWLRQV RI WKHVH FRPSOH[HV DUH PXOWLVWHS GHJUDGDWLRQ SURFHVVHV ZKLFK LQ VRPH FDVHV FDQ EH
VDWLVIDFWRU\ VHSDUDWHG LQWR LQGLYLGXDO VWHSV GHSHQGLQJ RQ WKH PROHFXODU V\PPHWU\ ,W LV SURSRVHG WKDW WKH GHJUDGDWLRQ SURFHVVHV RFFXU ZLWK
FOHDYDJH RI WKH VLGH FKDLQ RI RQH SW\URVLQDWR OLJDQG IROORZHG E\ WKH FOHDYDJH RI WKH VHFRQG VLGH FKDLQ E\ IXUWKHU KHDWLQJ 7KH SURSRVHG
SDWKZD\V RI GHFRPSRVLWLRQ DUH LQ DFFRUGDQFH ZLWK UHVXOWV RI WKHUPDO GHJUDGDWLRQ RI QRQFRRUGLQDWHG SW\URVLQH >) 5RGDQWH * 0DUURVX *
&DWDODQL 7KHUPRFKLP $FWD   ±@ ,Q WKH FDVH RI GLDVWHUHRPHUV ZKLFK FU\VWDOOL]H ZLWK ZDWHU PROHFXOHV WKH GHSDUWXUH RI ERWK
K\JURVFRSLF DQG FU\VWDO ZDWHU RFFXUV EHIRUH
7KHFRUUHVSRQGLQJNLQHWLFDQGWKHUPRG\QDPLFSDUDPHWHUVRIVRPHSURFHVVHVZHUHGHWHUPLQHG
Keywords: &REDOW ,,, FRPSOH[HV SW\URVLQH 7KHUPDO DQDO\VLV

VLGH FKDLQV VXFK DV K\GURSKRELF FDWLRQ DURPDWLF ULQJ
VWDFNLQJ K\GURJHQ ERQGV W\U DQG WUS  HWF $ VWURQJ LQWHU
HVW KDV UHFHQWO\ EHHQ VKRZQ WR LQYHVWLJDWH WKHVH W\SHV RI LQ
WHUDFWLRQV ZKHUHE\ WKH FRPSOH[HV RI WUDQVLWLRQ PHWDOV ZLWK
DURPDWLF DPLQR DFLGV KDYH SURYHG WR EH JRRG PRGHO V\VWHPV
>±@
,Q RUGHU WR VWXG\ QRQFRYDOHQW LQWHUDFWLRQV LQ ZKLFK S
W\URVLQDWR PRLHW\ WDNHV SDUW ZH KDYH UHFHQWO\ V\QWKHVL]HG
¿YH RXW RI VL[ WKHRUHWLFDOO\ SRVVLEOH GLDVWHUHRPHUV RI 
GLDPLQRHWKDQH bis SW\URVLQDWR FREDOW ,,, FRPSOH[ >@ ,Q
WKLV SDSHU ZH KDYH XQGHUWDNHQ WKHUPDO DQDO\VLV RI GLDVWHUH
RPHUV RI WKLV FRPSOH[ WR REWDLQ LQIRUPDWLRQ DERXW VWHUHR
FKHPLFDO HIIHFWV RQ WKHLU WKHUPDO VWDELOLW\

1. Introduction
,W KDV EHHQ ZHOO NQRZQ WKDW DURPDWLF DPLQR DFLGV VLGH
FKDLQV KDYH LPSRUWDQW UROH LQ PDQ\ PROHFXODU UHFRJQLWLRQV
LQ YLYR DQWLERG\±DQWLJHQ >±@ HQ]\PH±VXEVWUDWH >±@
SURWHLQ±QXFOHLF DFLG EDVH >@ SURWHLQ±ROLJRVDFFKDULGH
>@ HWF 7KH SURFHVVHV RI PROHFXODU UHFRJQLWLRQ RFFXU
WKURXJK YDULRXV W\SHV RI QRQFRYDOHQW LQWHUDFWLRQV RI DURPDWLF
&RUUHVSRQGLQJ DXWKRU )D[    
E-mail addresses: GPLRGUDJ#FKHPEJDF\X 'M8 0LRGUDJRYLF 
]RUDQPLR#FKHPEJDF\X =0 0LRGUDJRYLF  VNDOD#YHVWDWPIEJDF\X
' 6NDOD  GPLQLF#IIKEJDF\X '0 0LQLF 
∗
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2. Experimental

3. Results

7DEOH 
7* GDWD KHDWLQJ UDWH RI  . PLQ− DQG SURGXFWV RI VWHSZLVH WKHUPDO GHJUDGDWLRQ RI WKH FRPSOH[HV

2.1. Material preparation

3.1. Thermal analysis

&RPSOH[

7KHUPDO LQYHVWLJDWLRQ RI & cis 2  1  & cis 2 
2  trans 2  3 DQG & cis 2  4 GLDVWHUHRPHUV RI
>&R SW\U  HQ@&O FRPSOH[ ZDV FDUULHG RXW E\ 7* WHFKQLTXH
LQ WKH UDQJH IURP  WR  . LQ VWUHDP RI QLWURJHQ 7KH
7* FXUYHV REWDLQHG DW  DQG  . PLQ− KHDWLQJ UDWHV DQG
FRUUHVSRQGLQJ '7* FXUYHV DW  . PLQ− DUH VKRZQ LQ
)LJ 
7KH LQWHUYDOV RI WKH WHPSHUDWXUH RI LQGLYLGXDO GHJUDGD
WLRQ VWHSV IRU HDFK LQYHVWLJDWHG GLDVWHUHRPHU DV ZHOO DV
IRXQG DQG FDOFXODWHG PDVV ORVVHV DW UDWHV RI KHDWLQJ RI 
DQG  . PLQ−  DUH SUHVHQWHG LQ 7DEOHV  DQG  UHVSHF
WLYHO\

7KH GLDVWHUHRPHUV RI >&R SW\U  HQ@&O SW\U
S
W\URVLQDWR OLJDQG HQ GLDPLQRHWKDQH FRPSOH[ 1±4
)LJ  ZHUH REWDLQHG E\ WKH UHDFWLRQ RI trans>&R&O HQ  @&O
FRPSOH[ ZLWK SW\URVLQH E\ WKH SURFHGXUH GHVFULEHG LQ OLWHU
DWXUH >@
2.2. Thermal analysis
7KHUPRJUDYLPHWULF FXUYHV IRU FRPSOH[HV ZHUH UHFRUGHG
RQ 'X3RQW  WKHUPR DQDO\VHU LQ QLWURJHQ DWPRVSKHUH XS
WR  . DW KHDWLQJ UDWHV RI  DQG  . PLQ− 
2.3. IR spectroscopy

3.2. IR spectra

7KH ,5 VSHFWUD .%U WHFKQLTXH ZHUH UHFRUGHG RQ 3HUNLQ
(OPHU )7,5 ; VSHFWURPHWHU

,5 VSHFWUD RI FRPSOH[ 2 SHUIRUPHG DW URRP WHPSHUDWXUH
DQG DIWHU LVRWKHUPDO WUHDWPHQWV DW  DQG  . LQ LQHUW
DWPRVSKHUH ZHUH UHFRUGHG DQG SUHVHQWHG LQ )LJ 
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3.3. Kinetic data

4. Discussion
,Q >&R SW\U  HQ@&O FRPSOH[ HDFK SW\URVLQDWR OLJDQG LV
FRRUGLQDWHG DV ELGHQWDWH WKURXJK FDUER[\ODWH R[\JHQ DWRP
DQG QLWURJHQ DWRP IURP 1+ JURXS 7KH GLDPLQRHWKDQH
HWK\OHQHGLDPLQH LV FRRUGLQDWHG YLD WZR QLWURJHQ DWRPV LQ
WKH ELGHQWDWH PDQQHU

D

7KH ¿UVW YDOXH IRU HDFK FRPSOH[ UHSUHVHQWV GDWD REWDLQHG E\ 1HZNLUN¶V
PHWKRG WKH VHFRQG E\ &RDWV±5HGIHUQ¶V PHWKRG DQG WKH WKLUG E\
)UHHPDQ±&DUUROO¶V PHWKRG 7KH HUURU RI PHWKRGV LV 
E )RU FRPSOH[HV 1 DQG 3 6WHSV  DQG  DUH XQUHVROYHG DQG 7* FXUYHV DUH
QRW VXLWDEOH IRU GHWHUPLQDWLRQ DQG FDOFXODWLRQ RI ED 
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DQG  DQG & cis 2 GLDVWHUHRPHUV DQG & V\PPHWU\ 
DQG & cis 2 GLDVWHUHRPHUV  7* FXUYHV RI IRXU LQYHVWL
JDWHG GLDVWHUHRPHUV & cis 2  1  & cis 2  2  
trans 2  3 DQG & cis 2  4 DUH VKRZQ LQ )LJ  ,W LV
REYLRXV WKDW 7* FXUYHV IRU DQ\ SDUWLFXODU GLDVWHUHRPHU RE
WDLQHG DW KHDWLQJ UDWHV RI  DQG  . PLQ− DUH YHU\ VLPLODU
HVSHFLDOO\ LQ WKH UHJLRQ RI SURSRVHG EUHDNLQJ RI SW\URVLQDWR
VLGH FKDLQV 7DEOHV  DQG  
7KHUPDO LQYHVWLJDWLRQ RI WKH GLDVWHUHRPHUV LQ WKH WHP
SHUDWXUH LQWHUYDO IURP  WR  . H[KLELWV D VHULHV RI HQ
GRWKHUPLF GHJUDGDWLRQ VWHSV VWDUWLQJ IRU FRPSOH[HV 1 DQG 3
DW DERXW  DQG  . UHVSHFWLYHO\ DQG IRU FRPSOH[HV 2
DQG 4 DW DERXW  DQG  . UHVSHFWLYHO\ 7DEOHV  DQG  
7KH FRPSOH[HV 1 DQG 3 FRQWDLQ VWUXFWXUDO ZDWHU LQ VROLG VWDWH
>@ DQG WKH ¿UVW GHJUDGDWLRQ VWHS LQ 7DEOHV  DQG  GH
QRWHG DV 6WHS  LV FRQVLVWHQW ZLWK WKH ORVV RI K\JURVFRSLF
DQG FU\VWDOOL]DWLRQ ZDWHU )URP 7* FXUYHV VFDQQHG DW KHDW
LQJ UDWH RI  . PLQ− LW VHHPV WKDW ORVV RI ZDWHU RFFXUV LQ
RQH FRQWLQXRXV VWHS )LJ   +RZHYHU ZKHQ WKH KHDWLQJ LV
SHUIRUPHG VORZHU KHDWLQJ UDWH RI  . PLQ−  LW LV REVHUYHG
RQ WKH EDVLV RI 7* DV ZHOO DV WKH FRUUHVSRQGLQJ '7* FXUYHV
WKDW WKLV SURFHVV RFFXUV LQ DW OHDVW WZR ³VXEVWHSV´ $OWKRXJK
PHQWLRQHG ³VXEVWHSV´ DUH SRRUO\ UHVROYHG WKHVH GDWD VXJ
JHVW WKDW HDFK RI FRPSOH[HV 1 DQG 3 FRQWDLQV WZR GLIIHUHQW
NLQG RI ZDWHU ERQGHG DW WZR YDULRXV ZD\V
7KH FRPSOH[HV 2 DQG 4 FU\VWDOOL]H ZLWKRXW ZDWHU 6WHS 
FRUUHVSRQGLQJ WR ORRVH RI ZDWHU LV QRW LQFOXGHG 
7KH ¿UVW GHJUDGDWLRQ VWHS VHHQ IURP 7* FXUYHV IRU FRP
SOH[ 2 6WHS  LQ 7DEOHV  DQG  FRUUHVSRQGV WR WKH ORVV RI RQH
SW\URVLQDWR VLGH FKDLQ DQG DV D FRQVHTXHQFH WKH IRUPDWLRQ
RI FKHODWH JO\FLQDWR ULQJ 7KLV VXSSRVLWLRQ LV LQ DFFRUGDQFH
ZLWK OLWHUDWXUH GDWD IRU WKHUPDO GHFRPSRVLWLRQ RI QRQFRRUGL
QDWHG SW\URVLQH 1DPHO\ GXULQJ WKHUPDO GHJUDGDWLRQ RI S
W\URVLQH LQ QLWURJHQ DWPRVSKHUH DW KHDWLQJ UDWH RI  . PLQ−
WKH EUHDNDJH EHWZHHQ  DQG FDUERQ DWRPV RFFXUV LQ WHP
SHUDWXUH UDQJH RI ± . WKH SUHVHQFH RI DURPDWLF ULQJ
IDYRXUV WKH EUHDNDJH RI WKH VLGH FKDLQ GXULQJ WKHUPDO GHFRP
SRVLWLRQ RI DPLQR DFLGV >@ )XUWKHU *&±06 VSHFWURVFRSLF
GDWD DOVR LQGLFDWH WKDW WKH EDVH SHDN  GXULQJ IUDJ
PHQWDWLRQ RI W\URVLQH LV LRQ IUDJPHQW $U &+ +  EHFDXVH RI
ORFDOLVDWLRQ RI WKH SRVLWLYH FKDUJH RQ WKH FDUERQ DWRP >@
7KH IDFW WKDW RXU FRPSOH[HV EHJLQ WR ORVH VLGH FKDLQV DW ORZHU
WHPSHUDWXUHV WKDQ QRQFRRUGLQDWHG W\URVLQH FRXOG EH FDXVHG
E\ GLVSODFHPHQW RI HOHFWURQ GHQVLW\ WRZDUG FHQWUDO PHWDO LRQ
GXULQJ FRRUGLQDWLRQ DQG FRQVHTXHQWO\ PRUH H[SUHVVLYH OR
FDOLVDWLRQ RI WKH SRVLWLYH FKDUJH RQ WKH FDUERQ DWRP RI
W\URVLQDWR OLJDQG
$V PHQWLRQHG DERYH WKH FRPSOH[HV 1 DQG 2 KDYH QR
V\PPHWU\ HOHPHQWV WKH\ EHORQJ WR & V\PPHWU\ )LJ  
%HFDXVH RI WKDW WZR SW\URVLQDWR OLJDQG VLGH FKDLQV KDYH GLI
IHUHQW FKHPLFDO HQYLURQPHQWV LQ WKH PROHFXOH ,W KDV EHHQ
QRWLFHG WKDW DPLQRJURXS DYRLGV trans FRRUGLQDWLRQ WRZDUG
DQRWKHU RQH >@ LH 1+ JURXS RI SW\URVLQDWR OLJDQG
ZKLFK LV LQ trans SRVLWLRQ WR FDUER[\ODWH R[\JHQ DWRP LV
HOHFWURQLFDOO\ IDYRXUHG %HFDXVH RI WKDW ZH DVVXPH WKDW WKH
GHFRPSRVLWLRQ RI WKH VLGH JURXS RI SW\URVLQDWR OLJDQG ZLWK

)LJ  ,5 VSHFWUD RI FRPSOH[ 2 DW URRP WHPSHUDWXUH D  DIWHU KHDWLQJ DQG
LVRWKHUPDO WUHDWPHQW DW  . E DQG  . F 

7KH FRPSOH[ LRQ RI >&R SW\U  HQ@+ FRPSRVLWLRQ FDQ WKH
RUHWLFDOO\ RFFXUV LQ WKH IRUP RI VL[ GLDVWHUHRPHUV )LJ  
$FFRUGLQJ WR WKH PROHFXODU SVHXGRV\PPHWU\ WKH LQYHVWL
JDWHG FRPSRXQG PD\ EH UHODWHG WR &  DQG trans 2
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PDVV UHVLGXH DW  . 7DEOHV  DQG  LV DOVR FRQVLVWHQW ZLWK
>&R JO\  HQ@&O FRPSOH[ FRPSRVLWLRQ
7KH SXUSRVH RI WKH 7* DQDO\VLV LQ WKLV SDSHU ZDV QRW WKH
GHWHUPLQDWLRQ RI WKH ¿QDO UHVLGXH EXW WR HVWDEOLVK D JHQHUDO
PHFKDQLVP RI GHJUDGDWLRQ 2Q WKH EDVLV RI WKH UHVXOWV SUH
VHQWHG DERYH LH WDNLQJ LQWR DFFRXQW WKH H[SHULPHQWDO GDWD
7* DQG FDOFXODWHG PDVV ORVVHV DW FKRVHQ WHPSHUDWXUHV  WKH
SURFHVVHV RI WKHUPDO GHFRPSRVLWLRQ RI WKH FRPSOH[HV 1±4 LQ
± . WHPSHUDWXUH UDQJH FDQ EH DVVXPHG WR RFFXU DV WKH
IROORZLQJ JHQHUDO PHFKDQLVP

1+ JURXS EHLQJ trans WR 1+ JURXS RI GLDPLQH RFFXUV
¿UVW %\ IXUWKHU KHDWLQJ GHFRPSRVLWLRQ RI WKH VHFRQG S
W\URVLQDWR VLGH FKDLQ RFFXUV 6WHS   7KH PDVV UHVLGXH RI
FRPSOH[ 2 DW  . 7DEOHV  DQG  LV LQ DJUHHPHQW ZLWK
WKH >&R JO\  HQ@&O FRPSOH[ FRPSRVLWLRQ 8QIRUWXQDWHO\ WKH
LQWHUPHGLDWH FRPSOH[ LV QRW VWDEOH HQRXJK WKDW FRXOG EH
LQYHVWLJDWHG
9HU\ JRRG FRUUHODWLRQ EHWZHHQ 7* GDWD DQG ,5 GDWD RE
WDLQHG E\ UHFRUGLQJ WKH VSHFWUD RI FRPSOH[ 2 DW URRP WHP
SHUDWXUH DIWHU KHDWLQJ DQG LVRWKHUPDO WUHDWLQJ WKH VDPSOH DW
 DQG  . )LJ   ,W LV REYLRXV WKDW WKH FRPSOH[ XQ
GHUJRHV VWUXFWXUDO FKDQJHV GXULQJ KHDWLQJ WR  . EXW ,5
EDQGV DW  DQG  FP− DVVLJQHG WR DURPDWLF ν & &
DQG γ &+  UHVSHFWLYHO\ VXJJHVW WKDW RQH SW\URVLQDWR VLGH
FKDLQ LV VWLOO SUHVHQW )LJ E  %\ IXUWKHU KHDWLQJ RFFXUV WKH
EUHDNLQJ RI FRRUGLQDWLRQ ERQGV ZLWK FREDOW LRQ ZKLFK OHDGV
WR WKH GHFRPSRVLWLRQ RI DOO OLJDQGV &RQVHTXHQWO\ WKHUH DUH
QR EDQGV IRU DQ\ IXQFWLRQDO JURXSV LQ ,5 VSHFWUXP RI FRP
SOH[ 2 UHVLGXH REWDLQHG DIWHU KHDWLQJ DQG LVRWKHUPDO WUHDWLQJ
WKH VDPSOH DW  . )LJ F 
7KH VWHSZLVH GHJUDGDWLRQ RI FRPSOH[HV 1 DQG 3 DI
WHU WKH ORVV RI FU\VWDO ZDWHU SURFHHGV WKH PRVW SURED
EO\ DOVR ZLWK FOHDYDJH RI WKH SW\URVLQDWR VLGH FKDLQV
EXW LQ WKHVH FDVHV WKURXJK WKH QRQUHVROYHG GHJUDGDWLRQ
VWHSV 6WHSV  DQG  RFFXU VLPXOWDQHRXVO\  ,Q DFFRUGDQFH
WR FRPSOH[ 2 WKH PDVV UHVLGXHV DW DSSUR[LPDWHO\  .
7DEOHV  DQG  DUH FRQVLVWHQW ZLWK >&R JO\  HQ@&O FRPSOH[
FRPSRVLWLRQ
:H KDYH UHFHQWO\ SHUIRUPHG ;UD\ FU\VWDO VWUXFWXUHV RI
FRPSOH[HV 1 DQG 3 >@ DQG WKHVH UHVXOWV H[KLELW WKDW WZR
GLIIHUHQW W\SHV RI QRQFRYDOHQW LQWHUDFWLRQV EHWZHHQ WZR DUR
PDWLF JURXSV DUH SUHVHQW LH &+· · · LQ FRPSOH[ 1 DQG
· · · LQ FRPSOH[ 3  UHVSHFWLYHO\ >@ 7KH EUHDNLQJ RI
WKHVH LQWHUPROHFXODU QRQFRYDOHQW LQWHUDFWLRQV ZKLFK RFFXU
GXULQJ KHDWLQJ PD\ EH WKH UHDVRQ IRU QRQUHVROYHG GHJUDGD
WLRQ VWHSV IRU WKHVH FRPSOH[HV
7KHUPDO GHFRPSRVLWLRQ SURFHVV IRU FRPSOH[ 2 6WHS 
VWDUWV DW VRPHZKDW KLJKHU WHPSHUDWXUH 7DEOHV  DQG  LQ
FRPSDULVRQ ZLWK WKHUPDO GHFRPSRVLWLRQ RI RWKHU GLDVWHUH
RPHUV 1 3 DQG 4 7DEOH   :H KDYH UHFHQWO\ HVWDEOLVKHG
RQ WKH EDVLV RI 105 VSHFWUD WKH H[LVWHQFH RI LQWUD DQG LQ
WHUOLJDQG 1+· · · LQWHUDFWLRQV LQ FRPSOH[ 2 LQ ZDWHU VROXWLRQ
>@ ,W LV UHDVRQDEOH WR DVVXPH WKDW 1+· · · LQWHUDFWLRQV DUH
DOVR SUHVHQW LQ WKH FU\VWDO ODWWLFH RI WKLV GLDVWHUHRPHU 6LQFH
1+· · · LQWHUDFWLRQV DUH HQHUJHWLFDOO\ PRUH IDYRUDEOH WKDQ
&+· · · DQG · · · RQHV >@ ZKLFK ZHUH HVWDEOLVKHG LQ FU\V
WDO ODWWLFHV RI FRPSOH[HV 1 DQG 3 LW FRXOG EH WKH H[SODQDWLRQ
IRU KLJKHU WKHUPDO VWDELOLW\ RI FRPSOH[ 2 LQ FRPSDULVRQ ZLWK
WKH RWKHUV
,Q WKH FDVH RI FRPSOH[ 4 105 VSHFWUXP RI WKH FRPSOH[ LQ
'062d VROXWLRQ VKRZV WKDW WKH FRPSOH[ FU\VWDOOL]HV ZLWK
 PRO RI GLPHWK\OIRUPDPLGH DGGHG WR ZDWHU VROXWLRQ RI WKH
VDPSOH WR LQLWLDWH FU\VWDOOL]DWLRQ :H VXSSRVH WKDW WKH PDVV
ORVV RI  LQ WKH ¿UVW GHJUDGDWLRQ VWHS 6WHS  FRUUHVSRQGV
WR GHJUDGDWLRQ WKURXJK FOHDYDJH RI RQH SW\URVLQDWR OLJDQG
VLGH FKDLQ ZLWK WKH ORVV RI  PRO '0) VLPXOWDQHRXVO\ 7KH

• Step  >&R SW\U  HQ@&O·x+ 2 → >&R SW\U  HQ@&O 
x+ 2
• Step  >&R SW\U  HQ@&O → >&R SW\U JO\ HQ@&O  RQH
SW\URVLQDWR VLGH FKDLQ
• Step  >&R SW\U JO\ HQ@&O → >&R JO\  HQ@&O  VHFRQG
SW\URVLQDWR VLGH FKDLQ
)RU WKH NLQHWLF DQDO\VLV RI LQGLYLGXDO VWHSV RI LVRODWHG FRP
SOH[HV 1±4 ZH DSSOLHG WKUHH QRQLVRWKHUPDO PHWKRGV DSSOL
FDEOH WR 7* FXUYHV 1HZNLUN¶V >@ )UHHPDQ±&DUUROO¶V >@
DQG &RDWV±5HGIHUQµV PHWKRGV >@ 7KH GHJUDGDWLRQ VWHSV
ZLWK QR ZHOO UHVROYHG 7* FXUYHV ZHUH QRW VXLWDEOH DQG FRQ
VHTXHQWO\ ZHUH QRW WKH REMHFW RI WKLV DQDO\VLV 7KH SORW RI
ORJ k YHUVXV T HQDEOHG XV WR REWDLQ WKH DFWLYDWLRQ HQHUJ\
ED GLUHFWO\ IURP WKH VORSH RI WKH VWUDLJKW OLQH 7KH UHVXOW
LQJ ED YDOXHV REWDLQHG E\ WKH WKUHH PHQWLRQHG PHWKRGV DUH
LQ H[FHOOHQW DJUHHPHQW WR HDFK RWKHU DQG DUH SUHVHQWHG LQ
7DEOH 
%HFDXVH WZR GLIIHUHQW PHWKRGV 1HZNLUN¶V DQG
)UHHPDQ±&DUUROO¶V H[KLELW VXFK D JRRG DJUHHPHQW 7DEOH 
RQH RI WKHP LV XVHG IRU WKH FDOFXODWLRQ RI NLQHWLF GDWD 7KH
DFWLYDWLRQ SDUDPHWHUV UHODWLQJ WR WKH UDWH FRQVWDQW REWDLQHG
IURP 7* FXUYHV E\ 1HZNLUN¶V PHWKRG ZHUH FDOFXODWHG IRU
WKH FRUUHVSRQGLQJ VWHSV RI GHJUDGDWLRQ RI WKH FRPSOH[HV
LQ WKH XVXDO ZD\ >@ 7KHUPRG\QDPLF SDUDPHWHUV WKDW DUH
WKH UHVXOW RI WKHVH FDOFXODWLRQV DUH OLVWHG LQ 7DEOH  ,W FRXOG
EH VHHQ WKDW DFWLYDWLRQ HQWKDOSLHV IRU 6WHS  RI FRPSOH[HV
1 � H◦  N-PRO DQG  � H◦  N-PRO GLIIHU
IURP HDFK RWKHU E\ IDFWRU RI  2QH RI WKH UHDVRQV IRU WKDW
DQG DOVR IRU GLIIHUHQFHV LQ DFWLYDWLRQ HQHUJLHV IRU 6WHS 
7DEOH  FRXOG EH WKH GLIIHUHQW QXPEHU RI VLJQL¿FDQW +
ERQGV LQ WKHVH FRPSOH[HV 7KDW DVVXPSWLRQ LV FRQVLVWHQW
ZLWK WKH IDFW WKDW ;UD\ VWUXFWXUH RI FRPSOH[ 3 >@ LPSO\
RQ D PXFK PRUH VLJQL¿FDQW +ERQGV LQ FRPSDULVRQ ZLWK
1 >@
5HVXOWV IRU DFWLYDWLRQ HQWKDOSLHV IRU 6WHS  DUH LQ DJUHH
PHQW ZLWK WKH DFWLYDWLRQ HQWKDOSLHV GDWD REWDLQHG UHFHQWO\
ß
E\ *UJXULF6LSND
HW DO LQ LQYHVWLJDWLRQ RI FREDOW ,,, FRP
SOH[HV ZLWK (''3 DQG YDULRXV DPLQR DFLGV >@ 7KH\ RE
WDLQHG � H◦ YDOXHV IRU WKH GHK\GUDWLRQ VWHS LQ WKH UDQJH RI
± N- PRO− 
7KH SRVLWLYH VLJQ RI �S YDOXHV LV LQ DJUHHPHQW ZLWK WKH
SURSRVHG JHQHUDO WKHUPDO GHJUDGDWLRQ PHFKDQLVP EHFDXVH
RI WKH ULVLQJ QXPEHU RI SDUWLFOHV DQG KDYLQJ LQ PLQG WKDW
JDVHRXV SURGXFWV FRXOG EH DOVR H[SHFWHG
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>@ 0 )RQWHQFDYH -/ 3LHUUH %XOO 6RF &KLP )U  
±
>@ $ 2UGHQWOLFK ' %DUDN & .URQPDQ 1 $ULHO < 6HJDOO % 9HODQ
$ 6KDIIHUPDQ - %LRO &KHP   ±
>@ $6 6DULEDV + 'LQJ 3/ 'XWWRQ ) 'DOGDO %LRFKHPLVWU\ 
 ±
>@ :: -RKQVRQ 6 /LX ; -L */ *LOOLODQG 51 $UPVWURQJ - %LRO
&KHP   ±
>@ + .DZDL 0 7DUXL 0 'RL 7 ,VKLGD )(%6 /HWW  
±
>@ 7 ,VKLGD + ,\R + 8HGD 0 'RL . )XMLL 0 ,QRXH 6 1LVKLPXUD
. .LWDPXUD - &KHP 6RF 3HUNLQ 7UDQV   ±

>@ 5 $GDU 1 6KDURQ (XU - %LRFKHP   ±
>@ + .XPLWD 7 .DWR . -LWVXNDZD + (LQDJD + 0DVXGD ,QRUJ
&KHP   ±
>@ 7 0XUDNDPL = 2ULKDVKL < .LNXFKL 6 ,JDUDVKL < <XNDZD ,QRUJ
&KLP $FWD   ±
>@ 0 0L]XWDQL 6 7RPRVXH + .LQRVKLWD . -LWVXNDZD + 0DVXGD
+ (LQDJD %XOO &KHP 6RF -SQ   ±
>@ 6 6X]XNL . <DPDJXFKL 1 1DNDPXUD < 7DJDZD + .XPD 7
.DZDPRWR ,QRUJ &KLP $FWD   ±
>@ 0 1LVKLR < 8PH]DZD 0 +LURWD < 7DNHXFKL 7HWUDKHGURQ 
 ±
>@ 'M8 0LRGUDJRYLF *$ %RJGDQRYLF 60 0LORVDYOMHYLF 0- 0D

OLQDU 0% &HODS
$ 6SDVRMHYLFGH %LUH 6 0DFXUD 1 -XUDQLF
(QDQWLRPHU   ±
>@ $( 1HZNLUN $QDO &KHP   ±
>@ (6 )UHHPDQ % &DUUROO - 3K\V &KHP   ±
>@ $: &RDWV -3 5HGIHUQ 1DWXUH   ±
>@ $$ )URVW 5* 3HDUVRQ .LQHWLFV DQG 0HFKDQLVP :LOH\ 1HZ
<RUN 
>@ *$ %RJGDQRYLF 'M8 0LRGUDJRYLF 0- 0DOLQDU $FWD &U\VW &
  ±
>@ ) 5RGDQWH * 0DUURVX * &DWDODQL 7KHUPRFKLP $FWD  
±
>@ . %LHPDP - 6HLEO ) *DSS - $P &KHP 6RF  
±
>@ /$ 0HLVNH 5$ -DFREVRQ 5- $QJHOLFL ,QRUJ &KHP  
±
>@ 'M8 0LRGUDJRYLF 60 0LORVDYOMHYLF 0- 0DOLQDU 0%

&HODS
1 7RGRURYLF 1 -XUDQLF (QDQWLRPHU   ±

>@ 0 /HYLWW 0) 3HUXW] - 0RO %LRO   ±
ß
>@ 65 *UJXULF6LSND
7- 6DER 65 7ULIXQRYLF '0 0LQLF 7KHU
PRFKLP $FWD   ±

5. Conclusion
,Q WKLV SDSHU WKH ¿UVW VWXG\ RI WKHUPDO GHJUDGDWLRQ
RI >&R SDD  HQ@+ FRPSOH[ GLDVWHUHRPHUV SDD
DQ
LRQ RI SDPLQR DFLG LV SUHVHQWHG 7KLV LV DOVR D ¿UVW
FREDOW ,,, FRPSOH[ ZLWK SW\URVLQDWR OLJDQG ZKLFK LV LQYHVWL
JDWHG E\ PHDQV RI 7* DQDO\VLV
2Q WKH EDVLV RI WKH UHVXOWV REWDLQHG IURP 7* FXUYHV LW
FRXOG EH FRQFOXGHG WKDW WKH LQYHVWLJDWHG FRPSOH[ GLDVWHUH
RPHUV H[KLELW YHU\ VLPLODU WKHUPDO EHKDYLRXU DQG WKHUPDO
VWDELOLW\ LQ WHPSHUDWXUH UDQJH RI ± . ,W LV SURSRVHG
WKDW WKH GHJUDGDWLRQ SURFHVVHV RFFXU ZLWK FOHDYDJH RI WKH VLGH
FKDLQ RI RQH SW\URVLQDWR OLJDQG IROORZHG E\ WKH FOHDYDJH
RI WKH VHFRQG VLGH FKDLQ E\ IXUWKHU KHDWLQJ 7KH SURSRVHG
SDWKZD\V RI GHFRPSRVLWLRQ DUH LQ DFFRUGDQFH ZLWK UHVXOWV
RI WKHUPDO GHJUDGDWLRQ RI QRQFRRUGLQDWHG SW\URVLQH ,Q WKH
FDVH RI GLDVWHUHRPHUV ZKLFK FU\VWDOOL]H ZLWK ZDWHU PROHFXOHV
WKH GHSDUWXUH RI ERWK K\JURVFRSLF DQG FU\VWDO ZDWHU RFFXUV
EHIRUH
,Q DGGLWLRQ WKH DFWLYDWLRQ HQHUJLHV RI VRPH RI WKH WKHU
PDO GHFRPSRVLWLRQ VWHSV REWDLQHG IURP WKUHH GLIIHUHQW QRQ
LVRWKHUPDO PHWKRGV IURP WKH 7* FXUYHV DUH LQ JRRG DJUHH
PHQW
Acknowledgement
7KDQNV DUH GXH WR WKH 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\
RI WKH 5HSXEOLF RI 6HUELD IRU ¿QDQFLDO VXSSRUW 3URMHFWV QR
 DQG  
References
>@ +RIVWDGWHU ) 6WXDUW / -LDQJ -: 9ULMEORHG -$ 5RELQVRQ - 0RO
%LRO   ±
>@ '5 'DYLHV *+ &RKHQ 3URF 1DWO $FDG 6FL 86$  
±
>@ . 7VXPRWR . 2JDVDKDUD < 8HGD . :DWDQDEH . <XWDQL ,
.XPDJDL - %LRO &KHP   ±

J Therm Anal Calorim (2010) 102:83–90
DOI 10.1007/s10973-010-0748-2

Thermal stability and degradation of Co(II), Cd(II), and Zn(II)
complexes with N-benzyloxycarbonylglycinato ligand
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Abstract Thermal behavior of Co(II), Cd(II), and Zn(II)
complexes with N-benzyloxycarbonylglycinato ligand was
investigated using the results of TG, DSC and DTG analysis obtained at different heating rates (2.5 to 30 C
min-1), from room temperature to about 900 C. Mechanisms of complex degradation, as well as enthalpies of the
degradation processes were determined. It is shown that
thermal stability of investigated complexes correlates with
their crystal structures, especially with the presence of
crystallization and coordinated water molecules. The values of dehydration enthalpies are discussed and correlated
with composition of the complexes. Kissinger’s, Ozawa’s,
and Friedman’s isoconversion methods were used for the
determination of kinetic parameters: the pre-exponential
factor A and the apparent activation energy Ea. For all three
complexes and all steps of degradation, the values of
kinetics parameters obtained by Kissinger’s and Ozawa’s
methods are in good agreement. The results obtained by
Friedman’s method showed that some decomposition steps
are simple and some others are complex ones.
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K. K. And̄elković (&)
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Introduction
Metal complexes with N-substituted amino acids as ligands
have attracted a considerable attention of many researches
because of their structural and biological properties [1–14].
Interest for biological activity of these complexes is based
on the fact that N-substituted amino acids represent unique
model-systems that contain peptide bond as a part of their
structure. Because of that peptide bond, these systems
represent good models for investigation of metal ion interactions with peptides, in addition to the study of structural
and other properties of some complex systems. It is also
very interesting that N-benzyloxycarbonyl-protected amino
acids and their derivatives were reported as anti-convulsant,
anti-inﬂammatory, and anti-neoplastic agents [4, 10, 15–18].
The investigated N-benzyloxycarbonylglycinato ligand,
N-Boc-gly (Scheme 1), exhibits better anti-convulsant
activity than glycine itself [10, 15, 16].
The synthesis, characterization, antimicrobial and antifungal activity of Co(II), Cd(II), and Zn(II) complexes with
the N-Boc-gly ligand were described previously [19]. The
2D supramolecular structure of Cd(II) complex was
resolved by single crystal X-ray analysis. It was found that
the cadmium ion has a distorted pentagonal–bipyramidal
coordination formed by two water molecules and two
N-Boc-gly ligands coordinated in different fashions. The
ﬁrst ligand coordinates to only one metal atom as a
bidentate chelate, while the second one coordinates three
cadmium atoms as a bridging ligand (Scheme 2). On the
basis of several techniques (elemental analysis, IR, EA, 1H,
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and 13C NMR spectroscopy, magnetic measurements, and
DFT), it is concluded that the Zn(II) complex has tetrahedral geometry with two ligands coordinated as O, O
chelates, while the Co(II) complex has octahedral geometry
with two monodentate ligands in the trans position.
Investigation of the antimicrobial and antifungal activity
revealed that the examined complexes exhibit the best
inhibitory activity against Candida albicans. Also, Cd(II)
complex has an inhibitory activity against Aspergillus
niger, Escherichia coli, and Micrococcus lysodeicticus.
Although, the great number of literature data for series of
coordination compounds of different composition [20–26],
there are no data of thermal behavior of these and similar
complex systems. Having in mind interesting structural
aspects of the complexes with N-Boc-gly, as well as their
higher antimicrobial activity and selectivity in comparison
to the ligand itself, we were inspired for further investigations of thermal behavior of these substances.

100

{[Cd(N –Boc–gly)2(H2O)2]}n
[Zn(N –Boc–gly)2]

Scheme 3 Reaction scheme of the complexes

temperature to 900 C with sample masses about 6 mg in a
dry nitrogen atmosphere (ﬂow rate: 100 cm3 min-1). The
alumina crucibles, with an empty crucible as a reference,
were used. DTG curves at different heating rates (2.5–30 C
min-1) were obtained under similar conditions (mass of the
samples: 5–10 mg) in Pt crucibles. A Pt crucible with a small
amount of Al2O3 was used as a reference.
Obtained TG, DTG, and DSC results were used to
determine the mechanism of decomposition of the complexes, enthalpies of the degradation processes and kinetic
parameters (Ea and A).
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Results and discussion
Thermal stability and mechanism of degradation
The TG and DTG curves of Co(II), Cd(II), and Zn(II)
complexes are shown in Figs. 1, 2, 3, respectively. As seen,
degradation of Co and Cd complex occurs in four, whereas
degradation of Zn complex occurs in three main steps. In
all the cases, some minor steps and asymmetry of DTG/
DSC curves were also observed.
It is found that the initial decomposition temperature of
the investigated complexes correlates with their structures,
especially with the presence of crystallization (lattice) and
coordinated water molecules. In this context, the most
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Fig. 1 TG and DTG curves of Co(II) complex (b = 20 C min-1)
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Fig. 2 TG and DTG curves of Cd(II) complex (b = 20 C min-1)
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Experimental
The investigated Co(II), Cd(II) and Zn(II) complexes with the
N-Boc-gly ligand and formulae: [Co(N-Boc-gly)2(H2O)4]
2H2O, [Cd(N-Boc-gly)2(H2O)2], and [Zn(N-Boc-gly)2] were
prepared in a simple reaction between CoCl26H2O,
CdCl22.5H2O, or ZnCl2 and N-Boc-glyH (molar ratio 1:2,
ethanol–water mixture at pH 5–6) shown in Scheme 3.
Further details can be found in literature [19].
The experimental data were collected on an SDT Q600
(TA Instruments) apparatus for simultaneous TG-DTA/DSC
analysis. The instrument was calibrated by sapphire (for heat
capacity), as well as by In and Zn (for temperature and DSC
signals). TG/DSC experiments were performed from room
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Fig. 3 TG and DTG curves of Zn(II) complex (b = 20 C min-1)

stable is the Zn(II) complex which has no water molecules
in his structure and stays stable up to about 175 C. The
least stable is the Co(II) complex, which has water molecules both in the internal and external sphere, and its
degradation starts almost at room temperature. General
thermal behavior of the complexes, such as stability ranges,
DSC peak temperatures, mass loss data, the corresponding
enthalpies at heating range of 20 C min-1 and kinetic
parameters (Ea and A) obtained by Kissinger’s and Ozawa’s methods are listed in Table 1. The calculated activation energies for the ﬁrst step of decomposition (120.6
for Co(II), 178.3 for Cd(II) and 680.7 kJ mol-1 for Zn(II)
complex) are in accordance with their thermal stability.
Thermal analysis showed that multi-step decomposition
of the Co(II) complex begins practically at room temperature
(Fig. 1). A weak peak corresponding to the removal of one
water of crystallization (DTG maximum at 36.9 C) is
overlapped with the next peak corresponding to the removal
of remaining water molecules (intense sharp DTG peak at
65.3 C). In next two steps (131–285 and 285–525 C),
decomposition of the ligand chains occurs. The mass loss in
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the ﬁrst step can be ascribed to the removal of two
C6H5CH2O– fragments, while in the second step it can be
due to the loss of two –C(=O)NHCH2– fragments of the
coordinated ligands. The last stage, in temperature interval
525–900 C, is connected with loss of two molecules of CO2.
In the case of Cd(II) complex (Fig. 2), multi-step degradation starts at 63 C with loss of two molecules of
coordinated water. In temperature range 123–269 C
dehydrated complex lose two C6H5CH2O– fragments, and
ligand chain degradation continues in temperature range
269–461 C with loss of two –C(=O)NHCH2– fragments.
The last stage of degradation (up to 900 C) is ascribed to
loss of two molecules of CO2 and part of Cd.
Thermal decomposition of the most stable Zn(II) complex
(Fig. 3) begins at 175 C. The ﬁrst two steps (175–297
and 297–626 C) are assigned to decomposition of ligand
fragments, two C6H5CH2O– and two –C(=O)NHCH2–
fragments, respectively. Like in the case of Cd(II) complex,
the last stage of degradation is corresponding to release of
two molecules of CO2 and part of Zn.
So, we could conclude that defragmentation of ligand
chains undergoes by similar mechanism for all three
complexes. With regard of these results the suggested
mechanisms of thermal degradation, taking in account
found and calculated mass loss values (Table 1), we suggested the mechanism of degradation for all three complexes as follows:


MðN-Boc-glyÞ2 ðH2 OÞn � mH2 O


! MðN-Boc-glyÞ2 þ ðm þ nÞH2 O


! MðOOC�CH2 �NH�CO�Þ2 + 2C6 H5 CH2 O


! MðOOC�Þ2 þ 2-C(=O)NHCH2 ! M þ 2CO2

where M = Co, Cd, Zn, n = 4, 2, 0, respectively and
m = 2, 0, 0, respectively. As seen, in addition to the
already discussed water removal, the main differences
between the investigated complexes are observed in ﬁnal
stages of decomposition. In the case of Co(II) complex the
residue is metallic Co; this is a consequence of instability
of intermediate products and an inert (N2) atmosphere in
oven. However, the ﬁnal residuals for Cd(II) and Zn(II)
complex are lower than the theoretical values. This indicates that together with removal of CO2, an evaporation of
metals occurs in last step due to low boiling points of Cd
and Zn, which are 765 and 907 C, respectively.
Determination of the apparent activation energy
and pre-exponential factor
Kinetics of degradation of the investigated complexes has
been studied by applying the Kissinger’s and Ozawa’s
methods in order to determine the pre-exponential factor A
and the apparent activation energy Ea.
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Plotting the left side of this equation against 1/Tmax should
give a straight line of the slope –Ea/2.303R and intercept
log AR/Ea. In order to apply this method, it is necessary to
perform several thermal analyses of the same substance at
different heating rates.
The Ozawa’s method [28] is based on the same
assumptions and the following equation:


AEa
Ea
� 2:315 � 0:4567
:
ð2Þ
log b ¼ log
R
RTmax

About 50% of Cd and 27% of Zn were also evaporated in this step

See text for explanation

The plot log b versus 1/Tmax should be a straight line and
its slope can be used to evaluate the apparent activation
energy and intercept to evaluate pre-exponential factor.
Once again, it is neccessary to perform several thermal
analyses of the same substance at different heating rates, in
order to apply this method. The results of evaluations of
apparent activation energies and pre-exponential factors by
using these two methods are in perfect conformity and are
listed in Table 1.
Moreover, taking into account the dependence of activation energy on extent of reaction, as well as the complexity of the solid-state decomposition reactions, for
determination of kinetics parameters we used Friedman’s
isoconversion method known as ‘‘model free method’’
[29]. The basic assumption of the method is that the
reaction rate at a constant conversion value, a, is only a
function of temperature. This premise supposes possibility
of determination of kinetic parameters, Ea, a, and Aa, for
each value of a over the entire reaction range. The method
does not require any assumption on the function depending
on the particular reaction mechanism, and it is based on
equation:
"   #
da
Ea
ln bi
ð3Þ
¼ ln½Aa f ðaÞ� �
RTa;i
dT a;i
where the subscript a designates values related to a given
extent of reaction, and i is the number of non-isothermal
experiment conducted at the heating rate bi. By plotting
ln[bi(da/dT)a,i] against 1/Ta, i, the value of -Ea/R for a
given value of a can be directly obtained. The extent of
reaction could be expressed as a = ST/S, where S is the
total area between the temperature Ti where the degradation is just started and the temperature Tf where the degradation is completed, and ST is the area between the initial

temperature and a generic temperature, T, ranging between
Ti and Tf.
Almost constant values of activation energies for the
ﬁrst step in the case of Cd(II) complex and for the second
step in the case of Co(II), Cd(II) and Zn(II) complexes, in
the wide range of a values, indicate that these steps are not
a complex ones (Fig. 4). However, the obtained values for
activation energies show a complex nature of the ﬁrst step
of degradation of Co(II) and Zn(II) complexes and third
step of degradation for Co(II), Cd(II) and Zn(II) complexes
(Table 2). These steps involve several sub-steps occurring
with similar values of activation energy.
Discussion of results
In the case of Co(II) complex the loss of six water molecules signiﬁcantly changes its structure and octahedral
geometry, probably to the tetrahedral one, with coordination number decreasing from six to four. At the same time,
the increase of temperature causing the loss of two water
molecules disturbs polymeric structure of Cd(II) complex
with changing coordination number from seven to ﬁve.
Degradation mechanisms of these two complexes are
similar: I step is loss of water molecules, II and III steps are
loss of the same fragments from ligand chains. In the case
of the most stable tetrahedral Zn(II) complex, involving
only two bidentately coordinated ligands, fragmentation of
ligand chains begins at about 175 C. This explains a lower
thermal stability of dehydrated Co(II) and Cd(II) complexes, where fragmentation of ligands starts at 131 and
123 C, respectively, in comparison to Zn(II) complex with
degradation starting at 175 C. Similar behavior was
observed within a series of transition metal complexes with
polycarboxylate ligands, where complexes obtained as

Ea = f ( ) Co(II) complex step 2
Ea = f ( ) Cd(II) complex step 1

350

Ea = f ( ) Cd(II) complex step 2
Ea = f ( ) Zn(II) complex step 2

300
250
200
150
0.0

0.2

0.4

0.6

0.8

1.0

Fig. 4 Functional dependence of the activation energy, Ea, against
extent of conversion, a, for ﬁrst step of degradation of Cd(II) complex
and for second step of degradation of Co(II), Cd(II), and Zn(II)
complexes
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400
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These values could not be precisely determined because weak endothermic DSC peaks at high temperature are not well resolved
a

b
AR
Ea
¼ log
�
:
2
Tmax
Ea 2; 303 � RTmax

87

Ea /kJ mol–1

5.0 9 107; 9.5 9 105
168.0; 176.2
2CO2 ? part of Zn
–
97.3/20.2
752.0
626–900

464.0
297–626

&523, 754

213.8
175–297
Zn(II)

461–900

379.0
269–461

Thermal stability and degradation of Co(II), Cd(II), and Zn(II) complexes

The method proposed by Kissinger [27] is based on the
functional dependence of the heating rate (b) and variation
of the DTG peak maximum temperature in thermograms,
supposing that Tmax is in proportion to the maximum rate of
the reaction and equation:

b

65.8

b

114.1/23.7
111.7/23.2

2–C(=O)NHCH2–

214.3/44.5
224.5/46.6

2C6H5CH2O–

–
134.3/23.8

2CO2 ? part of Cd

474.1

4.5 9 1047; 2.9 9 1044
(b = 20–30 C/min)c
434.7; 421.0 (b = 20–30 C/min)c

1.4 9 1020; 4.8 9 1017

1.6 9 1074; 4.2 9 1070
(b = 2.5–15 C/min)

277.6; 275.2

–
–

7.9 9 1020; 2.5 9 1018
260.7; 258.1

680.7; 654.8 (b = 2.5–15 C/min)

–

155.0

a

114.1/20.2
117.5/20.8

2–C(=O)NHCH2–

214.3/38.0
221.6/39.3
206.5
123–269

110.5

&597, 735
525–900

63–123
Cd(II)

389.1
285–525

214.0
131–285

a

36.1/6.4
31.6/5.6

2C6H5CH2O–

72.0/15.1
76.4/13.1

2H2O

114.1/19.6
114.7/19.7

2CO2

214.3/36.7
218.4/37.5

2–C(=O)NHCH2–

108.0/18.5
121.4/20.8
Co(II)

30–131

94.9

a

Mass loss
(calcd.)/%
Complex

Decomposition
temperature range/C

DSC peak
temperature/C

Mass loss
(found)/%

2C6H5CH2O–

b

46.0

2.0 9 1013; 1.5 9 1011
118.9; 120.3
60.8

–

1.8 9 1025; 4.0 9 1022
178.3; 175.4

3.0 9 1015; 1.5 9 1013
210.2; 210.2

–
–

96.4

a

110.6

8.0 9 1014; 4.9 9 1012
134.7; 135.5
62.9

2.6 9 1018; 1.1 9 1016
261.0
6H2O

120.6; 120.1

DH/kJ mol-1
Fragment loss

Ea/kJ mol-1
Kissinger; Ozawa

A/min-1
Kissinger; Ozawa

M. T. Šumar-Ristović et al.
Table 1 Decomposition temperature ranges, DSC peak temperatures, mass loss data and corresponding enthalpies and kinetic parameters (Ea and A) for Co(II), Cd(II) and Zn(II) complexes
with N-Boc-gly ligand (b = 20 C min-1)
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Table 2 Dependence of the activation energy (Ea) against extent of conversion (a) for Co(II), Cd(II) and Zn(II) complexes
a

Thermal stability and degradation of Co(II), Cd(II), and Zn(II) complexes

-1

Ea/kJ mol

Co(II) complex

Cd(II) complex

Zn(II) complex

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

0.1

114.7

131.6

213.3

174.5

118.8

206.9

–

424.3

181.9

0.2

108.6

148.0

198.4

174.7

119.7

214.7

–

346.3

175.7

0.3

101.5

144.9

252.2

173.1

122.6

230.6

–

305.1

155.5

0.4

91.2

159.0

219.9

170.1

125.9

242.2

558.0

297.5

127.7

0.5

80.5

165.2

218.8

170.3

128.6

247.3

430.5

292.8

102.5

0.6

72.9

172.3

222.3

168.4

132.3

247.9

340.4

286.7

85.2

0.7

70.3

186.8

232.8

167.9

135.9

244.0

258.9

282.8

72.1

0.8

77.4

224.5

230.6

168.2

151.6

232.8

182.2

287.1

69.3

0.9

87.0

286.8

259.7

168.5

189.7

213.6

149.9

301.3

105.3

anhydrous compounds or polymeric complexes were more
stable than similar crystalohydrates [30].
The molar dehydratation enthalpy for Co(II) complex
(261.0 kJ mol-1) is considerably higher than for Cd(II)
complex (96.4 kJ mol-1), what was expectable because the
ﬁrst complex contains six water molecules (two crystal and
four coordinated) and the second one contains only two
molecules of coordinated water. Having in mind the
number of water molecules in the structures of Co(II) and
Cd(II) complexes we could calculate the average molar
enthalpies of dehydration per one water molecule as 43.5
and 48.2 kJ mol-1, respectively. A slightly higher value
for Cd(II) complex in comparison to Co(II) complex is
because the Cd(II) complex contains only coordinated
water molecules, which should be more tightly bonded than
water of crystallization.
If we assume that the elimination of coordinated water
molecules from Co(II) and Cd(II) complexes needs the
same energy, then using the above calculated value of
48.2 kJ mol-1, the overall enthalpy for removing four
coordinated water molecules from Co(II) complex requires
4 9 48.4 = 192.8 kJ mol-1.
This
gives
261.0–
192.8 = 68.3 kJ mol-1 for two molecules, and 68.2/
2 = 34.1 kJ mol-1 as the molar enthalpy of dehydration
per one crystallization water molecule in Co(II) complex.
Since each water molecule very likely takes place in two
hydrogen bonds the average molar enthalpy of per one
hydrogen bond would be about 17 kJ mol-1. This result is
in excellent agreement with previous values obtained for
energy of hydrogen bond, &16 kJ mol-1, in some ternary
transition metal complexes with terephthalate ligands [31].
For the ﬁrst step of degradation of ligand chains, the
values of molar enthalpies for Co(II) and Cd(II) complexes
are almost the same (62.9 and 60.8 kJ mol-1, respectively), indicating a similar mechanism of degradation of
ligands in already disturbed structure of complexes. The

high value of molar enthalpy for the ﬁrst step of degradation of ligand chain for Zn(II) complex (155.0 kJ mol-1) is
a consequence of very stable structure of this complex
involving coordination of metal ion by oxygen atoms from
N-Boc-gly ligand only.
In the case of Zn(II) complex, the shape of DTG curve
for the ﬁrst step of degradation varies with different heating
rates (Fig. 5). Therefore, the kinetic parameters were
determined separately for lower (2.5, 5.0, 10, and 15 C)
and higher (20, 25, and 30 C) heating rates. Again the
values obtained by two applied methods are in good
agreement (Table 1). Variation of peak shapes and different kinetic parameters for higher and lower heating rates
indicate the inﬂuence of heating rate on kinetics of the
process.

Co(II), Cd(II) and Zn(II) complexes with the N-benzyloxycarbonylglycinato ligand of formulae: [Co(N-Boc-gly)2
(H2O)4]2H2O, [Cd(N-Boc-gly)2(H2O)2], and [Zn(N-Bocgly)2] were thermally investigated. The decomposition of
the Co(II) and Cd(II) complexes occurs in four and
decomposition of Zn(II) complex occurs in three main
steps. The suggested mechanisms of thermal degradation
showed that Co(II), Cd(II), and Zn(II) complexes have the
same fragmentation of its ligand chains. TG curves
revealed that the presence of crystallization and/or coordinated water molecules decreases thermal stability of the
complexes. The observed order of decreasing stability is:
[Zn(N-Boc-gly)2] [ [Cd(N-Boc-gly)2(H2O)2] [ [Co(N-Bocgly)2(H2O)4] 2H2O, and the same trend is found after
dehydration of Co(II) and Cd(II) complexes. With regard to
the composition and structures of complexes, it is conﬁrmed
that the loss of crystallization and/or coordinated water
molecules cause a disturbance of crystal and molecular
structure of the complexes resulting in thermal instability of
dehydrated complexes. For the determination of the apparent
activation energy (Ea) and pre-exponential factor (A) Kissinger’s and Ozawa’s methods are used and results of these
two methods are in well accordance. Friedman’s method
signify that the ﬁrst step of degradation in the case of Cd(II)
complex and the second step in the case of Co(II), Cd(II),
and Zn(II) complexes are not complex in nature, whereas the
ﬁrst step of degradation of Co(II) and Zn(II) complexes and
third step of Co(II), Cd(II), and Zn(II) complexes are the
complex ones. A detailed characterization of individual steps
will be the subject of further systematic investigations.
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a b s t r a c t
Multi-step thermal degradation of coordination polymer [Cd(N-Boc-gly)2 (H2 O)2 ]n in non-isothermal
conditions was studied. The kinetic parameters were determined from the thermal decomposition
data using the isoconversion and non-isoconversion techniques. It was shown that the coordination polymer is stable up to 60 ◦ C, when the multi-step process of thermal dehydration, followed by
steps of degradation, starts. The kinetic triplet for the step of dehydration was established as f (˛) =
1/3 −1

2/3

Keywords:
Coordination polymer
Thermal degradation kinetics
Non isothermal kinetics

3/2(1 − ˛) [1 − (1 − ˛) ] , Einv = 170.4 ± 6.4 kJ mol−1 and Zinv = 2.6 × 1023 . The established kinetic
model, known as “D3 model”, was conﬁrmed by application criteria deﬁned by Màlek, Perez-Maqueda
et al. as well as Master plot method. Dehydration step is followed by two steps of dehydrated coordination polymer degradation. On the base of the dependence of Arrhenius parameters (Ea and Z) on
conversion degree (˛), the mechanisms of degradation were discussed. In this way it was shown that
second and third steps of degradation of coordination polymer are complex involving more than one
elementary step. The second step corresponds to the loss of two C6 H5 CH2 O– fragments in two parallel
steps. The third step of degradation, ascribed to the loss of two –C( O)NHCH2 – fragments, is complicated
by changing kinetically to diffusion control.

1. Introduction
Metal coordination polymers of transition metals containing
different organic ligands are new compounds attracting signiﬁcant attention of many researchers in the past few years. They
are in focus of many researches due to their structures which
are characterized by high dimensionality, advantageous magnetic, optical and other physical and chemical properties and
wide range of applications such as adsorbents, sensors and catalysts [1–5]. These compounds possessing very complex structure,
involving often beside organic ligands (polymeric or monomeric)
and water molecules in inner as well as outer sphere of complex, are thermally unstable and undergo to stepwise structural
transformations involving dehydration and degradation at high
temperatures. These processes lead to loss of their advantageous
properties limiting their application on the conditions where they
retain their favorable structure. In spite the existence of many studies concerning their synthesis, characterization, physical–chemical
properties [6–10] there are no many papers dealing with thermal degradation kinetics. Most studies on thermal degradation
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E-mail address: majas@chem.bg.ac.rs (M.T. Šumar-Ristović).
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kinetics are based on determination of thermodynamic parameters [11–15] and kinetic parameters using Coats–Redfern equation
[16], Freeman–Carroll and Sharp–Wentworth methods [17–19].
However, only few studies are dealing with thermal decomposition mechanism and determination of most probable kinetic model
function [20–22].
Results presented in this manuscript are part of our detailed
and systematic multidisciplinary studies concerning synthesis
and characterization of new transition metal complexes with
N-benzyloxycarbonylglycinato ligand [23,24]. Although all these
systems belong to the same group of compounds, their individual
chemical and crystal structures are different, owing to different coordination of metal ions. Therefore, it is interesting from a
fundamental point of view to investigate their physicochemical
properties and correlate them with different structures exhibited
by each compound. From the practical point of view, as prepared
Co(II), Cd(II) and Zn(II) complexes with this ligand showed good
antimicrobial and antifungal activity. Thermal degradation of these
complexes could lead to deterioration of their favorable properties, which imposes the need for more detailed understanding
of their thermal stability and degradation kinetics. In addition,
Cd(II) complex stands out because it is the only one to exhibit
polymeric structure, which is why we placed particular focus
on it.
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2.1. Material and techniques
The Cd(II) coordination polymer with the N-Boc-gly ligand
and formula [Cd(N-Boc-gly)2 (H2 O)2 ]n was prepared in a simple
reaction between CdCl2 ·2.5H2 O and N-Boc-glyH (molar ratio 1:2,
ethanol–water mixture, pH 5–6), as previously described [23].
Non-isothermal thermal degradation was studied by using an
SDT Q600 (TA Instruments) apparatus for simultaneous TG-DTA
analysis. TG experiments and simultaneously recorded DTA signals were performed from room temperature to 900 ◦ C at different
heating rates (5–20 ◦ C min−1 ) with sample masses about 6 mg in a
dry nitrogen atmosphere (ﬂow rate 100 cm3 min−1 ) using Pt crucibles. The Pt crucible with a small amount of Al2 O3 was used as a
reference.

y(˛) =

The kinetics of solid state reactions can be described by equation:
d˛
= k(T )f (˛)
dt

(1)
ln

where f(˛) is the conversion function concerning the kinetic model
[25], k(T) is the Arrhenius rate constant, T is temperature, t is time.
For non-isothermal conditions, when temperature varies with time
with constant heating rate, ˇ = dT/dt, Eq. (1) is represented as
ˇ
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f (˛)
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(3)

aˇ = ln Zinv − bˇ Einv .

Fig. 1. (a) TG (–) and DTA (--) curves of coordination polymer [Cd(N-Boc-gly)2 (H2 O)2 ]n in nitrogen atmosphere at ˇ = 10 ◦ C min−1 ; b) corresponding DTG curve.

366.2 ◦ C for ˇ = 5 ◦ C min−1 ) with loss of two –C( O)NHCH2 – fragments. The further steps of degradation (up to 900 ◦ C) are not well
deﬁned and could be ascribed to the loss of two CO2 molecules and
part of Cd, due to low boiling point of cadmium.
To separate the individual steps, the well deﬁned DTG curves,
were used. Fig. 1b. In order to study kinetics of degradation process
of the coordination polymer in temperature range 60–460 ◦ C, the
mass fraction (conversion degree) of reaction, ˛, at any temperature was determined, for all heating rates, as ˛ = (mi − m)/(mi − mf ),
where m is the mass of a sample at a certain time, mi and mf are the
initial and ﬁnal masses, respectively. The dependences of ˛ versus
T at ˇ = 10 ◦ C min−1 for all three observed steps are plotted in Fig. 2.

(7)
3.2. Mechanism of thermal degradation of coordination polymer

where f(0.5) is a constant for given conversion function.
In accordance with IKP method based on the real compensation effect [36,37] the straight lines of ln Zj versus Ej dependences
should be constructed using the apparent activation parameters
obtained by Coats–Redfern method (for all heating rates). These
straight lines should intersect in one point corresponding to the
true values known as “invariant activation parameters”, ln Zinv and
Einv [38].
The invariant kinetic parameters ln Zinv and Einv , were evaluated
by using the super-relation:

˛

ˇ



d˛/dt



where g(˛) = 0 d˛/f (˛) is the integral form of the conversion
function.
The mechanism of each step can be evaluated from the activation energy dependence on the conversion degree. This can be
done using isoconversional methods also known as “model-free
methods“. These methods require determination of the temperature T˛ at which an equivalent stage of the reaction occurs
for various heating rates [26]. Widely accepted procedure is
Kissinger–Akahira–Sunose’s (KAS) method [27,28] in the form:



dt

is used, where Ea,j is activation energy and Zj is pre-exponential
factor and j indices speciﬁc model g(˛), all the points ln(ˇg(˛)/T˛2 )
versus 1/T correspond to the same straight line for all applied heating rates for the correct conversion function g(˛).
According to Master plod procedure [36], for a single-step process, the following equation is applied

where Z is pre-exponential factor, E is the apparent activation
energy and R is the gas constant. Eq. (2), as well as numerous
approximations of its integral form

 Z  T

 d˛ 

These two functions can be easily obtained by a simple transformation of experimental data, d˛/dt, normalized within (0, 1)
interval and by using values of Ea from KAS method. In nonisothermal conditions y(˛) and z(˛) plots are independent from
heating rate and they exhibit maxima at ˛∗y and ˛∗z [34]. These
maxima have characteristic values for basic kinetic models [34].
According to the Perez-Maqueda et al. criterion [35], the correct
conversion function corresponds to the independence of the activation parameters on the heating rate. By applying any differential
or integral model-ﬁtting method, for every heating rate, the true
kinetic model should provide both the activation energy as well as
the pre-exponential factor. If the Coats–Redfern equation written
in the form:

2.2. Solid state kinetics

Z 
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Màlek’s method [34], Perez-Maqueda et al. criterion [35] and Master plot procedure [36].
Having determined apparent activation energy, Màlek’s method
[34] involves the introducing two new functions deﬁned as

2. Material and methods

d˛
=
dT
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The calculated values of the apparent activation energies,
calculated by applying KAS method are shown in Fig. 3.
Small changes of the activation energies with conversion
degree (182.8–170.8 kJ mol−1 in the range 0.2 < ˛ < 0.8) indicate
a single-step process for the dehydration of the coordination
polymer (Fig. 3). For this step we found the average value
Ea = 171.1 ± 1.2 kJ mol−1 .
However, following steps of degradation of dehydrated coordination polymer are multi-step processes involving more than one
elementary step. The different shape of Ea versus ˛ curves for sec-

(8)

ond and third steps (Fig. 3) indicates different mechanisms, what
could be expected taking into account the polymeric structure of
the compound and the nature of the degradation fragments [39].
3.3. Dehydration of coordination polymer
In order to ﬁnd the kinetic model of step of dehydration of polymer, the functions y(˛) and z(˛) calculated by Màlek’s method [34]
are determined and plotted versus ˛, Fig. 4. For all used heating
rates, the functions y(˛) show maxima at ˛ = 0 exhibiting a concave
shape, while functions z(˛) show maxima at ˛ ≈ 0.7. These results
correspond to the conversion function D3 [40].
We used Perez-Maqueda et al. criterion [35] to check independence on heating rate deﬁned by Coats–Redfern equation, Fig. 5. The
obtained linear dependences involving data for, all heating rates
indicate the full applicability of models D2 and D3 (r = 0.967 and
0.964, respectively) on dehydration of the coordination polymer.
In order to ﬁnd the true conversion function, we applied Master
plot procedure [36].
Eq. (7) means that, for selected ˛, the experimentally
determined value of the reduced-generalized reaction rate in
the form ((d˛/dt)/(d˛/dt)˛=0.5 )/((exp(Ea /RT))/(exp(Ea /RT0.5 )) and
theoretically calculated value of f(˛)/f(0.5) are equal when
an appropriate conversion function, f(˛), is applied. Fig. 6
shows theoretical master plots of f(˛)/f(0.5) versus ˛, assuming selected f(˛) functions, together with experimental plots

3. Results and discussion

(4)

3.1. Thermal stability of the coordination polymer
[Cd(N-Boc-gly)2 (H2 O)2 ]n

In this sense [27,28], the linear isoconversional relationship of ln(ˇ/T˛2 ) versus 1/T˛ and, describing non-isothermal TG
data for different heating rates, can be used to determine the
kinetic parameters: apparent activation energies Ea,˛ and intercepts ln[(ZRf(˛))/Ea,˛ ] for selected conversion degree according to
equation (4), even without the knowledge of the true conversion
function. If E˛ does not depend on ˛, the investigated process can be
treated as single-step process and should be described by a unique
kinetic triplet. If E˛ changes with ˛ a process is complex [29–32].
In this case, based on the inter-relationship E˛ = f(˛), Vyazovkin
and Lesnikovich proposed very simple algorithm for discussing the
mechanism of complex process [33].
In order to obtain the appropriate conversion function for
processes considered as single-step process, we can discriminate
between the set of conversion functions [25] by applying the

DTA and TG curves of the [Cd(N-Boc-gly)2 (H2 O)2 ]n were
recorded at different heating rates (ˇ = 5, 10, 15 and 20 ◦ C min−1 )
under dynamic nitrogen atmosphere in the temperature interval of 20–900 ◦ C. All curves are shifted to a higher temperature
with an increase of heating rate, verifying that thermal activation steps occur during the degradation. The curves obtained at
ˇ = 10 ◦ C min−1 are shown in Fig. 1.
Our previous results showed that polymer structure of the complex is stable up to 60 ◦ C when multi-step degradation begins with
loss of two molecules of coordinated water (rate maximum at
94.1 ◦ C for ˇ = 5 ◦ C min−1 ) [24]. Further, in the range 123–269 ◦ C
dehydrated coordination polymer loses two C6 H5 CH2 O– fragments
(rate maximum 178.6 ◦ C for ˇ = 5 ◦ C min−1 ). The ligand chain degradation continues in temperature range 269–461 ◦ C (rate maximum

Fig. 2. Conversion degree versus temperature, for individual degradation steps at
ˇ = 10 ◦ C min−1 .

Fig. 3. The apparent activation energy, with standard deviation, as a function of
conversion degree determined by KAS method for individual degradation steps.
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the relatively decreasing contribution of the reaction with the
higher activation energy [44]. Vyazovkin has shown that this type
of dependence indicates the process comprising chemical reactions
of consecutive type complicated by diffusion of gaseous products
through the layer formed by solid products [31,39,41,45].
3.5. Correlation of kinetics and mechanism of degradation with
structure of studied coordinated polymer

Fig. 6. Theoretical (lines) and experimentally determined (symbols) master curves
in differential form representing f(˛)/f(0.5) as a function of ˛ for selected conversion
functions D2, D3 and D4.

Fig. 4. The dependence of y(˛) and z(˛) function on ˛ for the ﬁrst step of coordination polymer degradation and all heating rates.

Fig. 5. The application of the Perez-Maqueda et al. criterion for the D2 and D3 conversion functions for dehydration of the coordination polymer.

((d˛/dt)/(d˛/dt)˛=0.5 )/((exp(Ea /RT))/(exp(Ea /RT0.5 )) (where average
value of Ea from KAS method was used). This method showed that
for the coordination polymer dehydration, the experimental data
for all heating rates ﬁt to conversion function D3, very well.
Finally, to determine invariant parameters of the kinetic triplet
for the dehydration IKP method based on the real compensation
effect was used [36,37]. For this purpose, the compensation parameters, aˇ and bˇ , depending on heating rate were determined,
Table 1 [37]. The plot of aˇ versus bˇ , obtained for all heating
rates, is a straight line whose parameters allow the determina-

tion of invariant kinetic parameters, Einv = 170.4 ± 6.4 kJ mol−1 and
Zinv = 2.6 × 1023 .
3.4. Degradation of dehydrated coordination polymer
The degradation of dehydrated coordination polymer occurs in
two multi steps as it was discussed above based on the results of the
isoconversional methods. In order to ﬁnd the dependence ln Z = f(˛)
and to discuss mechanism of degradation these steps we further
used Vyazovkin and Lesnikovich’s algorithm [41] and the artiﬁcial compensation effect [42] manifested as a linear correlation of
Arrhenius parameters

Table 1
Compensation parameters aˇ and bˇ at each heating rate ˇ for dehydration of the
coordination polymer.

ln Zj = a + bEj

aˇ

bˇ

5
10
15
20

−1.80
−1.19
−0.77
−0.55

3.27 × 10−4
3.24 × 10−4
3.21 × 10−4
3.20 × 10−4

(9)

where a and b are compensation parameters.
Knowing the compensation parameters, Eq. (8) allowed us to
determine ln Z˛ for different conversion degrees, using E˛ previously determined by isoconversional methods and compensation
parameters a and b. Dependences of ln Z˛ for different conversion
degrees for second and third step of degradation are presented on
Fig. 7 showing the same dependences as shown at Fig. 3.

Step 1
ˇ/ ◦ C min−1

The change of activation energy with conversion degree which
decreases from 127.2 to 123.0 kJ mol−1 , reaches a minimum at
˛ = 0.3 and then continues with slowly increase till 154.5 kJ mol−1 ,
Fig. 3, indicates a complex mechanism involving parallel reactions
[41]. This process includes at least two reactions with activation
energies whose values can be approximately estimated as the
extreme values that limit the region of activation energy variation [39]. In this step, the dehydrated coordination polymer losses
two identical C6 H5 CH2 O– ligand fragments [24]. The products in
gaseous state increase the overall pressure in the reaction system, as can be expected for reaction solid = solid + gas [43]. So, an
increase in pressure enhances the reverse reaction, which shifts the
overall process of decomposition to higher temperatures, resulting
in an observed increase of the apparent activation energy.
In the last step of coordination polymer degradation (step 3),
the dependence of activation energy on conversion degree, Fig. 3,
shows an increase and then decrease of E˛ as the reaction proceeds.
In this case, the Ea,˛ increases from 200.4 kJ mol−1 , for ˛ = 0.1, reaching the maximum of 239.7 kJ mol−1 at ˛ = 0.7, and then decreases
to 188.1 kJ mol−1 at ˛ = 1.0. The dependence begins at the activation energy value corresponding to the reaction for the further
degradation of ligand chains. The ascending part of the dependence indicates that the reaction with the higher activation energy
makes a growing contribution to the heat release. Having reach
the maximum, the dependence becomes descending because of

4. Conclusion

Fig. 7. The dependence ln Z˛ versus ˛ for second and third step of degradation (E˛
values determined by KAS method were used).

Thermal degradation of Cd(II) coordination polymer with NBoc-gly ligand is a three step process, involving dehydration
and two steps of degradation. Application of isoconversional
method showed that the step of dehydration can be treated as
single-step process, but the other two steps are complex ones,
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In order to ﬁnd the correlation between the kinetics and mechanism of degradation, the structure of coordination polymer should
be considered in detail. At ﬁrst sight, the studied coordination polymer, [Cd(N-Boc-gly)2 (H2 O)2 ]n , could be considered as consisting of
binuclear [Cd2 (N-Boc-gly)4 (H2 O)4 ] units, where Cd(II) ions are heptacoordinated by two chemically and crystallographicaly different
N-Boc-gly ligands and two water molecules [23]. One N-Boc-gly
ligand is coordinated to one Cd(II) ion. However, since another NBoc-gly ligand is tridentate and bridges even three Cd(II) ions, the
binuclear units are further interconnected in about 23 Å thick layers parallel to ab-plane, with Cd(II) ions laying in the inner part of
the layers around the central plane. Two outer non-polar surfaces
of the layers are composed of phenyl rings and they are mutually
interconnected by weak CH· · · interactions and Van der Waals
forces only.
Two water molecules are coordinated to Cd(II) ion with similar
Cd–O distances (2.28 and 2.37 Å) and both act as double hydrogen bond donors with comparable hydrogen bonds geometry [23].
These similarities imply the same activation energies for loss of
both water molecules, which is in accordance with our result
that dehydration of the coordination polymer is a single-step process. However, the overall dehydration kinetics varies appreciably
depending on the rate-limiting step, which appears to be diffusion
in this case. The obtained D3 kinetic model implies that released
H2 O molecules ﬁrst diffuse through the layers, not breaking the
bonds of the ﬂexible ligands. Then diffusion continues between the
weekly connected layers, while the overall structure is not seriously
disturbed.
The complex mechanisms found for the second and third
step of degradation of dehydrated coordination polymer could be
attributed to the presence of two differently coordinated N-Bocgly ligands, which degradation involves parallel and consecutive
steps, respectively. In the course of these steps the polymeric frame
involving its Cd(II) ions interconnected through –O–C–O– bridges
is still present.
Preliminary DFT calculations for above mentioned series of
Co(II), Cd(II) and Zn(II) complexes with N-Boc-gly ligand [Maja
Šumar-Ristović et al., to be published] showed that after escape
of two identical C6 H5 CH2 O– ligand fragments from [Cd(N-Bocgly)2 (H2 O)2 ]n complex a stable intermediate is obtained. It could
be expected that the process of ligand decomposition starts from
the outer part of layers leaving more space between layers for diffusion of C6 H5 CH2 O– fragments (or for products of their further
degradation) in gaseous state. Finally, in the last analyzed stage, the
remaining two fragments, –C( O)NHCH2 –, escape, leaving Cd(II)
ions and carbonate groups, which is common for carboxylate ligands. It seems that the layer of residue is compact enough to make
diffusion again one of important factors.
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involving more than one elementary step. It was found that
diffusion of products in ﬁrst and third step plays an important role, but in different way. In the ﬁrst step the diffusion of
released water molecules through the polymeric structure became
the limiting step of dehydration. Kinetic triplet for this step is:
−1

f (˛) = 3/2(1 − ˛)2/3 [1 − (1 − ˛)1/3 ] , as conversion function and
Einv = 170.4 ± 6.4 kJ mol−1 and Zinv = 2.6 × 1023 as invariant kinetic
parameters. The further degradation of coordination polymer
occurring as multi-step processes involves parallel and consecutive
reactions of ligand’s fragmentation. The proposed mechanisms of
all steps are in accordance with the crystal structure of the examined coordination polymer.
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–
Andelkovi
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Abstract A Zn(II) complex with N-benzyloxycarbonylglycinato ligands was studied by non-isothermal methods,
in particular Kissinger–Akahira–Sunose’s method, and further
analysis of these results was performed by Vyazovkin’s
algorithm and an artiﬁcial compensation effect. Density
functional theory calculations of thermodynamic quantities
were performed, and results obtained by both methods are
consistent, thus clarifying the mechanism of this very interesting multi-step degradation.
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Introduction
Transition metal complexes with N-substituted amino acid
ligands have attracted considerable attention because of
their structural and biological properties, e.g., anticonvulsant, anti-inﬂammatory, and antineoplastic properties
[1–9]. Although there are a signiﬁcant number of papers
dealing with the synthesis and characterization of new
complexes and their thermal properties [10–14], a relatively small number of papers deal with detailed kinetic
studies of their thermal degradation [15–17]. There are
only a few papers dealing with both the mechanism of
thermal degradation and density functional theory (DFT)
calculations of transition metal complexes [18]. Most of
the DFT calculations in those papers were performed
either to determine the most stable molecular structure
because of the lack of crystal data [19], or to compare
DFT calculation results with experimental data obtained
by X-ray structure analysis and FT-IR spectroscopy
[20–22].
Our interest in d-metal complexes (Co(II), Cd(II), and
Zn(II)) with N-benzyloxycarbonylglycine (N-Boc-gly) as
ligand arises for several reasons. Firstly these complexes
show different thermal stability as a consequence of the
different chemical composition concerning the presence of
water molecules in the inner or outer sphere of the complex
([Co(N-Boc-gly)2(H2O)2]2H2O, [Cd(N-Boc-gly)2(H2O)2],
[Zn(N-Boc-gly)2]) and different structure [23, 24]. The
Co(II) complex with water molecules in the inner and outer
sphere shows octahedral geometry, the Cd(II) complex
with water molecules in the inner sphere shows a pentagonal-bipyramidal polymeric structure, and the Zn(II)
complex containing no water molecules shows tetrahedral
geometry. The presence of water molecules in the inner
and/or outer sphere determines the thermal stability of the
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complexes [24], as expected. Degradation of different
complexes starts with loss of water molecules from the
outer sphere, followed by loss of water molecules from
the inner sphere. Further degradation of all complexes
goes through the same mechanism involving loss of
two C6H5CH2O– fragments followed by loss of two
–C(=O)NHCH2– fragments.
In this work we report the study of a Zn(II) complex
with N-benzyloxycarbonylglycinato ligands (N-Boc-gly)
by non-isothermal methods, to obtain detailed thermal and
kinetic data. Furthermore, we performed a DFT study to
supplement experimental data, and to clarify the microscopic origin of the system under study.

Results and discussion
In order to study the kinetics of thermal decomposition of
the Zn(II) complex, TG and DTA curves were recorded
under nitrogen atmosphere at different heating rates
(b = 5, 10, 15, 20 C min-1). TG and DTG curves for
b = 20 C min-1 are shown in Fig. 1. On the basis of
these data, thermal decomposition of the Zn(II) complex is
a multi-step process involving three main steps. The ﬁrst
step, assigned to fragmentation of two C6H5CH2O– fragments, occurs in the temperature range 175–297 C (all
temperature ranges are given for b = 20 C min-1).
The subsequent degradation step in the temperature
range 297–627 C corresponds to the loss of two
–C(=O)NHCH2– fragments [24]. The third degradation
step at temperatures higher than 627 C is assigned to the
release of two molecules of CO2 and some Zn [24].
The obtained TG curves with three clearly separated
steps were allowed the detailed study of the degradation
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Fig. 1 TG and DTG curves of [Zn(N-Boc-gly)2] in nitrogen atmosphere at b = 20 C min-1
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kinetics of the Zn(II) complex and well-deﬁned DTG
curves (Fig. 1) were used for better recognition of individual steps. Curves of the degree of conversion (a) versus
temperature (T) were calculated, constructed, and used for
further analysis of the mechanism and kinetics of degradation of the complex. The obtained sigmoid shape for all
three degradation steps and for all heating rates is expected
for non-isothermal data.
Mechanism of degradation
In order to discuss the mechanism of individual steps of
degradation of the complex the apparent activation
energies (Ea) as function of degree of conversion (a)
were calculated by the isoconversional Kissinger–Akahira–Sunose (KAS) method [25, 26] (Fig. 2). Since
activation energies change with the degree of conversion,
the studied processes are multi-step involving more than
one elementary step. Similar shapes of Ea versus a
curves for the ﬁrst and third degradation steps and a
completely different shape of the curve for the second
step of degradation denote similar mechanisms for the
ﬁrst and third steps and different mechanism for the
second step.
For the ﬁrst step of degradation, the apparent activation
energy determined by the KAS method (Fig. 2a) increases
from 297.8 kJ mol-1 at a = 0.05, reaches the value of
759.6 kJ mol-1 at a = 0.2, and then decreases to
98.5 kJ mol-1 at a = 0.9. For the third step the apparent
activation energy increases from 167.7 to 171.9 kJ mol-1,
reaches a maximum at a = 0.2, and then decreases to
125.5 kJ mol-1 at a = 0.9 (Fig. 2c).
The observed convex shape of these curves according to
Vyazovkin’s algorithm [27] indicates a mechanism that
involves a series of competitive steps of degradation. As
the reactions of the ﬁrst and third degradation step progress, diffusion of gaseous products (Scheme 1) and CO2
through the solid product becomes dominant and the Ea
value gradually decreases [28].
The continuous decrease of apparent activation energy
in degree of conversion range 0.1–0.9 (454.9–285.0)
indicates a multi-step mechanism for the second step of
degradation (Fig. 2b). According to Vyazovkin’s algorithm [27] a decreasing dependence corresponds to a
kinetic scheme involving an endothermic reversible
reaction followed by an irreversible one [29]. The effective activation energy is limited by the sum of the
activation energy of the irreversible reaction and the
enthalpy of the reversible reaction at low conversions, and
by the activation energy of the irreversible reaction at
high conversions [30].
In order to conﬁrm multi-step mechanisms for all three
degradation steps, determined according to Vyazovkin’s

Fig. 2 Apparent activation energy with standard deviation as a function of degree of conversion determined by the KAS method for individual
degradation steps
Scheme 1
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Fig. 3 Dependence of lnZ versus a for all three steps of Zn(II) complex degradation

algorithm, we plotted the dependence of lnZ versus a
(where Z is the pre-exponential factor) using an artiﬁcial
compensation effect (Fig. 3).
As it can be seen from Figs. 2 and 3 for all three steps,
the curves of apparent activation energy and pre-exponential factor versus the degree of conversion have the
same shapes, which indicates the same dependence of these
parameters on the degree of conversion.

DFT calculations of bond dissociation enthalpies
To allow a more systematic and detailed study of the
decomposition of this complex we compared predicted
mechanisms of thermal degradation, based on isoconversional
methods, with results of conventional DFT calculations.
For different isotopomers of coordination number 4 we
performed geometry optimization calculations, and obtained
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Fig. 4 DFT optimized geometry of [Zn(N-Boc-gly)2] complex

a distorted tetrahedron as the most stable conformation.
The optimized minimum energy structure of the complex
[Zn(N-Boc-gly)2] is given in Fig. 4, and the optimized
fragments upon decomposition are depicted in Fig. 5.
The heterolytic and homolytic bond dissociation enthalpies (BDE) for the ﬁrst degradation step (see Fig. 2), in the
temperature range 175–297 C with a step of 10 C, were
obtained from the difference between the enthalpy of the
investigated complex and the enthalpies of the separated
fragments at a given temperature. The computed change of
enthalpy for heterolytic bond cleavage (DH175 = 1,835.9
kJ mol-1, DH297 = 1,923.7 kJ mol-1) is much higher than
the enthalpy for homolytic dissociation (DH175 =
713.8 kJ mol-1, DH297 = 708.5 kJ mol-1), supporting the
radical mechanism of dissociation, which in a given temperature range does not depend on the temperature.
Scheme 1 represents the ﬁrst step of degradation
(see Fig. 2a), where [Zn(N-Boc-gly)2] complex loses
(C6H5CH2O) fragments. All calculated thermodynamic
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data for this decomposition at the two different temperatures
are given in Table 1. Calculated DH (Table 1) showed that
the ﬁrst step is endothermic followed by small exothermic
changes, which is in excellent agreement with previously
described mechanisms determined according to Vyazovkin’s algorithm, thus conﬁrming a very complex
mechanism of fragmentation (Scheme 1).
The double phase degradation of [Zn(OOCCH2
NHCO)2] (Scheme 2) in the second step indicates that loss
of the H2CNHCO triplet fragment is endothermic, consistent with Vyazovkin’s algorithm. However, further
decomposition of the triplet H2CNHCO fragment leads
ﬁrst to a singlet state which exothermically decomposes
to CO and CH2NH particles (DH297 = 284.1 kJ mol-1,
DH627 = 401.7 kJ mol-1). All calculated thermodynamic
results at different temperatures are summarized in Table 2.
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Table 1 Calculated thermodynamic data at 175 and 297 C for the ﬁrst step of fragmentation of [Zn(N-Boc-gly)2]
Structurea Fragmentsa DH175/kJ mol-1 DS175/kJ mol-1 K-1 DG175/kJ mol-1 DH297/kJ mol-1 DS297/kJ mol-1 K-1 DG297/kJ mol-1
1

2?3

797.5

0.2339

692.7

790.7

0.2359

656.0

3

2?4

-83.7

0.2649

-202.4

-82.2

0.2667

-234.5

a

Numbers of structures and fragments are given in Scheme 1 and Fig. 5
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This work showed that results obtained by non-isothermal
kinetic methods and DFT calculations are consistent, thus
conﬁrming the complicated thermal degradation of the
[Zn(N-Boc-gly)2] complex. The decomposition occurs in
three multi-steps involving more than one elementary step.
DFT calculations can provide useful information concerning the electronic structure, the energetics, and the
mechanism of the fragmentation of complex molecules and
are thus helpful in experimental interpretation and clariﬁcation of proposed mechanisms.
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Table 2 Calculated thermodynamic data at 297 and 627 C for the second step of fragmentation of [Zn(N-Boc-gly)2]
Structurea Fragmentsa DH297/kJ mol-1 DS297/kJ mol-1 K-1 DG297/kJ mol-1 DH627/kJ mol-1 DS627/kJ mol-1 K-1 DG627/kJ mol-1
4

5?6

373.2

0.2006

258.6

334.3

0.2005

153.8

6

5?7

339.3

0.1751

239.3

336.4

0.1711

182.4

5

8?9

-214.2

0.1419

-295.2

-134.5

0.1359

-256.8

a

Numbers of structures and fragments are given in Scheme 2 and Fig. 5

Materials and methods
The [Zn(N-Boc-gly)2] complex was prepared in a simple
reaction between ZnCl2 and N-Boc-glyH (molar ratio 1:2,
ethanol–water mixture, pH 5–6), as previously described [23].
Non-isothermal thermal degradation was studied by using
an SDT Q600 (TA Instruments) apparatus for simultaneous
TG–DTA analysis. TG experiments and simultaneously

recorded DTA signals were performed from room temperature to 900 C at different heating rates (5–20 C min-1)
with sample masses about 6 mg in a dry nitrogen atmosphere
(ﬂow rate 100 cm3 min-1) using Pt crucibles. The Pt crucible with a small amount of Al2O3 was used as a reference.
For degradation kinetics studies the degree of conversion of the reaction (a) at any temperature was determined
for all heating rates as a = (mi - m)/(mi - mf), where m is
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the mass of a sample at a certain time, mi and mf are the
initial and ﬁnal masses, respectively. The mechanism of
each step can be evaluated from the activation energy
dependence of a. This can be done using isoconversional
methods also known as ‘‘model-free methods’’. These
methods require the determination of the temperature Ta at
which an equivalent stage of the reaction occurs for various
heating rates [30]. A widely accepted procedure is the KAS
method [25, 26] in the form:
 


b
ZR
Ea;a
f ðaÞ �
ln 2 ¼ ln
RTa
Ta
Ea;a
In this sense [25, 26], the linear isoconversional relationship of ln(b/T2a) versus 1/Ta can be used to determine the
following kinetic parameters: apparent activation energies
Ea,a and intercepts ln[(ZRf(a))/Ea,a] for selected degrees of
conversion, even without the knowledge of the true conversion function. If Ea does not depend on a, the
investigated process can be treated as single-step process
and should be described by a unique kinetic triplet. If Ea
changes with a the process is complex [31–34]. In this
case, on the basis of the interrelationship Ea = f(a),
Vyazovkin and co-workers [27] proposed a very simple
algorithm for discussing the mechanism of complex
processes.
The dependence of lnZ on a was found using an artiﬁcial
compensation effect [35]. It is manifested as a linear correlation of Arrhenius parameters: lnZ = a ? bEa, where
a and b are compensation parameters. Calculating the
compensation parameters a and b by using the super-relation a = lnZ - bE and values of Ea previously determined
by the KAS method allowed us to determine lnZ for different degrees of conversion.
The DFT calculations were carried out using the
Amsterdam Density Functional program package
ADF2009.01 [36–38]. An all-electron triple-zeta Slatertype orbital (STO) plus one polarization function (TZP)
basis set was used for all atoms. The local density
approximation (LDA) characterized by the Slater exchange
and PW92 correlation [39] with included gradient corrections (GGA) for exchange (OPTX [40]) and correlation
(PBEc [41]), i.e., OPBE functional [42], was used. Open
shell species were treated with unrestricted formalism, and
no spin contamination was observed. Analytical harmonic
frequencies [43, 44] were calculated to determine the statistical thermodynamic corrections needed to compute
BDE. All equilibrium structures and presumed intermediates for the fragmentation processes are characterized by
the absence of vibrational modes with negative force
constants, and were ascertained to be minima on the
potential energy surface.
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Dejan Poleti

•

Received: 29 November 2010/Accepted: 20 January 2011/Published online: 12 February 2011

Abstract The kinetics of multi-step thermal degradation
of Co(II) complex with N-benzyloxycarbonyl glycinato
ligand [Co(N-Boc-gly)2(H2O)4]2H2O, in non-isothermal
conditions was studied using isoconversional and nonisoconversional methods. The degradation of complex
occurs in three well-separated steps involving the loss of
water molecules in ﬁrst step followed by two degradation
steps of dehydrated complex. The dependence of Arrhenius
parameters on conversion degree showed that all observed
steps of thermal degradation are very complex, involving
more than one elementary step, as can be expected for most
solid-state heterogeneous reactions with solid reactants and
solid and gaseous products. It was shown that step 1, corresponding to the dehydration, involves a series of competitive dehydration steps of differently bound water
molecules complicated by diffusion. Second step involves
two parallel reactions related to the loss of two identical
C6H5CH2O– ligand fragments complicated by the presence
of products in gaseous state. Further degradation in step 3
corresponds to complex process with a change in the limiting stage, in this case from the kinetic to the diffusion
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regime, connected with the presence of gaseous products
diffusing through the solid product.
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involving Arrhenius parameters (an activation energy,
E and a pre-exponential factor, Z) as well as an algebraic
expression of the conversion function, f(a), which describes
the dependence of the reaction rate on the conversion
degree, a.
The conversion degree, a, is related to the experimental
data as follows [35]:


da
E
f ð aÞ
ð1Þ
¼ Z exp �
dt
RT

degradation, were determined by Kissinger’s, Ozawa’s and
Friedman’s isoconversion methods [17]. However, the
kinetics and mechanism of each step were not analyzed in
detail. With this in mind, we present a comprehensive
kinetic study of degradation of the [Co(N-Boc-gly)2
(H2O)4]2H2O complex allowing high reliability determination of kinetic parameters and deeper insight into reaction mechanism.
There are many papers describing thermal stability of
transition metal complexes together with their characterization, physical properties and structural features [18–23].
However, studies on the basic kinetic analysis of TG and
DTG/DSC data of these systems are quite scarce, offering
no more than kinetic parameters, Z and Ea [24–29], or
kinetic triplets [30]. In addition, most papers treating
degradation of complex compounds did not follow the
criteria suggested for ﬁnding the true kinetic parameters
[31–34]. Since these criteria were established mainly for
thermal and thermo-oxidative degradation of polymers and
polymeric materials, the investigation presented here could
be regarded as a case study using a transition metal complex instead of polymeric materials.

where R is the gas constant, t is time and T is absolute
temperature.
It is obvious that the constant value of the activation
energy can be expected only for a single-step reaction
and E in Eq. 1 becomes an apparent quantity (an apparent
activation energy, Ea) based on a quasi single-step
reaction.
For non-isothermal measurements at a constant heating
rate b = dT/dt, Eq. 1 is transformed to:


da
Ea
f ðaÞ:
ð2Þ
b ¼ Z exp �
dT
RT

Experimental

The integral form of the conversion function, g(a), can be
obtained by applying the integration on the Eq. 2 and by
separating the variables:

Introduction
Very interesting structural and biological properties of
N-substituted amino acids as ligands [1–14] generated our
interest for N-benzyloxycarbonyl-protected amino acids
and their transition metal complexes [15–17]. N-benzyloxycarbonyl-protected amino acids and their derivatives
have been reported to act as anti-convulsing, anti-inﬂammatory and anti-neoplastic agents [7–9]. It was found that
N-benzyloxycarbonylglycinato ligand, N-Boc-gly, exhibits
better anti-convulsing activity than glycine itself [10].
Besides biological, we also found antimicrobial and antifungal activities of this ligand and its complexes with
Co(II), Cd(II) and Zn(II) [16]. It was shown that the
complexes exhibit the best inhibitory activity against
Candida albicans.
In our previous study on thermal stability of transition
metal N-Boc-gly complexes [17] it was shown that the
mechanism of multi-step thermal degradation starts with a
loss of water molecules from the outer sphere of the
complexes. This process is followed immediately by
removal of water molecules from the inner sphere of the
complexes, yielding stable anhydrous intermediate. At
higher temperatures, this intermediate undergoes further
degradation involving ligand fragmentation, which occurs
in two steps. The enthalpies and kinetic parameters of the
degradation processes: the pre-exponential factor, Z, and
the apparent activation energy, Ea, for each step of

The Co(II) complex with the N-Boc-gly ligand [Co(N-Bocgly)2(H2O)4]2H2O was prepared in a simple ligand
exchange reaction between CoCl26H2O and N-Boc-glyH
(molar ratio 1:2, ethanol–water mixture, pH = 5–6), as
described earlier [15].
The process of thermal degradation of Co-complex was
studied non-isothermally by using a SDT Q600 (TA
Instruments) apparatus for simultaneous TG-DTA analysis.
TG experiments at different heating rates (5–20 C
min-1) were performed from room temperature to 650 C
with sample mass of about 6 mg in a dry nitrogen atmosphere (ﬂow rate 100 cm3 min-1) using Pt crucibles and
the Pt crucibles with Al2O3 as reference material. DTA
curve was recorded simultaneously with TG data.

Methodological aspects of solid-state kinetics in nonisothermal conditions
Thermal analysis methods are very useful tools for kinetic
analysis of the solid-state reactions of different compounds.
In calorimetric measurements the solid-state reaction
involving heating of the sample can be performed in several ways using isothermal as well as non-isothermal
methods. Non-isothermal experiments are more convenient
to perform than isothermal ones. Mathematical description
of these reactions usually includes a kinetic triplet
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gðaÞ ¼

Za

da
ZEa
pðxÞ
¼
Rb
f ðaÞ

0

where p(x) is the temperature integral:
pðxÞ ¼

Zx

expð�xÞ
dx ;
x2

x¼

Ea
:
RT

ð4Þ

0

The Eq. 3 can be applied when the form of the function
p(x) is known.
When studying kinetics of solid-state reactions two different approaches: ‘‘model-ﬁtting approach’’ and ‘‘modelfree approach’’ are in use.
The model-ﬁtting approach attempts to determine all
three members of the kinetic triplet simultaneously from
one experiment by ﬁtting experimental data for different
conversion functions [36]. In this sense, a single non-isothermal experiment provides information on k(T) and f(a)
but in an un-separated form. This is why in non-isothermal
experiments almost any f(a) can satisfactorily ﬁt data at the
cost of dramatic variations in the Arrhenius parameters
which compensate for the difference between assumed and
true, but unknown, conversion function [37].
The model-free approach, also known as ‘‘isoconversion
method’’, requires determination of the temperature Ta at
which an equivalent stage of the reaction occurs for various
heating rates [38]. Two widely accepted procedures are
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ð3Þ

process is followed by immediate loss of remaining ﬁve
water molecules, one from the outer and four from the inner
sphere of the complex, in temperature range from 60 to
131 C (rate maximum at 65.3 C). After dehydration (step
1), further degradation of dehydrated complex occurs by loss
of ligand fragments in two steps. The degradation of dehydrated complex happens in temperature range 131–285 C
(rate maximum at 186.2 C). In this step, the dehydrated
complex loses two identical C6H5CH2O– ligand fragments,
and then, in temperature range 285–525 C (rate maximum
at 414.0 C) another two identical –C(=O)NHCH2– ligand
fragments. The result of the described thermal degradation
of the complex is formation of metallic cobalt as the ﬁnal
product. However, for higher heating rates, Fig. 1, the
dehydration shows only one well-deﬁned endothermic peak
at DTA curve; therefore the overall degradation of the
complex involving the dehydration and ligand degradation,
can be considered as occurring in three well separated steps.
Positions of DTA peaks, as well as corresponding mass
losses on TG curves, are shifted towards higher temperatures with an increase in the heating rate, demonstrating
thermal activation of all observed degradation steps [39,
42]. Intervals between peaks increase with the increasing
heating rate as the activation energies of different degradation steps are different.
Well-deﬁned TG curves with three well separated steps,
Fig. 1, were used for detailed study of degradation kinetics
of Co-complex between 30 and 525 C. The mass fraction
(conversion degree of reaction, a, at any temperature was
determined from the ratio a ¼ ðmo � mÞ=ðmo � mf Þ, where
mo is the starting mass, m is the mass at a given temperature, and mf is the ﬁnal mass of complex.

Kissinger–Akahira–Sunose’s (KAS) method [39, 40] in the
form:
 


b
ZR
Ea;a
f ðaÞ �
ð5Þ
ln 2 ¼ ln
RTa
Ta
Ea;a
as well as the Flynn–Wall–Ozawa’s (FWO) method [41,
42] in the form:


ZEa;a
Ea;a
� 1:0518
ð6Þ
ln b ¼ ln
RgðaÞ
RTa
where f(a) is the conversion function and g(a) is its integral
R
form gðaÞ ¼ f da
ðaÞ.

The relations given by Eqs. 5 and 6 involve all three
members of kinetic triplet. From these relations the
apparent activation energy can be evaluated using the linear regression method for every value of a even when the
conversion function is unknown.
Results and discussion

DTA and TG curves of [Co(N-Boc-gly)2(H2O)4]�2H2O
complex at different heating rates (b = 5, 10, 15 and
20 C min-1) under nitrogen atmosphere in the temperature
interval of 20–650 C are shown in Fig. 1. These results
show that the complex is stable up to approximately 30 C,
when the process of multi-step degradation begins.
According to our previous results [17], for b = 5 C min-1,
the degradation of complex starts with the dehydration of the
complex. In this step, the complex losses one water molecule
from the outer sphere (small peak on DTA curve in the
region 30–50 C with the rate maximum at 36.9 C). This
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Model-ﬁtting approach
In order to apply model-ﬁtting method on the degradation
process of the complex, the dependences of a versus T at
different heating rates for all three observed steps are
plotted, Fig. 2. The sigmoid-shaped curves are shifted to a
higher temperature with an increase of heating rate, verifying that thermal activation steps are occurring during
degradation.
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As can be seen from Fig. 3, the experimental data do not ﬁt
any tested model. This indicates that the analyzed steps
(dehydration as well as further degradation) are not singlestep reactions that could be described by conversion
functions from Table 1.
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Fig. 2 Conversion degree versus temperature, for individual degradation steps at different heating rates
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are equal when

da=dt
expðEa =RT Þ
:
ðda=dtÞa¼0:5 expðEa =RT0:5 Þ

–4

–4
20

f ðaÞ
f ð0:5Þ

an appropriate conversion function, f(a), is applied.
Figure 3 shows theoretical master plots of f(a)/f(0.5)
versus a, assuming various f(a) functions, together with
experimental plots

0

∆T/°C

∆T/°C

–2

60

ð7Þ

where f(0.5) is a constant for given conversion function.
Equation 7 means that, for selected a, the experimentally determined value of the reduced-generalized reaction
rate in the form

0 .6

80

∆m/%

∆m/%

80

In order to obtain the kinetic parameters for each degradation step, the a versus T data were modelled by different conversion functions [36]. The Arrhenius parameters
for every conversion function and for each heating rate
were evaluated by applying Coats–Redfern method [43]
(Table 1).
As can be seen from data in Table 1, although all correlation coefﬁcients are very close to 1, the Arrhenius
parameters for applied heating rates are highly variable
exhibiting a strong dependence on the selected conversion
function. This means that, under non-isothermal conditions, a = f(T) curves and Coats–Redfern’s method do not
permit to determine the true kinetic parameters as well as
the true conversion functions. This is due to the fact that
kinetic curves contain information about the temperature
and conversion components in non-separated form.
Having determined the values of apparent activation
energies, the conversion function for all three steps of the
degradation and theoretically proposed conversion functions [36], were reconstructed numerically by applying the
‘‘master plot’’ method [44]. According to this method, for a
single-step process, the following equation is easily derived
from Eq. 1 by using a reference point at a = 0.5
da=dt
expðEa =RT Þ
f ðaÞ
¼
ðda=dtÞa¼0:5 expðEa =RT0:5 Þ f ð0:5Þ

0 .8
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100
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400

Step 2

0.2

Fig. 1 TG (solid line) and DTA
(dashed line) curves of
[Co(N-Boc-gly)2(H2O)4]�2H2O
complex at different heating
rates in nitrogen
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Just like in our case, most solid-state reactions are not
simple one-step processes, but involve a combination of
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Table 1 Apparent activation parameters, according to the Coats–Redfern equation for all used conversion functions at different heating rates

ln Zb/
min-1

Eb/
kJ mol-1

b = 10/C min-1
r

ln Zb/
min-1

b = 15/C min-1

Eb/
kJ mol-1

r

lnZb/
min-1

E b/
kJ mol-1

b = 20/C min-1
r

ln Zb/
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E b/
kJ mol-1
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Fig. 3 Theoretical (lines) and calculated (symbols) master curves in
differential form representing f(a)/f(0.5) as a function of a for
different conversion functions describing solid-state reactions

serial and parallel elementary steps resulting in the activation energy that changes during the reaction; therefore
both Arrhenius parameters should be functions of the
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describing non-isothermal TG data for different heating rates, can be used to determine the kinetic parameters: apparent activation energies Ea,a and intercepts




ln ZRf ðaÞ=Ea;a or ln ZEa;a =RgðaÞ for selected conversion
degree, from Eqs. 5 and 6, respectively, without the
knowledge of the true conversion function. The calculated
values of the apparent activation energies, Ea, and intercepts as a function of the conversion degree are shown in
Figs. 4, 5 and 6. The values of kinetic parameters determined by both methods are in agreement within the limits
of experimental error. Very similar shape of corresponding
curves for each step suggests that the apparent activation
energy and intercept have a similar dependence on the
conversion degree. Once again, changes of the activation
energies and intercepts with conversion degree indicate
complex processes involving more than one step. On the
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conversion degree. Problems caused by a complex nature
of degradation steps could be solved by application of ‘‘the
model-free approach’’ [39–42].
According to this approach, the linear isoconversional
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Although isoconversional or model-free methods offer an
opportunity to establish the dependency of energy activation on conversion degree as well as the mechanism of
reaction, they do not give any information about the other
two members, Z and f(a), of the kinetic triplet. Therefore,
based on the conclusion that all three steps of degradation
are complex, the results of isoconversional methods (KAS
and FWO) are further combined with a model-independent
estimation of the pre-exponential factor using an artiﬁcial
(false) isokinetic relationship (IKR) [48].
Generally speaking, IKR is based on a common point of
intersection of Arrhenius lines [33]:

10

ð8Þ

where a = ln kiso and b = 1/RTiso, also known as ‘‘compensation parameters’’, are coordinates of the intersection
of point of Arrhenius lines. The subscript n refers to a
factor that produces a change in Arrhenius parameters. The
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Fig. 8 The dependence ln Aa versus a for all three steps of
degradation. (The values of Ea determined by KAS method are used)

Fig. 7 The dependences ln Aj versus Ej for individual steps of
degradation at heating rate 5 C min-1

where kiso is the isokinetic rate constant and Tiso is the
isokinetic temperature, and on a linear correlation:

35

5

Arrhenius lines resulting from the model-ﬁtting method,
Table 1, intersect at one point indicating that Arrhenius
parameters related to different reaction models will show a
linear correlation
ln Zj ¼ c þ dEj
where a subscript j denotes a reaction model.

ð9Þ

In Fig. 7 Arrhenius parameters, ln Zj, determined
according to the relation (9) for different conversion functions j from Table 1 at heating rate 5 C min-1, is presented
as an example. The obtained the linear dependences indicate the existence of the false compensation effect as it
deﬁned by (9). Having determined the compensation
parameters c and d, the Ea values are substituted for Ej in
Eq. 9 to estimate the corresponding ln Za, Fig. 8. A similarity with curves shown in Figs. 4, 5 and 6 is evident
conﬁrming the validity of the above assumed mechanisms.
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In the next degradation step (step 3), the dependence of
activation energy on conversion degree, Fig. 6a, shows an
overall drop. At the beginning, the activation energy
decreases from 242.6 kJ mol-1 (a = 0.05) to 188 kJ mol-1
(a = 0.2), then ﬂuctuates between 192 and 209 kJ mol-1,
and ﬁnally, starting from a = 0.9, drops to 86.7 kJ mol-1.
The decreasing trend with the change from concave to
convex shape of the curve (Fig. 6a) indicates a complex
process with a change in the limiting stage. In this case that
could be the change from kinetic to diffusion regime connected with the presence of gaseous products diffusing
through the solid product [46].

ln Aj /min

other hand, when curves for all three steps are compared to
each other, their different shapes (Figs. 4, 5 and 6) indicates a different mechanism, which is expected taking into
account the structure of the complex and the nature of the
degradation fragments [33]. In the case of complex processes involving the parallel reactions, as we have here, the
isoconversional methods give the activation energy that
reﬂect kinetics of entire process [34, 45]. At the beginning
(a = 0.1) where the ﬁrst reaction is predominant, the
obtained activation energy corresponds to the value of ﬁrst
reaction. Contrary, at the end of the process (a = 0.9)
where the second reaction prevails, the obtained activation
energy correspond to second reaction.
For dehydration of the complex, step 1, an increase and
then decrease of Ea as the reaction proceeds is observed,
Fig. 4a. In this case, the Ea,a increases from 81.8 kJ mol-1,
for a = 0.05, reaching the maximum of 104.3 kJ mol-1 at
a = 0.3, and then decreases to 74.5 kJ mol-1 at a = 1.0.
The observed convex shape of the function Ea = f(a)
indicates a complex process of dehydration of the complex
[16]. According to the algorithm described in Ref. [46], and
formula of the complex [Co(N-Boc-gly)2(H2O)4]2H2O
dehydration involves a series of competitive dehydration
steps of differently bound water molecules [16] complicated by diffusion [33].
For degradation of dehydrated complex, step 2 (Fig. 5a),
the Ea,a increases during the entire process, but at different
rates. In the beginning, the activation energy is
52.2 kJ mol-1. It increases quickly, reaching about
130 kJ mol-1 at a = 0.2, continues to increase slowly up
to a = 0.7 and ﬁnally rises sharply to 243 kJ mol-1 at
a = 0.9. This indicates a complex mechanism involving
parallel reactions [46]. In this step, the dehydrated complex
losses two identical C6H5CH2O– ligand fragments. The
products in gaseous state increase the overall pressure in
the reaction system, as can be expected for reaction
solid = solid ? gas [47]. So, an increase in pressure
enhances the reverse reaction, which shifts the overall
process of decomposition to higher temperatures, resulting
in an observed increase of the apparent activation energy.
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Conclusions
Thermal degradation of [Co(N-Boc-gly)2(H2O)4]2H2O is a
stepwise process involving one step of dehydration and two
steps of degradation of dehydrated complex. The transformations in each step cause changes in the structure and
chemical composition of investigated compound, affecting
the course of further degradation. In this case, all three
steps of thermal degradation, involving loss of differently
bounded water molecules (four in the internal and two in
the external sphere of the complex) and loss of different
fragments of the ligands, can be described using completely different reaction paths, affecting the shape of the
dependence of Arrhenius and isokinetic parameters on
conversion degree. These dependences show that all the
observed steps of thermal degradation of the investigated
compound are complex, involving more than one single
step, as can be expected for solid-state heterogeneous
reactions with solid reactants and a mixture of solid and
gaseous products. Combination of model-ﬁtting and
model-free approaches in non-isothermal experiments
allowed us to determine the Arrhenius parameters as well
as isokinetic parameters for different conversion degrees.
These results suggest the complex structure of each degradation step. However, the complex nature of each step
precludes the determination of the corresponding conversion functions, but, using the algorithm developed for
complex solid reactions based on the dependence of
Arrhenius parameters on conversion degree, we could
propose the mechanism for each of the observed steps. This
study shows that the criteria suggested by Vyazovkin for
polymeric, simple inorganic solids and glass materials [32,
33, 37, 46], could also be applied to very complex processes of degradation of coordination compounds and
allows determination of the mechanism and kinetics of
degradation. This will be the subject of our future studies
on another coordination compounds as model systems.
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QRQLVRWKHUPDOH[SHULPHQWDWFRQVWDQWKHDWLQJUDWH(TXDWLRQFDQEHWUDQVIRUPHGLQWR
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ZKHUH ȕ LV KHDWLQJ UDWH ȕ  G7GW DQG GĮGW ȕ GĮG7  5HDUUDQJLQJ DQG LQWHJUDWLQJ WKLV
HTXDWLRQLQWHJUDOIRUPRIWKHFRQYHUVLRQIXQFWLRQ J Į FDQEHGHULYHG
D
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ZKHUHS [ LVWKHWHPSHUDWXUHLQWHJUDOIRU[ (D57ZKLFKGRHVQRWKDYHDQDO\WLFDOVROXWLRQ




5HVXOWVDQGGLVFXVVLRQ


6WXG\RIWKHUPDOVWDELOLW\RI>&G 1%RFJO\  +2 @QFRRUGLQDWLRQSRO\PHUVKRZHG
WKDWLWZDVWKHUPDOO\VWDEOHXSWRDURXQGR&ZKHQPXOWLVWHSGHJUDGDWLRQRFFXUUHG )LJ 
6KLIW RI '6& DQG '7* SHDNV WR KLJKHU WHPSHUDWXUHV ZLWK LQFUHDVH LQ KHDWLQJ UDWH ZDV
REVHUYHGLQGLFDWLQJWKDWLQGLYLGXDOGHJUDGDWLRQSURFHVVHVDUHWKHUPDOO\DFWLYDWHG
7KHLQGLYLGXDOGHJUDGDWLRQSURFHVVHVZHUHLGHQWLILHGDFFRUGLQJWRPDVVORVVLQRUGHU
WR HVWDEOLVK WKH UHDFWLRQ PHFKDQLVP 6FKHPH   7KH ILUVW SURFHVV ZKLFK RFFXUUHG LQ WKH
WHPSHUDWXUHUDQJHR&ZDVLGHQWLILHGDVGHK\GUDWLRQLQZKLFKWZRFRRUGLQDWHGZDWHU
PROHFXOHV ZHUH UHOHDVHG IURP HDFK PRQRPHU XQLW 'HK\GUDWLRQ ZDV IROORZHG E\ IXUWKHU
GHJUDGDWLRQ ZKLFK LQYROYHG ORVV RI RQH 1%RFJO\ IUDJPHQW LQ WKH WHPSHUDWXUH UDQJH 
R& DQG RQH &+&+2 IUDJPHQW LQ WKH WHPSHUDWXUH UDQJH R& 'HJUDGDWLRQ
SURFHVVFRQWLQXHGDWKLJKHUWHPSHUDWXUHVEXWWKHHIIHFWZDVQRWZHOOGHILQHGLQWKHREWDLQHG
WKHUPRJUDPVDQGWKHUHIRUHLWZDVQRWIXUWKHUGLVFXVVHG
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)LJ7KHUPRJUDPVRIFRRUGLQDWLRQSRO\PHU>&G 1%RFJO\  +2 @Q D '6&DQG7*
FXUYHVDWȕ R&PLQí E 7*FXUYHVPHDVXUHGDWGLIIHUHQWKHDWLQJUDWHV
F '7*FXUYHVPHDVXUHGDWGLIIHUHQWKHDWLQJUDWHV





6FKHPH0HFKDQLVPRIWKHUPDOO\LQGXFHGGHJUDGDWLRQRIPRQRPHUXQLWRI&G 1%RF
JO\  +2 @QFRRUGLQDWLRQSRO\PHU

3URFHVV
 R &
>&G 1%RFJO\  +  2  @ 

o >&G 1%RFJO\  @  +  2 
3URFHVV
   R &
>&G 1%RFJO\  @ 
 o >&G 1%RFJO\ @  1%RFJO\ 
3URFHVV
  R &
 o >&G2& 2 &+  1+&2@  &  +  &+  2 
>&G 1%RFJO\ @ 


,QRUGHUWRLQYHVWLJDWHWKHUPDOO\LQGXFHGGHJUDGDWLRQRI>&G 1%RFJO\  +2 @QLQ
PRUH GHWDLO NLQHWLF SDUDPHWHUV RI LQGLYLGXDO SURFHVVHV ZHUH GHWHUPLQHG IURP '7* FXUYHV
DSSO\LQJGLIIHUHQWLVRFRQYHUVLRQDODQGQRQLVRFRQYHUVLRQDOPHWKRGV
)LUVWRYHUDOOYDOXHVRI$UUKHQLXVSDUDPHWHUVZHUHGHWHUPLQHGXVLQJ.LVVLQJHU¶VDQG
2]DZD¶V PHWKRGV >@ ZKLFK DUH EDVHG RQ GHSHQGHQFH RI SHDN WHPSHUDWXUH RQ KHDWLQJ
UDWH2EWDLQHGUHVXOWV 7DEOH, H[KLELWHGJRRGDFFRUGDQFHZLWKNLQHWLFSDUDPHWHUVGHVFULELQJ
RUJDQLF SRO\PHU GHJUDGDWLRQ ZKLFK KDYH EHHQ SXEOLVKHG LQ WKH OLWHUDWXUH >@ )XUWKHU
H[DPLQDWLRQZDVFRQGXFWHGE\DSSO\LQJ9\D]RYNLQ¶VDQG2UWHJD¶VLVRFRQYHUVLRQDOPHWKRGV
>@ZKLFK\LHOGWKHHIIHFWLYHYDOXHVRI(DDWYDULRXVĮ$FFRUGLQJWR9\D]RYNLQ¶VPHWKRG
>@(ĮLVGHWHUPLQHGIURPWKHPLQLPXPRIIXQFWLRQɎ (Į IRUDVHULHVRIPHDVXUHPHQWV
DWGLIIHUHQWKHDWLQJUDWHV
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ZKHUHLDQGMUHIHUWRLQGLYLGXDOKHDWLQJUDWHV2UWHJD¶VPHWKRG>@WDNHVLQWRDFFRXQWWKH
WZRILUVWWHUPVRI7D\ORU¶VVHULHVH[SDQVLRQRIǻS [Į  S [Į S [ĮǻĮ OHDGLQJWRH[SUHVVLRQ
(
E

FRQVWDQW  D L
OQ L
'7D L
57D L
 
ZKHUH ǻ7ĮL  7ĮL  7ĮǻĮL &RQVWDQW YDOXHV RI (D ZLWK UHVSHFW WR FRQYHUVLRQ GHJUHH ZHUH
REWDLQHGLQWKHFDVHRIGHK\GUDWLRQ )LJD VKRZLQJWKDWLWLVDVLQJOHVWHSSURFHVV2QWKH
RWKHUKDQGSURFHVVHVFRUUHVSRQGLQJWRIXUWKHUGHJUDGDWLRQH[KLELWHGFKDQJHLQ(DKLJKHUWKDQ
RI(DYDOXH )LJEDQGF VXJJHVWLQJWKDWWKHVHSURFHVVHVDUHFRPSOH[FRQVLVWLQJRI
VHYHUDO RYHUODSSLQJ VWHSV 7KH YDOXHV RI (D GHWHUPLQHG XVLQJ 9\D]RYNLQ¶V DQG 2UWHJD¶V
LVRFRQYHUVLRQDO PHWKRGV DV ZHOO DV .LVVLQJHU¶V DQG 2]DZD¶V PHWKRGV DUH LQ H[FHOOHQW
DJUHHPHQW
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7DE,2YHUDOOYDOXHVRINLQHWLFSDUDPHWHUVGHWHUPLQHGXVLQJ.LVVLQJHU¶VDQG2]DZD¶V
PHWKRGV

.LVVLQJHU¶VPHWKRG
2]DZD¶VPHWKRG



(D N-PRO  $ PLQ 
(D N-PRO  $ PLQ 
R

3URFHVV  &  
 Â

 Â
3URFHVV R&  
 Â 
 Â
R

3URFHVV  &  
 Â

 Â




)LJ(IIHFWLYHDFWLYDWLRQHQHUJLHVRILQGLYLGXDOSURFHVVHVRIGHJUDGDWLRQRI
>&G 1%RFJO\  +2 @QGHWHUPLQHGXVLQJ9\D]RYNLQ¶VDQG2UWHJD¶VLVRFRQYHUVLRQDO
PHWKRGV



8WLOL]DWLRQ RI PRGHOILWWLQJ DSSURDFK DFFRUGLQJ WR ZKLFK GLIIHUHQW IRUPV RI WKH
FRQYHUVLRQ IXQFWLRQ DUH LQWURGXFHG LQWR FHUWDLQ PRGHOILWWLQJ HTXDWLRQ DQG ILWWHG HQDEOHV
GHWHUPLQDWLRQ RI LQYDULDQW NLQHWLF SDUDPHWHUV ,.3  ZLWKRXW NQRZLQJ WKH WUXH PRGHO LI
LVRNLQHWLFUHODWLRQVKLSDSSOLHV8VLQJ&RDWV5HGIHUQHTXDWLRQ>@YDOXHVRI(DDQG$ZHUH
GHWHUPLQHG IRU YDULRXV NLQHWLF PRGHOV IRU DOO GHJUDGDWLRQ SURFHVVHV 7DEOH ,,  2EWDLQHG
NLQHWLFSDUDPHWHUVGLIIHUHGLQDZLGHUDQJHRIYDOXHVGHSHQGLQJRQDSSOLHGPRGHOEXWWKH\
ZHUH OLQHDUO\ FRUUHODWHG E\ ³FRPSHQVDWLRQ HIIHFW´ H[KLELWLQJ WKH H[LVWHQFH RI DUWLILFLDO
LVRNLQHWLFUHODWLRQVKLS )LJ ZKLFKFDQEHUHSUHVHQWHGE\
OQ$M DE(M  
ZKHUH D DQG E DUH LQWHUFHSW DQG VORSH RI WKH VWUDLJKW OLQH ZKLOH LQGH[ M UHIHUV WR UHDFWLRQ
PRGHO>@5HSHDWLQJWKLVSURFHGXUHRQGDWDVHWVREWDLQHGDWGLIIHUHQWKHDWLQJUDWHVSDLUVRI
SDUDPHWHUV D DQGE ZHUH REWDLQHG IRU HDFK KHDWLQJ UDWH /LQHDUUHODWLRQEHWZHHQSDUDPHWHUV
FRUUHVSRQGLQJWRGLIIHUHQWKHDWLQJUDWHVZDVHVWDEOLVKHG
Dȕ OQ$LQYEȕ(LQY  
ZKLFKLQGLFDWHGWKHH[LVWHQFHRIDUHDOLVRNLQHWLFUHODWLRQVKLS$FFRUGLQJWRWKLVUHODWLRQWKH
YDOXHVRILQYDULDQWNLQHWLFSDUDPHWHUVZHUHGHWHUPLQHG(LQY   N-PRO$LQY  
 ÂPLQIRUSURFHVV(LQY   N-PRO$LQY   ÂPLQIRUSURFHVV
DQG(LQY   N-PRO$LQY   ÂIRUSURFHVV


)LJ³&RPSHQVDWLRQHIIHFW´DFFRUGLQJWR$UUKHQLXVSORWVIRULQGLYLGXDOSURFHVVHVRI
GHJUDGDWLRQ
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7DE,,.LQHWLFSDUDPHWHUVREWDLQHGE\DSSO\LQJ&RDWV±5HGIHUQHTXDWLRQRQGLIIHUHQW
FRQYHUVLRQIXQFWLRQVDWKHDWLQJUDWHȕ R&PLQí
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,WZDVVXJJHVWHGWKDWWKHRFFXUUHQFHRIDUHDOLVRNLQHWLFUHODWLRQVKLSLVFRQQHFWHGZLWK
DUHVRQDQWYLEUDWLRQDOHQHUJ\H[FKDQJH>@ZLWKIUHTXHQF\
ȞLVR N%7LVRK  
ZKHUH N% LV%ROW]PDQQ FRQVWDQW DQG K LV 3ODQFN FRQVWDQW ,W XVXDOO\ FRUUHVSRQGV WR PLG RU
IDULQIUDUHG UHJLRQ RI WKH VSHFWUXP 8VLQJ WKH YDOXHV RI NLQHWLF SDUDPHWHUV REWDLQHG IRU
GLIIHUHQWNLQHWLFPRGHOV 7DEOH,, LVRNLQHWLFWHPSHUDWXUHZDVGHWHUPLQHGDVWKHLQWHUVHFWLRQ
SRLQWRIWKHVWUDLJKWOLQHVFRUUHVSRQGLQJWRLQGLYLGXDOPRGHOV )LJ DQGLWZDVHTXDOWR
 DQG R& IRU LQGLYLGXDO SURFHVVHV UHVSHFWLYHO\ 7KH YDOXHV RI UHVRQDQW YLEUDWLRQDO
IUHTXHQF\ZHUHWKHQFDOFXODWHGÂV FP IRUSURFHVVÂV FP 
IRU SURFHVV  DQG Â  FP  V IRU SURFHVV  7KH YDOXHV RI REWDLQHG YLEUDWLRQDO
IUHTXHQF\FDQEHDVVLJQHGWR&G2+FRRUGLQDWLRQERQGIRUSURFHVV&G2 2IURP1%RF
JO\+OLJDQG FRRUGLQDWLRQERQGIRUSURFHVVDQG&2FRYDOHQWERQGIRUSURFHVV>@







)LJ$UUKHQLXVOLQHVSORWWHGE\GDWDJLYHQLQ7DEOH,,IRULQGLYLGXDOSURFHVVHVRI
GHJUDGDWLRQDWKHDWLQJUDWHȕ R&PLQí

&RQFOXVLRQ


7KHFRRUGLQDWLRQSRO\PHU>&G 1%RFJO\  +2 @QH[KLELWHGPXOWLVWHSGHJUDGDWLRQ
DIWHU KHDWLQJ DW WHPSHUDWXUHV KLJKHU WKDQ R& ZKLFK LQFOXGHG FOHDUO\ GHILQHG SURFHVVHV RI
GHK\GUDWLRQ DQG UHOHDVH RI 1%RFJO\ DQG &+&+2 IUDJPHQWV $SSOLFDWLRQ RI
LVRFRQYHUVLRQDO PHWKRGV UHYHDOHG WKDW GHK\GUDWLRQ SURFHVV   ZDV D VLQJOHVWHS SURFHVV
ZKLOHWKHUHOHDVHRIIUDJPHQWV SURFHVVDQG ZHUHFRPSOH[SURFHVVHVLQYROYLQJVHYHUDO
RYHUODSSLQJVWHSV7KHREWDLQHGYDOXHVRIDSSDUHQWDFWLYDWLRQHQHUJ\IRUVHFRQGDQGWKLUGVWHS
RI  DQG  N-PRO UHVSHFWLYHO\ DGGLWLRQDOO\ VXSSRUW FRQFOXVLRQ WKDW WKH VHFRQG VWHS
FRUUHVSRQGWREUHDNLQJFRRUGLQDWLRQERQGZKLOHWKHWKLUGVWHSLVEUHDNLQJRIFRYDOHQWERQG
7KHH[LVWHQFHRILVRNLQHWLFUHODWLRQVKLSZDVREVHUYHGIRUDOOGHJUDGDWLRQSURFHVVHVDOORZLQJ
GHWHUPLQDWLRQ RI LQYDULDQW NLQHWLF SDUDPHWHUV 8VLQJ WKH REWDLQHG YDOXHV RI LVRNLQHWLF
WHPSHUDWXUHVUHVRQDQWYLEUDWLRQDOIUHTXHQFLHVZHUHIRXQGÂV FP IRUSURFHVV
ÂV FP IRUSURFHVVDQGÂ FP VIRUSURFHVVZKLFKFDQ
EH DVVLJQHG WR &G2+ FRRUGLQDWLRQ ERQG &G2 2 IURP 1%RFJO\+ OLJDQG  FRRUGLQDWLRQ
ERQGDQG&2FRYDOHQWERQGUHVSHFWLYHO\



$FNQRZOHGJHPHQW


7KHUHVHDUFKKDVEHHQVXSSRUWHGE\WKH0LQLVWU\RI(GXFDWLRQDQG6FLHQFHRI6HUELD
XQGHU3URMHFW
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a b s t r a c t
Crystal structure of the title compound: [Cu2(bipy)2(pht)2]�4H2O (bipy = 2,20 -bipyridine, pht = dianion of
phthalic acid), CuBP�4H2O, consists of dinuclear entities, which are further connected by p–p stacking
interactions between bipy ligands. In this way small channels (micropores) oriented parallel to the
[0 0 1] direction and containing loosely hydrogen bonded water molecules are formed. The structural
changes during dehydration–rehydration have been thoroughly investigated using TG/DSC analysis,
FT-IR spectroscopy, X-ray powder diffraction, optical and scanning electron microscopy, and sorption
experiments. In addition, dehydration process was analyzed from the aspect of kinetics. A complete
reversibility of the dehydration–rehydration CuBP�4H2O(s)  CuBP(s) + 4H2O(g) process was conﬁrmed
by all means. Therefore, CuBP�4H2O can be classiﬁed as molecular sieve with quite unexpected
zero-dimensional structure.

compounds [17–20,23,25–28]. Some of MOFs do not retain their
crystallinity upon dehydration [17,25,29–31]. Other compounds
retain their crystallinity with changing the structure in so-called
crystal-to-crystal transformations [19,22,32,33]. Compounds from
the third group are rigid and behave as molecular sieves without
changing the structure and unit cell parameters during dehydration and rehydration [21,23]. However, no one of described 0D
compounds retains the same crystal structure after dehydration
or after repeated dehydration–hydration cycles.
During our studies on the mixed-ligand TM complexes with pht
and Hpht ions [34–37], two polymorphs of Cu(II) complex with
2,20 -bipyridine (bipy) and pht ions: [Cu2(bipy)2(pht)2]�4H2O,
CuBP�4H2O [36], and {[Cu2(bipy)2(H2O)(pht)2]�3H2O}n [37], synthesized under different pH values were reported. The ﬁrst complex,
CuBP�4H2O, was obtained at pH � 4 and the reversibility of
dehydration–rehydration process was previously detected [36],
but not investigated in detail.
Although the structure of the CuBP�4H2O complex has already
been described [36], many ﬁne details about the occupancy of
guest water molecules and hydrogen bonding are still missing.
For example, the earlier structure reﬁnement resulted in formula
[Cu2(bipy)2(pht)2]�2H2O, but TG analysis indicated the presence
of four water molecules per dimeric formula unit. This, together
with a complete reversibility of dehydration process, motivated
us to re-determine the crystal structure using carefully collected
data. Hydrated and dehydrated species are thoroughly characterized by optical and electron microscopy, FT-IR spectroscopy,
X-ray powder diffraction, magnetic susceptibility measurements
and TG/DSC techniques, as well as their sorption properties.
Besides, kinetics of dehydration process was analyzed in detail.
2. Experimental
2.1. Materials and general methods

new terms: molecular porous materials (MPMs) [7] or nanoporous
molecular crystals (NMCs) [6] have been established. These terms
are used for solids built of porous discrete molecules between
which there are only non-covalent interactions. Therefore, 0D TM
compounds could also be classiﬁed as MPMs, being a subclass of
MOFs. The versatility and structural diversity of MOFs have already
been discussed [8,9], especially for those ones that are copperbased [10–23].
A large class are MOFs containing aromatic polycarboxylate
ligands, due to their diverse coordination modes and bridging
capacity giving rise to a great number of polymeric and polynuclear complexes. Well-known polycarboxylate ligands are dianions
of phthalic, isophthalic and terephthalic acids. For example, the
ability of phthalate ions (pht) to coordinate in a number of ways
is directly related to the existence of different crystal structures
[24]. In addition, pht ions usually participate in hydrogen bonding
and p–p stacking interactions, which stabilize crystal lattices by
building layered 2D structures and 3D networks.
In many cases water has an essential role in MOF’s chemistry
due to its ability to act as solvent, water of crystallization or ligand.
Therefore, the structural changes that occur under the inﬂuence of
water could be great and of high importance. On the other hand, in
the literature there are only a few examples exhibiting a completely
reversible dehydration when MOFs are exposed to the atmosphere
after the evacuation or drying. Most of the reports explain the effect
of water exposure and the consequent adsorptivity of these

1. Introduction
Materials which contain pores or channels that penetrate their
structure and that are large enough to enable diffusion of guest
molecules are porous solids. These materials are classiﬁed into
three main categories based on the pore size: ‘‘macroporous’’
(>50 nm) solids include materials such as sponges and pumices,
‘‘mesoporous’’ (2–50 nm) solids incorporate, for example, silica
gel, whereas ‘‘microporous’’ (0.2–2 nm) solids include zeolites
and metal–organic frameworks (MOFs) [1,2].
The rapid development of MOF chemistry is associated with a
wide range of their applicability in very various ﬁelds. As a relatively new class of porous materials, MOFs cover the following
areas of application: materials for gas storage, gas/vapor separation, catalysis, luminescence, and drug delivery [3–5]. The design
and preparation of transition metal (TM) complexes result in an
extremely wide range of discrete zero-dimensional (0D) compounds, and inﬁnite one- (1D), two- (2D) or three-dimensional
(3D) frameworks with enormously different structural features.
In respect to MOFs, sometimes also called porous coordination
polymers (PCPs) [6], which usually include 1D, 2D and 3D
structures composed of covalent or coordination bonds, recently

⇑ Corresponding author. Tel.: +381 11 3370477; fax: +381 11 3370387.
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All chemicals used in the synthesis were of analytical grade and
were used as purchased. Infrared spectra in the 4000–600 cm�1
range were recorded on a Bomem MB-100, Hartmann Braun FTIR spectrophotometer using KBr pellets. The TG/DSC analysis of
samples was carried out on an SDT Q600 instrument (TA Instruments) up to 800 C in N2 atmosphere (ﬂow rate: 100 cm3 min�1;
heating rate: 20 C min�1). For analyzing kinetics of dehydration
TG data were collected under the same conditions from room
temperature to 150 C with heating rates 5, 10 and 15 C min�1.
X-ray powder diffraction (XRPD) data were collected over the
range 5 < 2h < 90 (step scan: 0.50 s, step width: 0.022h) at room
temperature using an ITAL STRUCTURES APD2000 X-ray diffractometer with Cu Ka radiation (k = 1.5418 Å). Room temperature
magnetic susceptibility measurements were performed on an
MSB-MK1 balance (Sherwood Scientiﬁc Ltd., Cambridge, UK). The
data were corrected for diamagnetism. Nitrogen adsorption–
desorption isotherms were determined using Micromeritics ASAP
2020 instrument. The sample was ﬁrst degassed and dehydrated
at 30 C for 10 h under reduced pressure. The speciﬁc surface area
was calculated using the Brunauer–Emmett–Teller (BET) method
from the linear part of the nitrogen adsorption isotherm. Carbon
dioxide uptake at 25 C was determined on a Sorptomatic instrument (Thermo Electron Corporation), after degassing the sample
overnight under high vacuum at 95 C. The morphology of single
crystals was characterized using scanning electron microscope
VEGA TS 5130MM (Vega Tescan).

concentration of precursors. To a stirred solution containing
0.01 mol of copper(II) nitrate in 200 cm3 of water a solution of
1.56 g (0.01 mol) of 2,20 -bipyridine (bipy) in 10 cm3 of ethanol
was added slowly at room temperature. Then 100 cm3 of
0.01 mol dm�3 of Na2pht was added dropwise. After all the Na2pht
solution has been added, the mixture became turbid and the
precipitate has been quickly formed. The stirring was continued
for 45 min. After standing for 48 h the residue was ﬁltered off
and washed with distilled water and ether (yield 78.3%). The compound prepared by this method is a blue microcrystalline and very
loose powder, which is partially soluble in EtOH. Single crystals
were prepared following the same procedure and molar ratio,
but with ten times smaller concentration of precursors. After
48 h the formation of ﬁrst crystals was noticed, and after 72 h
numerous blue, rod-like crystals were formed.
2.3. Crystal structure determination and reﬁnement
Single-crystal X-ray diffraction data were collected on an
Oxford Gemini S diffractometer equipped with CCD detector;
monochromatized Cu Ka radiation (k = 1.5418 Å) was applied.
Intensities were corrected for absorption using the multi-scan
method. The structure was solved by direct methods (SIR92) [38]
and reﬁned on F2 by full-matrix least-squares using the programs
SHELXL-2013 [39] and WINGX [40]. All non-hydrogen atoms were
reﬁned anisotropically.
The full occupancy of H2O5 water molecule was conﬁrmed by a
signiﬁcant decrease of agreement indices when its site occupancy
factor (sof) was ascribed to one. Another H2O6 molecule is split
over two positions and the corresponding sofs were also reﬁned.
In an independent and free reﬁnement sofs of water O atoms were
also tested; this yielded the value of 4.00(2) for overall water
content per dinuclear CuBP�4H2O unit, with the occupation of O5
slightly underestimated: 0.93(1), and overall occupation of
O6A + O6B slightly overestimated: 1.07(2). Positions of H atoms
connected to the C atoms were calculated on geometric criteria
and reﬁned using the riding model with Uiso = 1.2Ueq(C). Coordinates of H atoms from solvent water molecules were determined
by combining geometric and force-ﬁeld calculations [41]. The
reﬁnement of their coordinates was unstable, so they were added
in the last cycles of reﬁnement with ﬁxed coordinates and
Uiso = 1.5Ueq(O). Selected crystal data and reﬁnement results are
listed in Table 1.
2.4. Dehydration–hydration tests
About 1 g of CuBP�4H2O was ﬁrst heated in oven at 105 C for
2 h, cooled in a desiccator, weighted, and then XRPD data were
recorded. The dehydrated sample was next left in air at ambient
conditions until its mass acquired a new constant value by absorbing atmospheric moisture; this typically required 48 h. The
treatment described was repeated 5 times on the same sample.
Mass loss during dehydration was 8.85–8.92% (calc. for CuBP�4H2O
8.58%), while mass gain after rehydration varied between 8.64 and
9.04%. The corresponding unit cell parameters were calculated
from XRPD data using 15–20 the most prominent and wellseparated diffraction maxima in the 5–402h range.
3. Results and discussions
3.1. Description of the crystal structure

2.2. Synthesis of [Cu2(bipy)2(pht)2]�4H2O, CuBP�4H2O
Two forms of the complex, powder and single crystals were
prepared. The main parameter for obtaining desired form is the

Since general structural characteristics of the CuBP�4H2O
complex are known [36], here only a short overview with some
additional details will be given. Due to combined, chelating and
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Table 1
Crystal data and reﬁnement results for CuBP4H2O.
Chemical formula
Formula weight
T (K)
k (Å)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
a ()
b ()
c ()
V (Å3)
Z
qcalc (g cm3)
l (mm1)
F(0 0 0)
Crystal size (mm3)
Rint
Goodness of ﬁt (GOF) on F2
R1, wR2 [I > 2r(I)]
R1, wR2 (all data)
Largest difference peak and hole (e Å3)

J. Zdravković et al. / Polyhedron 80 (2014) 256–264
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to the center of channels, could be further split. This means that a
highly diffuse electron density is present in the channels.
As shown in Fig. 3, the solvent water molecules are hydrogenbonded to each other and to the O3 and O4 atoms oriented toward
the channels interior. In this way a centrosymmetric motif of
hydrogen bonds is formed. Although the geometry of water molecules seems satisfactory, only one hydrogen bond, O5–H5B  O6B,
is of ‘‘normal’’ length [2.67(2) Å], while all others are long and
weak. This should explain an easy dehydration of the complex, as
described later. Numerous long C–H  O contacts (C  O distances
from 3.14 to 3.86 Å), which could play some role in the structure
stabilization, also exist. Additional factors in the stabilization of
the structure are p–p stacking interactions. Both pyridine rings
from centrosymmetrically related bipy ligands are involved in
these interactions, which belong to the parallel-displaced type
(Fig. 4). With atom-to-centroid distances of about 3.6, and
centroid-to-centroid distances of 3.76 Å they can be described as
interactions of medium strength. However, these interactions are
the only operating when the complex is in anhydrous form.

Table 2
Selected bond distances (Å) in CuBP4H2O.
C36H32Cu2N4O12
839.74
295
1.5418
monoclinic
P21/n
15.6629(2)
12.8727(2)
8.8367(1)
90
100.602(2)
90
1751.39(4)
2
1.592
2.117
860
0.29  0.05  0.04
0.016
1.042
0.0310, 0.0893
0.0336, 0.0916
0.302, 0.332

Cu1–O1
Cu1–O2
Cu1–N2
Cu1–N1
Cu1–O2

i

1.909(1)
1.952(1)
1.987(2)
2.001(1)
2.421(1)

C11–O1
C11–O3
C18–O2
C18–O4

1.268(2)
1.227(3)
1.288(2)
1.222(2)

Symmetry code: (i) 2  x, y, 1  z.

bridging behavior of the tridentate pht ions, the complex consists
of butterﬂy-like, dinuclear and centrosymmetric [Cu2(bipy)2(pht)2]
units (Fig. 1). The Cu–Cu distance is 3.4445(4) Å, which is apparently too long for strong Cu  Cu magnetic coupling, as conﬁrmed
by the value of the effective magnetic moment of 1.84 B.M. at room
temperature. Very similar dinuclear complex [Cu2(Hsal)(sal)
(bipy)2]ClO4 containing simultaneously hydrogen salicylate (Hsal)
and salicylate (sal) ions was described previously [42].
Within one [Cu(bipy)(pht)] subunit, the angle between mean
planes of pht aromatic ring and bipy is 76.3, while within dinuclear unit two aromatic rings and two bipy ligands are perfectly
coplanar. The Cu(II) is in a deformed square pyramidal environment with expected axial Cu1–O2 distance [2.421(1) Å] longer
than Cu1–O distances in the equatorial plane (Table 2). Rather different C–O bonds should also be noticed: C18–O2 bond distance is
the longest, since the O2 is coordinated as monobridge, C11–O1
distance is as expected, while the other two distances, C11–O3
and C18–O4, are very short [1.227(3) and 1.222(2) Å], and close

to the values expected for double C@O bonds found, for example,
in H2pht [43].
The conformation of pht ions is also very interesting. Namely,
there are two possible conformations when entire pht ion acts as
a chelating ligand: in both cases COO groups are inclined in
opposite sides with respect to the aromatic ring, but the planes
of aromatic ring and triangular O–TM–O unit in the coordination
polyhedron could be either approximately coplanar or perpendicular to each other. In our case the angle between aromatic ring and
O–Cu–O unit is 83.9. A survey of the Cambridge Structural
Database, CSD [44] showed that among about 150 pht-containing
TM complexes there are only 18 with chelating pht ligand and
almost all of them have the same conformation. There are just
two Cu(II) complexes of this type: Ba[Cu(H2O)2(pht)2]2H2O [45]
and Sr[Cu(pht)2]3H2O [46]. Although few additional examples
can be found among the main group elements as central atoms,
e.g. (C6H14NO)2[Be(pht)2] [47], or even among derivatives containing at least two COO groups in ortho position, e.g. in a Cu(II)
complex with benzene-1,2,3-tricarboxylate ligand [48], such manner of coordination is quite uncommon. Actually, the most similar
complex is [Zn2(Cpht)2L2]6H2O (Cpht = 4-carboxyphthalate ion,
L = 1-ethyl-6-ﬂuoro-1,4-dihydro-4-oxo-7-(piperazin-1-yl)quinoline3-carboxylate), where Cpht is three-coordinated in the same way
making centrosymmetric dinuclear units with short Zn  Zn
contacts of 3.354(1) Å [49].
The crystal packing (Fig. 2) is of special interest here. The complex units are arranged in columns, making narrow, approximately
elliptical channels parallel to the [0 0 1] direction. The channel
dimensions are: about 9.2  4.2 Å, measured as distances between
the opposite O atoms, and about 6.2  1.2 Å, if van der Waals radii
are taken into account. As calculated by the program PLATON [50],
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Fig. 3. Geometry (Å, ) of hydrogen bonds (left) and of the solvent water molecules
(right).

3.2. Thermal stability of CuBP4H2O
TG, DTG and DSC curves (Fig. 5) reveal that CuBP4H2O decomposes in three steps of which the second and third one are highly
overlapped. In the ﬁrst step, loss of solvent water molecules,

Fig. 4. Geometry of p–p stacking interactions (distances are in Å).

Fig. 1. Dinuclear [Cu2(bipy)2(pht)2] unit with atomic numbering scheme. (Displacement ellipsoids are plotted at the 25% probability level. Symmetry code: (i) 2  x,
y, 1  z.).

Fig. 2. A projection of CuBP4H2O showing the crystal packing and channels
extending along [0 0 1] direction (a axis right, b axis down). Solvent water molecules
are shown using displacement ellipsoids.

the total volume of channels is 258.3 Å3, which represents 14.7% of
the unit cell volume. The channels contain four water molecules
per [Cu2(bipy)2(pht)2] unit. This is important, because in the previous structure determination [36] it was not possible to determine
the exact number of solvent water molecules, due to their high
displacement parameters that are conﬁrmed in this study too.
The H2O5 molecule is fully occupied, while another water molecule
is disordered over two sites with 0.59(2) and 0.41(2) occupancy for
H2O6A and H2O6B, respectively, and the distance between them of
1.12(2) Å (Fig. 1). At the same time, during the reﬁnement, the
program suggested that H2O6 molecules, which are situated closer
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Fig. 5. Parts of TG and DTG (a) and DSC (b) curves of CuBP4H2O (exotherm up).
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ger than H2O diameter [62]. In conclusion, CuBP�4H2O may be
described as a strongly selective adsorbent for water molecules
with an easy dehydration/rehydration occurring around the room
temperature.
To our best knowledge, there are only two similar 0D complexes
with more or less reversible dehydration/rehydration processes.
The ﬁrst one is [Ni(HL)Cl]2�5H2O with a Schiff base ligand H2L,
where H2L is N,N0 -(2-hydroxy)propylenebis(2-imino-3-oximino)butane [32]. If possible stacking interactions between condensed chelate rings are taken into account, the structure of this
complex could be described as layered with water molecules
situated between the layers. After dehydration the structure is
changed with a strong amorphous halo present in the XRPD pattern, but it regenerates after re-absorption of water molecules.
Similarly, dinuclear [Cu2(l-bpypz)2Br1.25(H2O)0.75]Br0.75�2.25H2O,
contains a large planar 3,5-di(2-pyridyl)pyrazole (Hbpypz) ligand
[22], which enables strong p–p stacking interactions making
dimeric units. This complex dehydrates in two steps and reversibly
re-absorbs water molecules, but the structures of hydrated and
fully dehydrated compound are again different. Therefore, here
described CuBP�4H2O is the unique MOF (or MPM) with singlecrystal-to-single-crystal transformation and not changing the
structure after removal of guest water molecules. Its distinctive
property that retains 0D structure upon dehydration–rehydration
cycles is due to ﬂexible and ‘‘breathing’’ MOF based on p–p
stacking interactions only.

Table 3
Thermodynamics and overall kinetic parameters for dehydration of CuBP4H2O
(b = 15 C min–1).
Dehydration temperature range (C)
DSC peak temperature Tm (C)
DH (kJ mol–1)
Ea (kJ mol–1) (Kissinger; Ozawa)
A (min–1) (Kissinger; Ozawa)

DS# (J mol–1 K–1)
DG# (kJ mol–1)

30–100
81.0
133.3
84.0 ± 8.0; 85.3 ± 8.0
5.71012 ± 1.01012;
9.81012 ± 1.01012
4.4
85.6

accompanied by an expected endothermic effect, occurs between
30 and 100 C. An excellent agreement between the experimental
and calculated values was observed for the loss of water molecules
(found 8.7%; calc. 8.6%). The anhydrous compound is stable up to
209 C, and its decomposition mainly occurs up to 280 C, with
further very low slope of TG curve. The inﬂection point indicates
that decomposition starts as a process of decarboxylation (found
16.2%; calc. 17.1%), which is quite common for similar complexes
[51–53]. The overall residue at 800 C is 24.9%, which is higher
than expected for CuO (calc. 18.9%), Cu2O (calc. 17.0%) or Cu (calc.
15.1%), showed that decomposition is not completed yet.
A summary of thermodynamic and kinetic parameters is given
in Table 3. Overall kinetic parameters for dehydration of CuBP4H2O
have been determined using Kissinger [54] and Ozawa equations
[55]. A good agreement of Ea and A values calculated by Kissinger
and Ozawa equation conﬁrmed the reliability of results. These values are well within limits found for dehydration of TM complexes
and inorganic salts [56]. Taking into account that four water molecules in CuBP4H2O formula unit participate in eight independent
hydrogen bonds (Fig. 3), breaking one hydrogen bond requires
about 17 kJ mol1. This is very close to the value of 16 kJ mol1
found previously in a series of similar TM complexes with anions
of terephthalic acid [57]. At the same time, the slightly negative
DS# value indicates that the activated state is less disordered compared to the initial state [58]. This, together with low dehydration
temperature, should be related to the disorder of solvent water
molecules, as shown by crystal structure determination.

Fig. 7. FT-IR spectrum of CuBP4H2O.

ing. The bands in the ﬁngerprint region are in accordance with
the ligands present [35]. In the spectrum of H2pht two strong
bands attributed to the asymmetrical, mas, and symmetrical, ms,
stretching of COOH groups are found at 1687 and 1280 cm1,
respectively [59]. When COOH groups are ionized, these bands
are much closer to each other, and the separation between them,
Dm, allows distinguishing coordination modes (monodentate,
bridging, chelating, combined) of COO groups [60]. In CuBP4H2O,
the corresponding frequencies are: mas(COO) = 1605 cm1 and
ms(COO)= 1382 cm1, giving Dm = 223 cm1. When compared with
Dm (= 146 cm1) for the pure ionic K2pht salt [61], such high value
strongly supports monodentate coordination, which is in agreement with the crystal structure determination and exceptionally
short C11–O3 and C18–O4 bond distances (Table 2).
It should be noticed that attempts to trace FT-IR spectrum of the
completely dehydrated product were not successful, since the
sample quickly absorbed atmospheric moisture during grinding
with KBr. This show how high is the CuBP afﬁnity toward water
molecules. However, the positions of COO vibrations in this partially dehydrated sample were practically the same as in CuBP4H2O,
therefore no change of COO coordination modes was observed.
As described in Experimental, mass changes during dehydration–rehydration experiments strongly indicated a complete
reversibility of this process, which was also monitored by XRPD
(Fig. 8). First, XRPD data veriﬁed the identity of as-prepared single
crystals and microcrystalline product, only the latter expressed
preferred orientation parallel to the 1 0 1 plane. Second, XRPD
results conﬁrmed the reversibility of the process, since within
groups of hydrated and dehydrated samples diffractograms are
identical to each other, and no signiﬁcant changes of unit cell

3.3. Structural evolution upon dehydration and rehydration
Dehydration does not cause demolition of CuBP4H2O single
crystals, they still stay compact with only small cracks on crystal
surfaces (Fig. 6), produced due to escape of guest water molecules
and shrinkage of the unit cell (see below). Further changes were
not observed during rehydration of the same sample.
The FT-IR spectrum of CuBP4H2O (Fig. 7) shows strong and
broad absorption band centered at 3444 cm1 due to OH stretch-
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Fig. 8. Part of XRPD patterns of CuBP�4H2O/CuBP: simulated pattern calculated
from single-crystal data (a), as-prepared (b), once dehydrated (c) and rehydrated (d)
sample, regenerated (e) and dehydrated (f) sample after the 5th cycle. The pattern
(g) shows the simultaneous presence of both phases during hot and dry summer
days.

parameters were found (Table 4). In dehydrated samples, diffraction maxima are shifted toward higher 2h angles, showing an
expected shrinkage of the unit cell volume for �12.5%. This is close
to 14.7% as the volume of channels calculated from structural data.
There is a gradual broadening of the diffraction maxima as the
number of dehydration–rehydration cycles increases. This is
followed by a reduction of crystallite sizes and/or increase of lattice
strain during experiments (Table 4). Finally, the last diffractogram
(Fig. 8g) shows the simultaneous presence of CuBP�4H2O and CuBP
phase under speciﬁc ambient conditions. This diagram, together
with the results of FT-IR spectroscopy, indicates that CuBP�4H2
O(s)  CuBP(s) + 4H2O(g) equilibrium is placed about room temperature and can be easily shifted even depending of atmospheric
conditions.
Sorption experiments with N2 and CO2 were performed in order
to test the permanent porosity of CuBP�4H2O. The experimental
adsorption isotherm for N2 (Fig. 9a) can be classiﬁed as Type II,
while the hysteresis points out to the capillary condensation.
Together with a low amount of adsorbed N2 (about 0.45 mmol g�1)
and low BET surface area (4.36 m2 g�1), this showed no inclusion of
N2 into the micropores. An analogous behavior was observed previously for one microporous Cu(I) complex with dianion of 2,3-pyrazinedicarboxylic acid [21] and it was explained by different
polarity of N2 and H2O. As shown in Fig. 9b, the amount of adsorbed
CO2 was even lower (about 0.16 mmol g�1), so CuBP�4H2O does not
seem to be a good candidate for CO2 adsorption, particularly when
compared to some recently reviewed compounds [6]. Thus, low N2
and CO2 adsorption are as expected, since the effective kinetic
diameters of CO2 and N2 are similar, and they are signiﬁcantly lar-

3.4. Kinetic analysis of reversible dehydration
The thermal dehydration of CuBP�4H2O has been selected for
more detailed study due to its quite unusual properties as
described above. There are several earlier studies analyzing
thermal behavior of Cu(II) carboxylates [63–65]. They have been
usually applied isothermal approach to the kinetics of degradation
with emphasis on the decomposition of anhydrous salts. In general,
dehydration is reversible and a complex mechanism should be
expected [66].
The kinetic analysis of dehydration process has been done
under non-isothermal conditions using TG/DTG data obtained at
three heating rates (b = 5, 10 and 15 C min�1). The mass loss is
independent of the heating rate (Fig. 10a) and the maxima of
DTG peaks are shifted toward higher temperatures with increasing
heating rate, demonstrating thermally activated dehydration
process (Fig. 10b).
The rate of dehydration under non-isothermal conditions has
been represented by the relation:

da
¼ kðTÞ � f ðaÞ
dt
where a is the conversion, t is time (min), k(T) is the rate constant,
f(a) is the conversion function dependent on the mechanism of
reaction, and T is the absolute temperature (K).

Table 4
Unit cell parameters and crystallite size of hydrated and dehydrated complexes.

a

Fig. 6. (a) Single crystal of as-prepared CuBP4H2O, (b) single crystal dehydrated during recording SEM data.

Sample

a (Å)

b (Å)

c (Å)

b ()

V (Å3)

<D>(nm)a

CuBP�4H2O
Single crystal data
Powder diffraction data
Once rehydrated
5 times rehydrated

15.6629(2)
15.697(3)
15.686(3)
15.660(2)

12.8727(2)
12.886(1)
12.866(2)
13.171(2)

8.8367(1)
8.840(1)
8.876(2)
8.731(1)

100.602(2)
100.26(1)
100.41(2)
99.23(2)

1751.39(4)
1759.0(4)
1761.8(6)
1759.5(4)

–
86(2)
69(2)
57(1)

CuBP
Once dehydrated
5 times dehydrated

14.787(5)
14.721(3)

12.088(2)
12.105(2)

8.776(2)
8.756(3)

100.90(3)
100.14(4)

1540.4(7)
1535.9(7)

89(3)
47(1)

Calculated by Scherrer’s formula.
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0.15 < a < 0.9. Therefore, the comparison between model-free and
model-ﬁtting results showed that the one-dimensional phase
boundary model, R1, is a model that best describes the dehydration
process. This model is quite common for hydrates, where intracrystalline water is lost without signiﬁcant modiﬁcations of the
reactant structure [72].
As we already mentioned, crystal structure of CuBP4H2O is
maintained after dehydration and this reaction is zero order.
According to Galwey [73], there are six types of dehydration based
on structural criteria, where each group is further divided into subgroups. On the basis of this classiﬁcation, dehydration of CuBP4H2O
belongs to the group characteristic for zeolites and some crystalohydrates. Unlike zeolites, where the kinetic of water escape is
mainly related to the diffusion control, in the case of CuBP4H2O
solid-state dehydration may be attributed to the surface desorption control due to high hygroscopicity and high mobility of water
vacancies [73].

Fig. 9. Low-pressure (a) N2 adsorption–desorption isotherm and (b) CO2 adsorption isotherm for CuBP4H2O.

differ by an order of magnitude [66]. Therefore, the selection of
an appropriate model has been often difﬁcult. The model-free
approach, also known as ‘‘isoconversional methods’’, was used to
choose the reaction model by comparing the calculated activation
energies to that predicted by the model-ﬁtting approach [66,67]. In
this study, widely accepted Kissinger–Ahakira–Sunose isoconversional method [54,68] was used. This yielded the proﬁle of apparent activation energy, Ea versus conversion, a, as shown in Fig. 11.
According to Vyazovkin and Linert [69], the decreasing dependence
of Ea versus a is characteristic for reversible process which is also
conﬁrmed in this case.
Model-ﬁtting analysis was performed using the integral kinetic
function with the Coats–Redfern approximation [70]. The best
models at heating rate b = 5 C min1 are presented in Table 5 on
the basis of R2 values. However, Ea value for the correct model
should match the Ea calculated from the model-free approach.
From Fig. 10, the mean value of Ea is around 80 ± 5 kJ mol1 for

4. Conclusions
The crystal structure of CuBP4H2O consists of dinuclear and
centrosymmetric [Cu2(bipy)2(pht)2] units with pht ion coordinated
as tridentate ligand. In the crystal packing, small channels parallel
to the [0 0 1] direction containing partially disordered water
molecules are produced. The dinuclear units are held together by
p–p stacking interactions between bipy ligands, while water molecules are hydrogen-bonded by long and weak bonds. Therefore,
the crystal lattice is not the rigid one, and the reaction mechanism
of dehydration could be described by the one-dimensional phase
boundary model (R1).
We have shown that the synthesized complex undergoes a
completely reversible CuBP4H2O(s)  CuBP(s) + 4H2O(g) process
without disrupting the structure during dehydration–rehydration
under ambient conditions. Thus, the complex is unique among
MOFs (or MPMs) because its 0D structure retains upon hydration–dehydration cycles and can be regarded as a molecular sieve.
This study provides a promising course in the synthesis of large
polydentate ligands with extended planarity and delocalized
p-electrons. In this way, the corresponding TM complexes and
resulting framework structures could exhibit remarkable and
useful properties, like CuBP4H2O.
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Fig. 11. Activation energy, Ea, versus conversion, a, for the dehydration of
CuBP4H2O calculated using model-free approach.

Fig. 10. TG (a) and DTG (b) curves for different heating rates, b = 5, 10 and
15 C min1.

Table 5
Pre-exponential factor, A, and activation energy, Ea, for the non-isothermal dehydration of CuBP4H2O at b = 5 C min–1 ﬁtted to various models [71].

For kinetic analysis under non-isothermal conditions a combination of model-free and model-ﬁtting approach were used. The
ﬁrst one generates the activation energy as a function of reaction
progress without model assumptions, while the second one
determines the kinetic triplet (model, pre-exponential factor and
activation energy). Well-known problems with model-ﬁtting
approach are that several models can provide a high correlation
coefﬁcient, whereas the ﬁtted kinetic parameters, Ea and A, may

Model

ln A (min–1)

Ea (kJ mol–1)

R2

A2
A3
A4
B1
P2
P3
P4
P2/3
R1
R2

20.0 ± 0.4
11.8 ± 0.3
7.6 ± 0.2
74.6 ± 9
11.9 ± 1
6.2 ± 0.6
3.3 ± 0.5
17.3 ± 1.3
28.1 ± 1.9
34.4 ± 1.5

59.3 ± 1.1
37.7 ± 0.7
26.7 ± 0.6
210.4 ± 25.4
38.4 ± 2.7
23.8 ± 1.8
16.4 ± 1.4
53.1 ± 3.6
82.4 ± 4.2
100.8 ± 4.2

0.969
0.990
0.997
0.988
0.987
0.977
0.970
0.992
0.991
0.959

Appendix A. Supplementary data
CCDC 978724 contains the supplementary crystallographic data
for CuBP4H2O complex. These data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223 336 033; or e-mail:
deposit@ccdc.cam.ac.uk.
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Thermal stability of a series of palladium(II) complexes with N-heteroaromatic bidentate hydrazone
ligands was investigated using a combination of experimental measurements and DFT calculations. All
complexes exhibit a reversible second-order transition around 333 K, which can be attributed to
structural reorganization of the ligand molecules. Thermal degradation begins in 570–610 K temperature
region, with an endothermic peak, followed by exothermic peaks in DSC. TG measurements show a
well-deﬁned mass loss corresponding to the initial degradation, while subsequent processes are poorly
separated. DFT calculations suggest that the initial degradation step occurs with release of Cl, which then
reacts with remaining part of the complex molecule in an exothermic process. This leads to
decomposition of the ligand molecule into four fragments corresponding to ethyl chloride, carbon
dioxide, methyl amine, and the fragment with the aromatic group. Mass spectrum suggests that creation
of these fragments most likely corresponds to the initial degradation, after which some of these
coordinate to Pd center, whose coordination sphere is left incomplete by release of Cl. TG measurement to
1123 K indicates that the ﬁnal degradation product at this temperature is palladium.

Keywords:
Palladium complex
Thermal degradation
DFT calculations
Reaction mechanism
Chelate ligand

1. Introduction
Synthesis and properties of palladium(II) complexes has been a
focus of some interest for some time [1–3]. They have been
recognized as effective catalysts [4–7], as well as potential metal
based anticancer drugs [8–10], since they exhibit the same
geometry and electronic conﬁguration as platinum. However,
the ligand-exchange kinetics of platinum(II) and palladium(II)
derivatives is quite different: hydrolysis of palladium(II) compounds is nearly 105 times faster, leading to very reactive species
that are unable to reach pharmacological targets [11,12]. It was
shown that stabilization of palladium(II) complexes by prevention
of possible cis–trans isomerisation can be achieved by using chelate
ligands in complex synthesis which possess similar or even better
activity than platinum-approved drugs [13].

* Corresponding author.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Mini
c).

In light of this potential application, their thermal stability has
been considered as an important issue [14–17], although, to the
best of our knowledge, there has been no investigation to the
impact of ligand peripheral substitution on thermal stability.
Farran and House studied effect of the basicity of the ligands on the
enthalpies and the activation energies of thermal decomposition of
palladium(II) chloride complexes with pyridine and pyridine
derivatives using TG and DSC [18]. During thermal degradation,
complexes of type PdL2Cl2 lost two ligands in a single step,
resulting in PdCl2, with no relationship between the enthalpy
values of decomposition and other properties of the complexes.
With only a few exceptions, calculated Ea values increased, while
the procedural onset temperatures (Te) of decomposition
decreased with increase in basicity of the ligands. This was due
to trans inﬂuence of one ligand in the square planar complexes,
causing the ﬁrst ligand to be released easier than the second.
Gomez-Vaamonde et al. investigated thermal stability of trans-bis
(2-amino pyridine)dichloro palladium(II) complex, where palladium(II) is coordinated to two monodentate ligands [19]. The process

http://dx.doi.org/10.1016/j.tca.2014.08.005
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of thermal decomposition occurs through three steps, where two
amino-pyridines are released. The mass loss in TG experiment
occurred in two separate temperature regions: 533–598 K and
598–718 K. This is contributed to the trans inﬂuence strengthening
the bond of the second ligand to the metal center.
In our previous work, we examined the cytotoxic activity of
palladium(II) complexes with NN bidentate chelate hydrazone
ligands derived from ethyl hydrazino acetate (haOEt) and various
N-heteroaromatic carbonyl compounds. The ligands posses the
same donor atoms, but differ at ligand periphery backbones [20]. It
was shown that such structural differences, which affect their
lipophility, had crucial impact on cytotoxic activity. In addition, it is
known that substituents in aromatic amines have an effect on
activation energy of their reactions [21]. In this paper, we present a
systematic investigation of the impact of ligand peripheral
substitution on thermal stability of a series of palladium(II)
complexes with N-heteroaromatic bidentate hydrazone ligands,
from the experimental, as well as, the theoretical aspect.
2. Experimental
2.1. Materials
All of the complexes were synthesized from chemicals of
analytical purity according to the procedure described in Ref. [20].
The series of palladium(II) complexes with N-heteroaromatic
bidentate hydrazone ligands was derived from cis-dichloro-{[ethyl
(2E)-2-(pyridine-ilmethyledene)hydrazynil]acetate- k2 N}Pd(II)
complex (complex 1). Complex 2 replaces methyledene with
ethyledene group to give cis-dichloro-{[ethyl(2E)-2-(pyridineilethyledene)hydrazynil]acetate-k2N}Pd(II), and complex 3
replaces pyridine with quinoline group to give cis-dichloro{[ethyl(2E)-2-(quinoline-ilmethyledene)hydrazynil]acetate-k2N}
Pd(II) complex. The synthesized complex purity was conﬁrmed
using elemental analysis and X-ray diffraction (XRD).
2.2. Methods
Thermogravimetric analyses were conducted using a Q500 TGA
(TA Instruments) with sample weights of 10.0  0.5 mg, in nitrogen
atmosphere with gas ﬂow rate of 50 mL min1, at a heating rate of
10 K min1. DSC measurements were carried out using DSC Q1000
(TA Instruments) with typical sample weight of 2.0  0.2 mg, in
nitrogen atmosphere with gas ﬂow rate of 50 mL min1 at constant
heating rates of 2–40 K min1. Experimental enthalpies were
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determined as the average value of three measurements. Values
of average apparent activation energies were determined using
Kissinger’s method [22]. The X-ray powder diffraction (XRD)
spectra were obtained using Philips PW-1710 automated
diffractometer, using CuKa line, operated at 40 kV and 30 mA, in
Bragg–Brentano geometry. The instrument was equipped with
diffracted beam curved graphite monochromator and Xe-ﬁlled
proportional counter. The XRD peaks were indexed using WTREOR
as implemented within GSAS program packet. Mass spectroscopy
was conducted using quadruple mass spectrometer system,
QMG422, incorporated in an argon ﬁlled glove-box. The sample
was heated to 593 K under argon at 10 K min1.
All DFT calculations were performed simulating aqueous
solution with continuous dielectric model, as this was determined
to be the optimal for investigated system, using Gaussian 09 [23]
program package. Gaussian package was used for structure
optimization and frequency analysis. All structures where fully
optimized using C-PCM solvation method with Klamt [24] radii, as
implemented in Gaussian 09. In Gaussian 09 calculations, we used
the hybrid HF/DFT method with a combination of the threeparameter Becke [25] exchange functional and the Lee–Yang–Parr
(B3LYP) [26] non-local correlation functional. Calculated bond
dissociation energy (BDE) values for Pd–Cl(1) and N(3)–H(1) refer
to reactions in which the products are a single atom and the
remainder of the respective complex, while in the all other cases,
the products are two or more fragments.
3. Results and discussion
As a part of systematic investigation of palladium(II) complexes
with NN bidentate chelate ligands, the inﬂuence of substitution at
the ligand periphery on thermal stability on a series of three
palladium-based complexes with N-heteroaromatic bidentate
hydrazone ligands (Fig. 1). Investigated complexes are crystalline,
as shown in the XRD pattern of complex 1 (Fig. 2). Based on their
crystal lattice parameters, the initial structures of complexes were
constructed for DFT calculations. Optimized structures of the initial
complexes in DFT calculations highlight how changes in functional
groups alter complex geometries. Derivatization of complex
1 causes increased deviation from planarity, which is particularly
pronounced in complex 2. In order to estimate the relative
stabilities of individual complexes, isodesmic reactions were
constructed to calculate their respective enthalpies of formation.
Calculated values for individual complexes (Table 1) indicate that
complex 2 should be the most stable, while complex 3 should be

Fig. 1. Chemical formulas (top) and optimized structures from DFT calculations (bottom) of three palladium-based complexes.

Fig. 2. XRD pattern of complex 1, with results of Rietveld reﬁnement.

Table 1
Calculated enthalpies of formation and coordination of complexes.
Complex

Enthalpy of formation
(kJ mol�1)

Enthalpy of coordination
reaction of PdCl2
(kJ mol�1)

1
2
3

�430 � 5
�590 � 5
�360 � 5

�345 � 5
�365 � 5
�310 � 5

the least stable. This was further supported by calculated
enthalpies for reactions of coordination of PdCl2 to respective
ligand molecules: ligand-n(liq) + PdCl2(liq) ! complex-n(liq) (where
n = 1,2,3), to form complexes 1, 2 and 3, which exhibit the same
trend as enthalpies of formation.

Fig. 3. DSC curves of ligand molecule from complex 3 (left) and three palladium-based complexes (right) at heating rate of 20 K min�1.
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Non-isothermal DSC curves (Fig. 3) show that all complexes
exhibit relatively high thermal stability, where thermal decomposition occurs in 473–513 K temperature region. Thermal
degradation temperatures show that the relative thermal stability
of complexes in the experiment corresponds to their estimated
relative thermal stabilities from calculated formation and ligand
coordination enthalpies (Table 1). Thermal degradation of all
complexes is preceded by another structural transformation
around 333 K, which appears to be a second order phase transition
overlapping with a subsequent exothermic process. This transformation occurs identically in all three complexes, and DSC
measurements of pure ligand from complex 3 show similar
transformation around 329.5 K. This suggests that this transition
most likely originates from structural reorganization of the ligand
molecule in the crystal structure, rather than a glass transition,
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Fig. 5. TGA curve of complex 1 (left), TGA (middle) and DTG (right) curves of all three complexes in initial thermal degradation region.

Fig. 4. DSC curves of three successive heating/cooling cycles of complex 1 at heating rate of 5 K min1 (left) and DSC derivative curve of a single heating/cooling cycle
(right – the cooling curve is inverted for easier comparison).

because the initial complexes are crystalline. Cyclical thermal
treatment in 303–363 K temperature region, at a constant heating
rate of 5 K min1, offers more information about the second order
transition for all three complexes (Fig. 4). This shows that the
process is fully reversible and its temperature remains the same on
multiple successive heating/cooling cycles (331.5 K on heating and
329.9 K on cooling) with a narrow hysteresis of about 1.6 K. The
increase in heating rate causes a shift to lower temperatures in
complex 1, indicating thermal deactivation of the process. This
usually occurs in complex processes, where pre-reaction complex
is in equilibrium with reactants followed by an irreversible step of
transformation of the pre-reaction complex to products. If the
transition state of the irreversible step has lower potential energy
than the reactants, this yields negative overall activation energy
and thermally deactivated process [27,28]. The shape of DSC peaks
of thermal decomposition and its change with increase in heating
rate indicate that changes in chemical composition and structure
have a signiﬁcant effect on thermal degradation mechanism and
kinetics. These processes are highly complex involving more than
one endothermic, as well as exothermic step, and experimentally
obtained thermodynamic and kinetic parameters represent a sum
of respective values of these individual steps. With increase in
heating rate, the inﬂuence of the exothermic peak following
the endothermic peak becomes more pronounced (Fig. 3).
The exothermic peak could be the result of reactions of reactive
intermediate species formed during the initial thermal
degradation.
Microscopic observations during heating in this temperature
region showed that for complex 1, melting occurred immediately
before degradation, while, in complex 2, melting occurs after the
onset of degradation. Complex 3 undergoes degradation without
any observable melting. This means that experimental values of
enthalpy of the endothermic processes at different heating rates
(Table 2), calculated from the area of the peak, include relevant
melting enthalpies for complexes 1 and 2. The values of enthalpy
increase when the heating rate increases to 20 K min1, and then
remain relatively constant, showing similar pattern of behavior
with increase in heating rate in different complexes. The increase
in enthalpy with increase in heating rate is typical and reﬂects that

different thermal histories of these samples result in a different
ﬁnal state of the complexes. Relatively constant values of enthalpy
at higher heating rates suggest that the subsequent exothermic
process has a much greater inﬂuence on the preceding endothermic process. The values of enthalpy for complexes 1 and 2 are very
similar at heating rates above 5 K min1, whereas, at lower heating
rates, complex 2 exhibits consistently lower values of enthalpy. The
difference in values of enthalpy between complexes 1 and 2, at
lower heating rates, can be attributed to the melting of complex
1 prior to thermal degradation. Even though complex 3 exhibits the
same trend of change of the enthalpy with the increase in heating
rate, it exhibits signiﬁcantly lower experimental values of enthalpy.
While this is in part due to lack of melting, it also suggests greater
overlap of the endothermic and the exothermic peaks. The
absolute determined values of enthalpy represent the sum of
enthalpies of both endothermic and exothermic processes,
preventing any conclusions to be drawn about individual steps
of these complex processes. However, the similar trend of change
of enthalpy with increase in heating rate indicates that in spite of
different overall mechanism and kinetics, the nature of the initial
step of decomposition appears to be similar in all three complexes.
The overlapping nature of the endothermic and the exothermic
steps, manifested in DSC curves, makes it necessary to consider
kinetic parameters using the characteristic peak temperatures at
different heating rates [22] (Table 3). This also allowed us to
investigate the inﬂuence of exothermic steps on the initial
endothermic degradation steps in different complexes. All three
complexes exhibit about 14% higher value of average apparent
activation energy for thermal degradation when calculated from
the temperature of peak maxima (Tmax) than when calculated from
the extrapolated temperature of the degradation onset (Ti). Higher
values of average apparent activation energy calculated from Tmax
results from the overlap between endothermic and exothermic
peak. This is a consequence of high reactivity of intermediate
species formed in the endothermic process, which act as reactants
in the subsequent exothermic process. Table 3 also shows that
complex 1 exhibits roughly 2.5 times higher values of average
apparent activation energy than complexes 2 and 3. This can
be connected with the additional activation energy required by the

Table 2
Values of experimental enthalpy (in kJ mol1) of thermal decomposition at different
heating rates b (in K min1).

Table 3
Values of overall apparent activation energy.

Complex

b=2

b=5

b = 10

b = 20

b = 25

b = 30

b = 40

Complex

Ea (Ti) (kJ mol1)

Ea (Tmax) (kJ mol1)

Difference (%)

1
2
3

19  2
61
–

46  5
32  2
81

58  5
56  4
19  2

65  5
65  4
30  4

69  5
70  5
30  3

70  6
72  4
32  4

72  6
67  5
38  4

1
2
3

650  50
270  20
250  20

760  80
320  30
290  30

14.07
14.53
14.07

melting step, occurring immediately prior to thermal degradation
of complex 1. In order to further analyze the degradation
mechanism of all three complexes, TG measurements were
performed. TG curve of complex 1 (Fig. 5) shows step-wise
thermal degradation in 350–1250 K temperature region. The ﬁrst,
sharp mass loss of 42.2% is followed by four poorly separated mass
losses. At 1250 K, the remaining mass (26.2 mass%) corresponds to
the mass of palladium in the initial complex. Taking into
consideration thermal behavior of complexes (DSC and TG) in
350–1250 K temperature region, where the well deﬁned initial
thermal degradation process is followed by several broader and
poorly separated processes, which include both exo- and
endothermic steps, we have decided to focus on the initial
degradation process and examine it in more detail. To this end,
TG measurements of all three complexes were performed in
298–623 K region with corresponding DTG curves (Fig. 5b and c).
These show a rapid loss of mass in the ﬁrst degradation process,
followed by much slower, almost continuous, further loss of mass.
Complex 2 exhibits the earliest onset of mass loss followed by
complex 3, and then complex 1. However, the part of the curve
corresponding to the ﬁrst degradation process is at the lowest
temperature in complex 3, while those for complexes 1 and 2 are
very close and almost parallel. This indicates that there should be
similarities in the degradation mechanisms and release of
degradation products in complexes 1 and 2. Relative mass losses
in the initial degradation process are 42.2, 41.3 and 30.3% for
complexes 1–3, respectively, which is around 164 a.u. for
complexes 1 and 2 and around 131 a.u. for complex 3. Slow
diffusion of degradation products causes some delay in TG curve
when compared to DSC curve.
Shape of the main DTG peak, in 473–573 K temperature region,
in all three complexes suggests that it consists of several
overlapping peaks. Each of these peaks should correspond to a
single step, during which change in mass occurs. Mass change
corresponding to each of these individual steps was estimated
using the relative areas under each deconvoluted peak to attribute
a corresponding portion of loss of mass to the individual step. This
way, mass loss corresponding to the main degradation process up
to 573 K, was attributed to four different steps in complex 1, ﬁve in
complex 2 and two in complex 3. Corresponding temperature
maxima and mass losses are shown in Table 4. These mass losses
should indicate differences in reaction mechanism between
individual complexes. This data show that complex 3 clearly
exhibits different behavior, as a consequence of differences in
composition and structure.

Table 4
Peak deconvolution of the main degradation peak in DTG.
Peak

Tmax (K)

Mass loss (a.u.)

Complex 1
1
2
3
4
Remaining mass: 220.5 a.u.

479.9
507.3
517.7
532.0

2.0
55.5
75.5
31.0

Complex 2
1
2
3
4
5
Remaining mass: 229.6 a.u.

453.0
485.8
490.3
506.1
515.6

2.6
27.8
1.4
38.9
89.3

Complex 3
1
2
Remaining mass: 303.6 a.u.

483.1
491.8

65.7
65.3

3.1. Mechanism of thermal degradation
In order to create a more complete picture of the reaction
mechanism, a series of DFT calculations was performed. These
included optimization of the monomeric and dimeric structures of
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complexes, as well as structures of the ligands, under solvated
condition. Based on analysis of bond dissociation energies (BDE) of
selected bonds in the initial complex molecules, we were able to
determine which bonds would be likely to dissociate and initiate
the process of degradation. This was expanded with a complete
relaxation energy scan for dissociation of selected bonds and the
release of corresponding fragments. A relaxed surface scan is a
method which scans through one variable, representing the
reaction coordinate of the selected process, while the others are
relaxed, resulting in potential energy curve for that processes.
Calculations of the dimer systems in a solvated state were
performed because it was found that this corresponds more
closely to the real complex systems.
Calculations show that the difference in ligands has little
impact on the Pd–Cl(1) and Pd–Cl(2) bond length, Table 5, due to its
predominantly ionic character. The corresponding value of the
activation energy for bond dissociation would then depend only on
the environment around individual chlorine atoms. Pd–N bonds
depend more on the nature of the ligand, and its change in bond
length is roughly order of magnitude larger than in Pd–Cl bond. In
complex 3, steric effects are more pronounced. Proton connected
to C(11) does not allow Cl connected to Pd to form a fully planar
conformation. As a consequence, the orbital overlap is lower and
the bond is longer and weaker. In addition, extension of aromatic
conjugation probably contributes further to weakening of this
bond. In complexes 1 and 2, Pd atom exhibits square planar
coordination, as these steric effects are not present. Replacing
methyledene group with ethyledene in complex 2 causes
additional steric effects by the methyl group, resulting in a change
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Table 5
Important bond lengths (in Å) in the optimized structures of different complexes.
Complex

Pd–N(1)

Pd–N(2)

C(1)–N(2)

N(2)–N(3)

Pd–Cl(1)

Pd–Cl(2)

1
2
3

2.058
2.054
2.111

2.070
2.051
2.067

1.305
1.305
1.305

1.332
1.385
1.330

2.383
2.405
2.394

2.395
2.402
2.397

Scheme 1. Reaction scheme for reaction of Cl with adjacent ethyl group and subsequent release of CO2.

Fig. 6. Complex 1 (left) and complex 2 (right) dimeric systems showing different coordination reactions to Pd center after release of Cl.

in hybridization of N(3) from sp2 to sp3. This results in different
conformation of complex 2, compared to complexes 1 and 3
(Fig. 1). This also has an impact on the length of the Pd–N(2) bond,
resulting in shorter and stronger bond (Fig. 6).
On the basis of relaxed potential scans, it was determined that
the dissociation of Pd–N, Pd–Cl(1), Pd–Cl(2) and O(2)–C(5) bonds is
signiﬁcant for the initial degradation step in all three complexes,
and these results are shown in Table 6. It shows that dissociation of
Pd–Cl bond exhibits the lowest energy barrier for dissociation in all
three complexes. Therefore, it can be expected that degradation of
all investigated complexes will begin with dissociation of Pd–Cl
bond. Dissociation of one of the Pd–Cl bonds is facilitated by the
reaction mechanism, as seen from the signiﬁcant difference in
energy barrier for dissociation of Pd–Cl bonds. Relaxed surface
scans indicate that in parallel with Pd–Cl bond dissociation, a
coordination reaction occurs on Pd center, with different potential
mechanisms in different complexes. In complex 1, N(3) or O(1)
atom of adjacent molecule can coordinate to Pd (Fig. 7, left). In
complex 3, steric effects only allow coordination of N(3) of adjacent
molecule, while in complex 2, only the intramolecular coordination of O(1)–Pd is possible (Fig. 7, right). In complex 2, different
conformation of the initial complex results in longer reaction path
of Pd–Cl bond dissociation and slightly higher energy barrier,
resulting in higher degradation temperature. Dissociation of Pd–N

bond exhibits higher energy barrier than the weaker Pd–Cl bond,
where complex 2 exhibits signiﬁcantly lower energy barrier than
complexes 1 and 3. The energy barrier for dissociation of O(2)–C(5)
bond reduces from 150–200 kJ/mol for the initial complex to about
80 kJ/mol in the presence of atomic chlorine. This indicates that
chlorine has a high likelihood of reacting at this site and forming
ethyl chloride (Fig. 7). Release of ethyl chloride precipitates release
of CO2 (Scheme 1), which is free to coordinate to Pd atom [29].
Coordination of CO2 to Pd is exothermic [30] and calculations show
that there is a possibility for this process to occur. Boiling
temperature of pyridine is 115  C, while the boiling temperature of
quinoline is 238  C. This suggests that gaseous pyridine can be
more easily released during thermal degradation of complexes
1 and 2, than quinoline in thermal degradation of complex 3, as can
be seen in TG curves. The next reaction is most likely the
dissociation of N–N bond, which exhibits, in the initial complex
molecules, energy barrier for dissociation of 232 kJ mol1. This

Table 6
Bond dissociation energy (BDE) and energy barrier for bond dissociation (in
kJ mol1).
Bond

Pd–N

Pd–Cl

BDE

171.7

Complex Pd–Cl
(1)
1
131.6
2
164.3
3
131.1

280.1

C(1)–C
(2)
543.6

N(2)–N
(3)
291.9

Pd–Cl
(2)
153.7
136.4
161.1

Pd–N
(2)
197.1
156.7
195.4

O(2)–C
(5)
203.4
151.4
190.6

N(3)–H
(1)
378.3

N(3)–C
(3)
250.6

C(3)–C
(4)
290.7

Fig. 7. Arrangement of molecules of complex 1 in crystal lattice showing proximity
of Cl atom to ethyl group of an adjacent molecule.

Fig. 8. Mass spectrum of complex 3 at 593 K (inset: higher values of m/z blown up 1000 times).

would create a methyl amine fragment. Other remaining bonds in
the molecule, after release of ethyl chloride and CO2, exhibit much
higher energy barriers for dissociation. Therefore, DFT calculations
predict that the mechanism of thermal degradation in all three
complex molecules would begin with dissociation of Pd–Cl bond,
followed by reaction of chlorine with ethyl group of the
neighboring molecule to form ethyl chloride, then the release of
CO2, which could coordinate to Pd center, and the release of the
aromatic group and methyl amine.
In order to validate the proposed mechanism, obtained using DFT
calculations, we present the mass spectrum of complex 3 (Fig. 8). The
temperature of 593 K was selected because it is just above than the
temperature region of the main degradation peak in DTG. Mass
spectrum at 593 K shows that dominant fragments are at m/z around
64, 44 and 28. There are also several less intense peaks at higher m/z,
with the highest value of 154 (Fig. 7, inset). The largest fragment (m/
z = 154) corresponds to quinoline with methylidene group still
attached, suggesting that N–N bond in the complex is dissociated
during degradation. The fragment with m/z of 64 exhibits a satellite
peak at m/z of 66, with 3:1 relative peak intensity ratio. This is
characteristic of a fragment containing chlorine, due to isotope
effect, and corresponds to ethyl chloride, as well as the smaller
peaks around m/z of 28. Peaks at m/z of 44 and 16 correspond to CO2,
while the peak at 31 corresponds to methyl amine. The peak at
28 appears to be a combination of signals from ethyl chloride, CO2
and molecular nitrogen. Therefore, mass spectrum suggests that

4. Conclusion
Study of thermal stability and degradation of three bidentate
palladium-based complexes shows that in spite of differences in
composition and structure, both the thermal degradation of basic
compound and its derivatives begins in the same way. The
degradation mechanism is largely determined by release of chlorine
from the initial complex and its subsequent reaction with ethyl group
belonging to the chain portion of the ligand, which is the same in all
three complexes. The dissociation of Pd–Cl is facilitated by
concurrent coordination reaction to Pd center, whose mechanism
is determined by steric considerations of individual complexes.
Release of ethyl chloride triggers a series of steps leading to complete
degradation of the initial complexes, through release of three
additional fragments. It was also shown that diffusion has a
signiﬁcant role in the process of release of degradation products,
so that bulkier quinoline remains in the system somewhat longer
than pyridine. After chlorine leaves, the coordination sphere of Pd
center becomes incomplete, allowing coordination of CO2 [30]. It is
likely that a combination of creation of metastable intermediates at
this point and slow diffusion of products leads to slower degradation
at temperatures above the initial degradation peak in DTG.
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thermal degradation initially results in decomposition into
palladium and four ligand fragments: quinoline with methylidene,
ethyl chloride, CO2, and methyl amine.
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7KLVSDSHULVDFRQWLQXDWLRQ RIRXUSUHYLRXVVWXG\ZKLFKLQFOXGHV PXOWLGLVFLSOLQDU\
UHVHDUFKHV RI G PHWDO FRPSOH[HV ZLWK 1EHQ]\OR[\FDUERQ\OJO\FLQDWR OLJDQG >±@ &R ,, 
FRPSOH[ ZLWK WKLV W\SH RI OLJDQG >&R 1%RFJO\  +2 @Â+2 ZDV V\QWKHVL]HG DQG
FKDUDFWHUL]HG E\ ,5 105 DQG ($ VSHFWURVFRS\ 7KH VWUXFWXUH ZDV RSWLPL]HG E\ GHQVLW\
IXQFWLRQDOWKHRU\FDOFXODWLRQV ')7 >@7KHELRORJLFDODFWLYLW\WKHPHFKDQLVPDQGNLQHWLFV
RI WKHUPDO GHFRPSRVLWLRQ ZHUH DOVR LQYHVWLJDWHG >±@ 7KH VSHFLILFLW\ RI WKLV FRPSOH[ LV
SUHVHQFH RI GLIIHUHQWO\ ERQGHG ZDWHU PROHFXOHV )RXU ZDWHU PROHFXOHV DUH LQ WKH LQQHU DQG
WZR ZDWHU PROHFXOHV DUH LQ WKH RXWHU VSKHUH &RPSOH[ KDV RFWDKHGUDO JHRPHWU\ ZLWK WZR
PRQRGHQWDWHOLJDQGVLQWKHWUDQVSRVLWLRQ>@7KHUPDOGHJUDGDWLRQRI&R ,, FRPSOH[RFFXUV
LQWKUHHSURFHVVHV>@VWDUWLQJZLWKORVVRIFU\VWDOOL]DWLRQDQGFRRUGLQDWHGZDWHUPROHFXOHV
IROORZHGE\OLJDQGIUDJPHQWDWLRQ7KHWUDQVIRUPDWLRQVLQHDFKSURFHVVFDXVHFKDQJHVLQWKH
VWUXFWXUHDQGFKHPLFDOFRPSRVLWLRQRILQYHVWLJDWHGFRPSRXQGDIIHFWLQJWKHFRXUVHRIIXUWKHU
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB

&RUUHVSRQGLQJDXWKRUPDMDV#FKHPEJDFUV
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0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  
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GHJUDGDWLRQ ,QGLYLGXDO GHJUDGDWLRQ SURFHVVHV FDQ EH GHVFULEHG XVLQJ FRPSOHWHO\ GLIIHUHQW
UHDFWLRQ SDWKVDIIHFWLQJDSURILOH RIGHSHQGHQFHRIWKH$UUKHQLXVSDUDPHWHUVRQFRQYHUVLRQ
GHJUHH7KHVHGHSHQGHQFHVVKRZHGWKDWDOOWKUHHREVHUYHGSURFHVVHVRIWKHUPDOGHJUDGDWLRQ
RIWKHLQYHVWLJDWHGFRPSRXQGDUHFRPSOH[LQYROYLQJPRUHWKDQRQHLQGLYLGXDOSURFHVVDVFDQ
EH H[SHFWHG IRU VROLGVWDWH KHWHURJHQHRXV UHDFWLRQV 2Q WKH EDVLV RI WKHVH GHSHQGHQFHV ZH
GLVFXVVHG WKH PHFKDQLVP IRU HDFK RI WKH REVHUYHG SURFHVVHV E\ XVLQJ WKH 9\D]RYNLQ¶V
DOJRULWKP>@,QOLWHUDWXUHRQO\IHZSDSHUVFDQEHIRXQGLQZKLFKWKHDXWKRUVGHDOZLWKWKH
GHWDLOHGNLQHWLFVRIWKHFRPSOH[FRPSRXQGVLQFOXGLQJGHWHUPLQDWLRQRINLQHWLFWULSOHW>±@
,Q RUGHU WR GHDO ZLWK GHWDLO NLQHWLFV WR REWDLQ WKH HOHPHQWDU\ VWHSV RI FRPSOH[ GHJUDGDWLRQ
SURFHVVHV DQG WKHLU NLQHWLF WULSOHWV (D = DQG I D  GHFRQYROXWLRQ RI '7* FXUYHV RI WKHVH
SURFHVVHVZDVSHUIRUPHG7KHNLQHWLFWULSOHWLVQHHGHGWRSURYLGHPDWKHPDWLFDOGHVFULSWLRQRI
WKHSURFHVV>@,IWKHNLQHWLFWULSOHWLVGHWHUPLQHGFRUUHFWO\LWFDQEHXVHGWRUHSURGXFHWKH
RULJLQDO NLQHWLF GDWD DV ZHOO DV WR SUHGLFW WKH SURFHVV NLQHWLFV RXWVLGH WKH H[SHULPHQWDO
WHPSHUDWXUHUHJLRQ)RUH[DPSOHLWPD\EHXVHGIRUSUHGLFWLQJWKHWLPHWRUHDFKDQ\H[WHQWRI
FRQYHUVLRQDWDQ\GHVLUHGWHPSHUDWXUH>@



HQHUJ\5LVWKHJDVFRQVWDQWDQG7LVWHPSHUDWXUH LQ. 
&RPELQDWLRQRIHTXDWLRQV  DQG  OHDGVWRWKHHTXDWLRQWKDWSURYLGHVWKHEDVLVIRU
WKHGLIIHUHQWLDONLQHWLFPHWKRGV
GD
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= H[S¨
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([SHULPHQWDO


7KH LQYHVWLJDWHG &R ,,  FRPSOH[HV ZDV SUHSDUHG LQ D VLPSOH UHDFWLRQ EHWZHHQ
&R&OÂ+2 DQG 1%RFJO\+ PRODU UDWLR  HWKDQRO  ZDWHU PL[WXUH DW S+ ±  )XUWKHU
GHWDLOV FDQ EH IRXQG LQ OLWHUDWXUH >@ 7KH 7* GDWD ZHUH FROOHFWHG RQ DQ 6'7 4 7$
,QVWUXPHQWV  DSSDUDWXV IRU VLPXOWDQHRXV 7*'7$'6& DQDO\VLV 7KH LQVWUXPHQW ZDV
FDOLEUDWHGE\VDSSKLUH IRUKHDWFDSDFLW\ DVZHOODVE\,QDQG=Q IRUWHPSHUDWXUHDQG'6&
VLJQDOV 7*'6&H[SHULPHQWVZHUHSHUIRUPHGIURPURRPWHPSHUDWXUHWR&ZLWKVDPSOH
PDVVHV DERXW  PJ LQ D GU\ QLWURJHQ DWPRVSKHUH IORZ UDWH  FP PLQ±  7KH DOXPLQD
FUXFLEOHVZLWKDQHPSW\FUXFLEOHDVDUHIHUHQFHZHUHXVHG'7*FXUYHVDWGLIIHUHQWKHDWLQJ
UDWHV ± R&PLQ± ZHUHREWDLQHGXQGHUVLPLODUFRQGLWLRQV PDVVRIWKHVDPSOHVPJ LQ
3WFUXFLEOHV$3WFUXFLEOHZLWKDVPDOODPRXQWRI$O2ZDVXVHGDVDUHIHUHQFH
'HFRQYROXWLRQ ZDV SHUIRUPHG E\ SURFHVVLQJ '7* SHDNV RI WKHVH FRPSOH[HV WR
VLPSOHVHSDUDWHGSHDNVXVLQJWKHFURVVSURGXFWRI*DXVVLDQDQG/RUHQW]LDQIXQFWLRQ
\
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ZKHUH D LV SHDN DPSOLWXGH D LV SHDN FHQWHU D LV SHDN ZLGWK D LV SHDN VKDSH DQG 7 LV
WHPSHUDWXUH )RU GHFRQYROXWLRQ DQG GHWHUPLQDWLRQ RI SDUDPHWHUV YDOXHV FRPSXWHU SURJUDP
3HDN)LWZDVXVHG


0HWKRGRORJLFDODVSHFWVRIVROLGVWDWHNLQHWLFVLQQRQLVRWKHUPDOFRQGLWLRQV

7KH UHDFWLRQ UDWH IRU VROLG VWDWH SURFHVVHV LV IXQFWLRQ RI WZR YDULDEOHV WHPSHUDWXUH
7 DQGWKHFRQYHUVLRQGHJUHH D 
GD
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ZKHUH WKH UHDFWLRQ UDWH GHSHQGHQFH RI WKH WHPSHUDWXUH LV SUHVHQWHG ZLWK WKH UDWH FRQVWDQW
N 7  DQG WKH GHSHQGHQFH RI WKH FRQYHUVLRQ GHJUHH LV JLYHQ ZLWK UHDFWLRQ PRGHO I D  ,Q
JHQHUDON 7 LVGHVFULEHGE\DQ$UUKHQLXVHTXDWLRQ
N 7
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ZKHUH = DQG (D DUH NLQHWLF SDUDPHWHUV SUHH[SRQHQWLDO IDFWRU DQG WKH DSSDUHQW DFWLYDWLRQ
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,QWKLVIRUPRIHTXDWLRQ  LVDSSOLFDEOHLQLVRWKHUPDODVZHOODVLQQRQLVRWKHUPDO
FRQGLWLRQVEXWDOVRZLWKWKHLQWURGXFWLRQRIE G7GWHTXDWLRQ  FDQEHUHDUUDQJHG
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,VRFRQYHUVLRQDOPHWKRGVDOVRNQRZQDV³PRGHOIUHHPHWKRGV³UHTXLUHGHWHUPLQDWLRQ
RIWKHWHPSHUDWXUH7DDWZKLFKDQHTXLYDOHQWVWDJHRIWKHUHDFWLRQRFFXUVIRUYDULRXVKHDWLQJ
UDWHV>@:LGHO\DFFHSWHGSURFHGXUHLV.LVVLQJHU$NDKLUD6XQRVH¶V .$6 PHWKRG>@
LQWKHIRUP
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 ,QWKLVVHQVH>@WKHOLQHDULVRFRQYHUVLRQDOUHODWLRQVKLSRI OQ E 7 D YHUVXV
7DFDQEHXVHGWRGHWHUPLQHWKHNLQHWLFSDUDPHWHUVDSSDUHQWDFWLYDWLRQHQHUJLHV(DD IURPWKH
VORSH  DQG OQ> =5I D  ( D D @ LQWHUFHSWV IRU VHOHFWHG FRQYHUVLRQ GHJUHH DFFRUGLQJ WR
HTXDWLRQ   HYHQ ZLWKRXW WKH NQRZOHGJH RI WKH WUXH FRQYHUVLRQ IXQFWLRQ ,I (D GRHV QRW
GHSHQG RQ D WKH LQYHVWLJDWHG SURFHVV FDQ EH WUHDWHG DV VLQJOHVWHS SURFHVV DQG VKRXOG EH
GHVFULEHGE\DXQLTXHNLQHWLFWULSOHW,I(DFKDQJHVZLWKDSURFHVVLVFRPSOH[>±@
,Q RUGHU WR REWDLQ WKH DSSURSULDWH FRQYHUVLRQ IXQFWLRQ IRU SURFHVVHV FRQVLGHUHG DV
VLQJOHVWHS SURFHVV ZH FDQ GLVFULPLQDWH EHWZHHQ WKH VHW RI FRQYHUVLRQ IXQFWLRQV >@ E\
DSSO\LQJWKH0jOHN VPHWKRG>@âHVWiN%HUJJUHQ VPHWKRG>@0DVWHUSORWSURFHGXUH
>@DQG3HUH]0DTXHGDFULWHULD>@
+DYLQJ GHWHUPLQHG DSSDUHQW DFWLYDWLRQ HQHUJ\ 0jOHN¶V PHWKRG >@ LQYROYHV WKH
LQWURGXFLQJWZRQHZIXQFWLRQVGHILQHGDV
§( ·
§ GD ·
§ GD ·  
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7KHVH WZR IXQFWLRQV FDQ EH HDVLO\ REWDLQHG E\ D VLPSOH WUDQVIRUPDWLRQ RI
H[SHULPHQWDO GDWD GDGW QRUPDOL]HG ZLWKLQ    LQWHUYDO DQG E\ XVLQJ YDOXHV RI (D IURP
.$6PHWKRG,QQRQLVRWKHUPDOFRQGLWLRQV\ D DQG] D SORWVDUHLQGHSHQGHQWIURPKHDWLQJ
UDWHDQGWKH\H[KLELWPD[LPDDW D \ DQG D ] >@7KHVHPD[LPDKDYHFKDUDFWHULVWLFYDOXHV

IRUEDVLFNLQHWLFPRGHOV>@
,Q WKH FDVH ZKHQ WKH PD[LPXP D\ LV LQ WKH UDQJH IURP  WR D] DQG D] KDV QR
PD[LPXPDWHPSLULFDOâHVWiN%HUJJUHQ VHTXDWLRQLVDSSOLHGLQWKHIRUP>@

I D D 0 D 1 








ZKHUH0 DQG1 DUHNLQHWLFSDUDPHWHUV,QWKLVFDVHUHDFWLRQUDWHLVJLYHQDV
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0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  

ZKHUH GDGW  7 DQG I   DUH UDWH RI WKH NLQHWLF SURFHVV UHDFWLRQ WHPSHUDWXUH DQG
FRQYHUVLRQ IXQFWLRQ DW D   7KH OHIW VLGH RI WKH HTXDWLRQ LV UHGXFHG WKHRUHWLFDO FXUYH
FKDUDFWHULVWLFIRUHDFKNLQHWLFPRGHO5LJKWVLGHRIWKHHTXDWLRQFRUUHVSRQGVWRDUHGXFHGUDWH
RINLQHWLFSURFHVVHVDQGFDQEHREWDLQHGIURPH[SHULPHQWDOGDWDLIDSSDUHQWDFWLYDWLRQHQHUJ\
ZKLFK KDV D FRQVWDQW YDOXH LQ WKH LQYHVWLJDWHG WHPSHUDWXUH UDQJH LV NQRZQ &RPSDULQJ WKH
OHIWDQGWKHULJKWVLGHRIWKHHTXDWLRQ  WKHUHDFWLRQPRGHOWKDWGHVFULEHVWKHH[SHULPHQWDO
GDWDRIWKHSURFHVVFDQEHGHWHUPLQHGLHIRUSDUWLFXODU DH[SHULPHQWDOO\GHWHUPLQHGYDOXH
RI UHGXFHG UDWH RI NLQHWLF SURFHVVHV GD  GW H[S (D  57 DQG WKHRUHWLFDOO\ FDOFXODWHG
GD  GW  H[S (D  57
YDOXHV I D DUHHTXDOLIDSSURSULDWHUHDFWLRQPRGHOLVDSSOLHG
I 
 $FFRUGLQJWR3HUH]0DTXHGDFULWHULD>@FRUUHFWUHDFWLRQPRGHOFRUUHVSRQGVWRWKH
LQGHSHQGHQFHRIWKHDFWLYDWLRQSDUDPHWHUVRIWKHKHDWLQJUDWH,I&RDWV5HGIHUQHTXDWLRQ>@
LVXVHG
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ZKHUHJ D LVLQWHJUDOIRUPRIUHDFWLRQPRGHODQGMVSHFLILHVWKHUHDFWLRQPRGHOWKHQDOOWKH
SRLQWV IRU DOO KHDWLQJ UDWHV  RI WKH GHSHQGHQFH § E J D · YV 7 VKRXOG OLH RQ D WKH VDPH
OQ ¨¨

© 7D

¸¸
¹

VWUDLJKWOLQHLIFRUUHFWUHDFWLRQPRGHOLVXVHG
,Q DFFRUGDQFH ZLWK ,.3 PHWKRG EDVHG RQ WKH UHDO FRPSHQVDWLRQ HIIHFW > @ WKH
VWUDLJKW OLQHV RI OQ=M YHUVXV (M GHSHQGHQFHV VKRXOG EH FRQVWUXFWHG XVLQJ WKH DSSDUHQW
DFWLYDWLRQSDUDPHWHUVREWDLQHGE\&RDWV5HGIHUQPHWKRG IRUDOOKHDWLQJUDWHV 7KHVHVWUDLJKW
OLQHV VKRXOG LQWHUVHFW LQ RQH SRLQW FRUUHVSRQGLQJ WR WKH WUXH YDOXHV NQRZQ DV ³LQYDULDQW
DFWLYDWLRQSDUDPHWHUV´OQ=LQYDQG(LQY>@
7KH LQYDULDQW NLQHWLF SDUDPHWHUV OQ=LQY DQG (LQY ZHUH HYDOXDWHG E\ XVLQJ WKH VXSHU
UHODWLRQ







 
D E OQ = LQY  EE (LQY  

7KH WKHUPRG\QDPLF DFWLYDWLRQ SDUDPHWHUV FKDQJH RI DFWLYDWLRQ HQWURS\ ǻ6 
DFWLYDWLRQHQWKDOS\ ǻ+ DQG*LEEVIUHHHQHUJ\RIDFWLYDWLRQ ǻ* ZHUHFDOFXODWHGIRUWKH
SURFHVVRIWKHUPDOGHJUDGDWLRQ)URPWKH(\ULQJWKHRU\RIWUDQVLWLRQVWDWH>±@WKHFKDQJH
RI DFWLYDWLRQ HQWURS\ DW WKH IRUPDWLRQ RI WKH DFWLYDWHG FRPSOH[ IURP WKH UHDJHQW PD\ EH
FDOFXODWHGDFFRUGLQJWRWKHIRUPXOD>±@








 
ǻ6 5OQ =K 
HF N % 7 S
ZKHUHKLVWKH3ODQFNFRQVWDQWH LVWKH(XOHU¶VQXPEHU H  ȤLVWKHWUDQVLWLRQIDFWRU
ZKLFKLV XQLW\IRUPRQRQXFOHDUUHDFWLRQV N%LVWKH%ROW]PDQQFRQVWDQWDQG7SLVWKHSHDN
WHPSHUDWXUH RI '7* FXUYH 3UHH[SRQHQWLDO IDFWRU = LV FDOFXODWHG XVLQJ HTXDWLRQ   ZLWK
DSSURSULDWHUHDFWLRQPRGHO
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7KHUPDO GHJUDGDWLRQ RI >&R 1%RFJO\  +2 @Â+2 LV D VWHSZLVH SURFHVV
LQYROYLQJRQHGHK\GUDWLRQSURFHVVDQGWZRSURFHVVHVRIGHJUDGDWLRQRIGHK\GUDWHGFRPSOH[
>@
7KH GHSHQGHQFH RI $UUKHQLXV SDUDPHWHUV RQ FRQYHUVLRQ GHJUHH VKRZHG WKDW DOO WKH
REVHUYHGSURFHVVHVRIWKHUPDOGHJUDGDWLRQDUHFRPSOH[LQYROYLQJPRUHWKDQRQHVLQJOHVWHS
>@.$6PHWKRGIRUFRPSOH[GHK\GUDWLRQSURFHVVVKRZQWKDWWKHDFWLYDWLRQHQHUJ\LQFUHDVHV
IURPWKHYDOXHRIN-PRO±UHDFKLQJDPD[LPXPRIN-PRO±DQGWKHQGHFUHDVHVWR
WKH YDOXH RI  N- PRO± >@ 7KH REWDLQHG SURILOH LQGLFDWHV WKDW GHK\GUDWLRQ SURFHVV
LQYROYHV D VHULHV RI FRPSHWLWLYH GHK\GUDWLRQ VWHSV RI GLIIHUHQWO\ ERXQG ZDWHU PROHFXOHV >@
FRPSOLFDWHG E\ GLIIXVLRQ >@ 7KH REWDLQHG YDOXHV RI .$6 PHWKRG IRU FRPSOH[ OLJDQG
GHJUDGDWLRQSURFHVV>@VKRZVWKDWWKHDFWLYDWLRQHQHUJ\LQFUHDVHVIURPWKHYDOXHRIN-
PRO DQG YDOXH RI  N- PRO UHDFKHV DW WKH D   LQGLFDWLQJ FRPSOH[ PHFKDQLVP
LQYROYLQJSDUDOOHOUHDFWLRQV>@
,Q RUGHU WR DQDO\]H HDFK HOHPHQWDU\ VWHS WKH '7* FXUYHV RI ILUVW WZR FRPSOH[
SURFHVVHV GHK\GUDWLRQ DQG GHFRPSRVLWLRQ RI WKH OLJDQG LQ WKH &R ,,  FRPSOH[ ZHUH
GHFRQYROXWHG LQWR WKUHH LH ILYH HOHPHQWDU\ VWHSV DV SUHVHQWHG LQ )LJ  )XUWKHU FRXUVH RI
GHFRPSRVLWLRQ WKLUGVWHS ZDVQRWFRQVLGHUHGEHFDXVHRIWKHJUHDWFRPSOH[LW\RIWKHSURFHVV
DVFDQEHVHHQIURPD7FXUYHV>@



D GHK\GUDWLRQSURFHVV
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E  HOHPHQWDU\VWHS
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F F  UGHOHPHQWDU\VWHS
G  HOHPHQWDU\VWHS
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H


D

F

D OLJDQGGHJUDGDWLRQSURFHVV
VW
E  HOHPHQWDU\VWHS
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)LJ'HFRQYROXWLRQRI'7*FXUYHVIRUSURFHVVHVRIGHK\GUDWLRQDQGOLJDQGGHJUDGDWLRQIRU
WKH&R ,, FRPSOH[E &PLQ±
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5HVXOWVDQGGLVFXVVLRQ
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)URPWKHOLQHDUGHSHQGHQFH OQ> GD GW H[S (D 57 @ I OQ D S   D WKHSDUDPHWHU1
WKDW UHSUHVHQWV WKH VORSH LV GHWHUPLQHG 3DUDPHWHU0 LV GHWHUPLQHG IURP WKH UDWLR JLYHQ E\
HTXDWLRQ  
$FFRUGLQJ WR 0DVWHU SORW SURFHGXUH >@ IRU D VLQJOHVWHS SURFHVV WKH IROORZLQJ
HTXDWLRQLVDSSOLHGWDNLQJD DVWKHUHIHUHQFHYDOXH
H[S (D  57 
I D
G D  GW

 
I 
GD  GW  H[S (D  57

'P'7 &

D HTXDWLRQ  



&RQVLGHULQJWKDW
ǻ+ (57S 








 
WKHFKDQJHVRIWKHHQWKDOS\DQG*LEEVIUHHHQHUJ\IRUWKHDFWLYDWHGFRPSOH[IRUPDWLRQFDQEH
FDOFXODWHGXVLQJWKHUPRG\QDPLFHTXDWLRQ








 
ǻ* ǻ+7Sǻ6
6LQFH OLIHWLPH HVWLPDWLRQV DUH YHU\ XVHIXO LQ GHYHORSPHQW RU VHOHFWLRQ RI PDWHULDOV
HJ SRO\PHUV  IRU GLIIHUHQW DSSOLFDWLRQV ZH DOVR XVHG WKHP LQ RUGHU WR GHWHUPLQH WKH
DSSOLFDWLRQ SRVVLELOLWLHV RI WKH LQYHVWLJDWHG FRPSOH[HV GXH WR LWV ELRORJLFDO DFWLYLW\ 7KH
HVWLPDWHGOLIHWLPHRUWKHWLPHDFFHOHUDWLQJDJLQJ WI LVGHILQHGDVWKHWLPHZKHQWKHPDVVORVV
UHDFKHVILYHPDVVSHUFHQW¶VLHD >±@DQGFDQEHFDOFXODWHGE\JHQHUDOHTXDWLRQ





D \PD[ LVREWDLQHGIURPWKHIXQFWLRQ\

0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  
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0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  



'HK\GUDWLRQSURFHVV

(DN-PRO



'HFRQYROXWHG FXUYHV ZHUH XVHG WR GHWHUPLQH FRQYHUVLRQ GHJUHH 7KH FRQVWUXFWHG
D7 FXUYHV ZHUH XVHG IRU WKH DSSOLFDWLRQ RI .$6 LVRFRQYHUVLRQDO PHWKRG 7KH REWDLQHG
GHSHQGHQFHRIDFWLYDWLRQHQHUJLHVRQFRQYHUVLRQGHJUHHDUHVKRZQDW)LJ





0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  
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)LJ7KHGHSHQGHQFHRI(DYVDREWDLQHGE\.$6LVRFRQYHUVLRQDOPHWKRGIRUWKUHH
HOHPHQWDU\VWHSVRIGHK\GUDWLRQSURFHVV

,QWKHFDVHRIDOOWKUHHVWHSVWKHDFWLYDWLRQHQHUJLHVGHWHUPLQHGE\.$6PHWKRGVKRZ
D VOLJKW FKDQJH ±  LQ WKH ZKROH UDQJH RI FRQYHUVLRQ GHJUHH LQGLFDWLQJ VLQJOH VWHS
SURFHVVHV ZLWK WKH DYHUDJH YDOXHV RI WKH DFWLYDWLRQ HQHUJLHV RI   DQG
N-PRO±UHVSHFWLYHO\
,QRUGHUWRGHWHUPLQHLVRNLQHWLFSDUDPHWHUVDFWLYDWLRQHQHUJ\(DDQGSUHH[SRQHQWLDO
IDFWRU=LQYDULDQWNLQHWLFSDUDPHWHUV ,.3 PHWKRG>@ZDVDSSOLHG9DOXHVRILQYDULDQW
NLQHWLFSDUDPHWHUVDUHSUHVHQWHGLQ7DE,
7KHDLPRI0jOHN¶VPHWKRGDSSOLFDWLRQZDVWRILQGDQDSSURSULDWHUHDFWLRQPRGHOIRU
HOHPHQWDU\VWHSV>@7KHUHVXOWVDUHVKRZQLQ)LJ
,Q DOO WKUHH FDVHV WKH GHSHQGHQFHV\ D ±D LH ] D ±DKDYH WKH VDPH VKDSH &RQYH[
IRUP DQG SRVLWLRQV RI PD[LPD D\PD[ §  DQG D]PD[ §  EDVHG RQ 0jOHN¶V FULWHULD >@
VXJJHVW âHVWiN%HUJJUHQ V PRGHO >@ 7KHUHIRUH âHVWiN%HUJJUHQ V PHWKRG ZDV DSSOLHG LQ
RUGHU WR GHWHUPLQH YDOXHV RI 0 DQG 1 SDUDPHWHUV 5HDFWLRQ PRGHOV ZHUH HVWDEOLVKHG LQ WKH
IRUPDVSUHVHQWHGLQ7DE,

7DE,.LQHWLFWULSOHWVIRUHOHPHQWDU\VWHSVRIGHK\GUDWLRQSURFHVV
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)LJ)XQFWLRQV\ D DQG] D IRUD ILUVWE VHFRQGF WKLUGHOHPHQWDU\VWHSRIGHK\GUDWLRQ
SURFHVV

0DWFKLQJRIH[SHULPHQWDODQGREWDLQHGFXUYHVVKRZQDW)LJDVZHOODVOLQHDULW\RI
GHSHQGHQFHVVKRZQDW)LJFRQILUPHGYDOLGLW\RIREWDLQHGNLQHWLFWULSOHWV
7KHYDOXHVRIWKHDFWLYDWLRQHQHUJ\IRULQGLYLGXDOHOHPHQWDU\VWHSVREWDLQHGE\.$6
   N- PRO± UHVSHFWLYHO\  DQG ,.3 PHWKRG 7DE ,  DUH LQ YHU\ JRRG
DJUHHPHQW
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FKDQJHVRIWKHUPRG\QDPLFDFWLYDWLRQSDUDPHWHUVGXULQJWKHVHSURFHVVHV)RUWKLVSXUSRVHZH
XVHGHTXDWLRQV    IRUFDOFXODWLRQRIWKHYDOXHVRIWKHFKDQJHRIHQWURS\ǻ6HQWKDOS\
ǻ+DQG*LEEVIUHHHQHUJ\ǻ*IRUWKHIRUPDWLRQRIWKHDFWLYDWHGFRPSOH[ 7DE,, IRUDOO
WKUHHHOHPHQWDU\VWHSV,QRUGHUWRREWDLQWKHVHSDUDPHWHUVYDOXHVRISUHH[SRQHQWLDOIDFWRU=
ZHUH FDOFXODWHGIURPLQWHUFHSWV OQ> =5I D  ( D D @ IRUVHOHFWHGFRQYHUVLRQ GHJUHHDFFRUGLQJ








WKHRUHWLFDOFXUYH


I D D D
R

E  &PLQ
R

E  &PLQ
R

E  &PLQ
R

E  &PLQ






I D I D



D









F



D






WKHRUHWLFDOFXUYH


I D D D
R

E  &PLQ
R

E  &PLQ
R

E  &PLQ
R

E  &PLQ










D

R





 &PLQ
R
 &PLQ
R
 &PLQ
R
 &PLQ



OQ EJ D 7

OQ EJ D 7




)LJ&RPSDUDWLYHUHYLHZRIWKHH[SHULPHQWDODQGWKHFXUYHVREWDLQHGRQWKHEDVLVRI
FHUWDLQPRGHOVIRUD ILUVWE VHFRQGF WKLUGHOHPHQWDU\VWHSRIGHK\GUDWLRQSURFHVV





D



R

 &PLQ
R
 &PLQ
R
 &PLQ
R
 &PLQ






















      

E












OQ EJ D 7








7.

7.



R

 &PLQ
R
 &PLQ
R
 &PLQ
R
 &PLQ









F















0âXPDU5LVWRYLüHWDO6FLHQFHRI6LQWHULQJ  



BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB




7.


)LJ$SSOLFDWLRQRI3HUH]0DTXHGDFULWHULDIRUGHWHUPLQHGNLQHWLFPRGHOVIRUD ILUVW
E VHFRQGF WKLUGHOHPHQWDU\VWHSRIGHK\GUDWLRQSURFHVV

WR HTXDWLRQ   DQG YDOXHV RI (DDREWDLQHG E\ .$6 PHWKRG ZHUH XVHG DV ZHOO DV UHDFWLRQ
PRGHOVJLYHQLQ7DE,
$V VHHQ IURP 7DE ,, WKH GLIIHUHQFH LQ HQHUJ\ EHWZHHQ WKH UHDJHQW DQG DFWLYDWHG
FRPSOH[ FKDQJH RI DFWLYDWLRQ HQWKDOS\  LV VPDOO IRU DOO WKUHH HOHPHQWDU\ VWHSV DYHUDJH
YDOXHV DUH   DQG  N- PRO UHVSHFWLYHO\  LQGLFDWLQJ WKDW WKH IRUPDWLRQ RI
DFWLYDWHGFRPSOH[LVIDYRUHGEHFDXVHWKHSRWHQWLDOHQHUJ\EDUULHULVORZ

7DE ,, 7KHUPRG\QDPLF DFWLYDWLRQ SDUDPHWHUV IRU WKUHH HOHPHQWDU\ VWHSV RI GHK\GUDWLRQ
SURFHVV
ǻ6-PRO.
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ǻ*N-PRO
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/RZDFWLYDWLRQHQWURSLHVLQWKHILUVWHOHPHQWDU\VWHSLQGLFDWHWKDWWKHFRPSOH[KDVMXVW
SDVVHG WKURXJK VRPH NLQG RI SK\VLFDO RU FKHPLFDO UHDUUDQJHPHQW RI LWV LQLWLDO VWUXFWXUH
EULQJLQJ LW WR D VWDWH FORVH WR LWV RZQ WKHUPRG\QDPLF HTXLOLEULXP &RPSOH[ VKRZV OLWWOH
UHDFWLYLW\ LQFUHDVLQJ WKH WLPH QHFHVVDU\ WR IRUP WKH DFWLYDWHG FRPSOH[ +LJK DFWLYDWLRQ
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6PDOO FKDQJHV LQ WKH DSSDUHQW DFWLYDWLRQ HQHUJ\ ZLWK WKH GHJUHH RI FRQYHUVLRQ ±
 LQGLFDWHWKDWH[DPLQHGVWHSVDUHHOHPHQWDU\7KHDYHUDJHYDOXHVRIDFWLYDWLRQHQHUJLHV
DUHDQGN-PROUHVSHFWLYHO\
7KHWZRPHPEHUVRINLQHWLFWULSOHWDFWLYDWLRQHQHUJ\(DDQGSUHH[SRQHQWLDOIDFWRU
=ZHUHGHWHUPLQHGE\,.3PHWKRG>@DQGSUHVHQWHGLQ7DE,,,
7R ILQG D VXL7DE UHDFWLRQ PRGHO IRU WKH HOHPHQWDU\ VWHSV 0jOHN¶V PHWKRG ZDV
DSSOLHG>@)LJ
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)LJ'HSHQGHQFHRIOLIHWLPHRQWKHWHPSHUDWXUHDWFRQYHUVLRQIRUILUVWHOHPHQWDU\VWHS
RIGHK\GUDWLRQSURFHVV

/LIHWLPH IRU &R ,,  FRPSOH[ GXULQJ WKH GHK\GUDWLRQ SURFHVV ZDV HVWLPDWHG IRU WKH
ILUVW HOHPHQWDU\ VWHS XVLQJ HTXDWLRQ   )LJ  9DOXHV RI DFWLYDWLRQ HQHUJ\ DQG
SUHH[SRQHQWLDOIDFWRUREWDLQHGE\,.3PHWKRG 7DE, ZHUHXVHGDVZHOODVNLQHWLF PRGHO
SUHVHQWHG LQ 7DE , 7KHUH ZDV QR VHQVH WR FDUU\ RXW OLIHWLPH SUHGLFWLRQV IRU UHPDLQLQJ WZR
VWHSVVLQFHWUDQVLWLRQVWDWHVZHUHQRWGHWHUPLQHG
'HSHQGHQFH RI OLIHWLPH YHUVXV WHPSHUDWXUH LV H[SRQHQWLDO IXQFWLRQ WKDW FDQ EH
SUHVHQWHGZLWKHTXDWLRQ
\ $ÂH [% &








 
ZKHUHYDOXHVRISDUDPHWHUV$%DQG&DUHÂDQGUHVSHFWLYHO\
)URP WKH UHVXOWV VKRZQ DW )LJ  ZH FDQ FRQFOXGH WKDW WKH OLIHWLPH LV D SDUDPHWHU
VWURQJO\GHSHQGLQJRQWKHWHPSHUDWXUHDQGGHFUHDVHVZLWKLQFUHDVHRIWKHWHPSHUDWXUH
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)LJ)XQFWLRQV\ D DQG] D IRUD ILUVWE VHFRQGF WKLUGHOHPHQWDU\VWHSRIOLJDQG
GHJUDGDWLRQSURFHVVHV

,QDOOWKUHHFDVHVWKHGHSHQGHQFH\ D DLH] D DKDVWKHVDPHVKDSHDQGSRVLWLRQ
RI WKH PD[LPXP D\PD[§ DQG D]PD[§  DV LQ WKH FDVH RI HOHPHQWDU\ VWHSV RI
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,Q WKH FDVH RI OLJDQG GHJUDGDWLRQ SURFHVV RQO\ ILUVW WKUHH HOHPHQWDU\ VWHSV ZHUH
LQYHVWLJDWHG EHFDXVH RI WKHLU LPSRUWDQFH 2Q WKH EDVLV RI GDWD IURP VLJPRLG D7 FXUYHV
YDOXHV RI DFWLYDWLRQ HQHUJLHV RQ FRQYHUVLRQ GHJUHH E\ XVLQJ .$6 LVRFRQYHUVLRQDO PHWKRG
ZHUHREWDLQHG)LJ
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HQWURSLHVREWDLQHGIRUWKHVHFRQGDQGWKLUGHOHPHQWDU\VWHSSRLQWRXWWKDWSDUWLDOO\GHJUDGHG
FRPSOH[LVIDUIURPLWVWKHUPRG\QDPLFHTXLOLEULXP7KHUHDFWLYLW\LVKLJKHUDQGWKHV\VWHP
FDQUHDFWIDVWHUWRSURGXFHWKHDFWLYDWHGFRPSOH[>@
,QDOOWKUHHHOHPHQWDU\VWHSVYDOXHVRIFKDQJHRI*LEEVIUHHDFWLYDWLRQHQHUJ\LQFUHDVH
DQG WKHQ GHFUHDVH GXULQJ WKH SURFHVV RI GHJUDGDWLRQ ZLWK PD[LPXP DW D   7KLV WUHQG
UHYHDOV WKH WRWDO HQHUJ\ LQFUHDVH RI WKH V\VWHP DW WKH DSSURDFK RI WKH UHDJHQWV DQG WKH
IRUPDWLRQRIWKHDFWLYDWHGFRPSOH[XQWLOWKHD 
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)LJ$SSOLFDWLRQRI3HUH]0DTXHGDFULWHULDIRUGHWHUPLQHGNLQHWLFPRGHOVIRUD ILUVW
E VHFRQGF WKLUGHOHPHQWDU\VWHSRIOLJDQGGHJUDGDWLRQSURFHVVHV
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GHK\GUDWLRQSURFHVV7KHUHVXOWVIRUDOOWKUHHHOHPHQWDU\VWHSVEDVHGRQ0jOHN¶VFULWHULD>@
VXJJHVWâHVWiN%HUJJUHQ VPRGHO>@SUHVHQWHGLQ7DE,,,

7DE,,,.LQHWLFWULSOHWVIRUHOHPHQWDU\VWHSVRIOLJDQGGHJUDGDWLRQSURFHVV
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$VLQWKHFDVHRIHOHPHQWDU\VWHSVRIGHK\GUDWLRQSURFHVVYHULILFDWLRQRIWKHNLQHWLF
WULSOHWV ZDV SHUIRUPHG E\ XVLQJ 0DVWHUSORW PHWKRG >@ DQG 3HUH]0DTXHGD FULWHULD >@
&RPSDULVRQ RI H[SHULPHQWDO DQG WKHRUHWLFDO FXUYHV IRU WKH WKUHH HOHPHQWDU\ VWHSV RI OLJDQG
GHJUDGDWLRQLVVKRZQLQ)LJ
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)LJ&RPSDUDWLYHUHYLHZRIWKHH[SHULPHQWDODQGWKHFXUYHVREWDLQHGRQWKHEDVLVRI
FHUWDLQPRGHOVIRUD ILUVWE VHFRQGF WKLUGHOHPHQWDU\VWHSRIOLJDQGGHJUDGDWLRQSURFHVVHV

5HVXOWVRI3HUH]0DTXHGDFULWHULDDSSOLFDWLRQDUHVKRZQDW)LJ5HVXOWVVKRZQDW
)LJVDQGFRQILUPHGDFFXUDF\RIREWDLQHGNLQHWLFPRGHOV
7KH DFWLYDWLRQ HQHUJLHV REWDLQHG E\ .$6 LVRFRQYHUVLRQ PHWKRG DQG WKH DFWLYDWLRQ
HQHUJ\ REWDLQHG E\ ,.3 PHWKRG DUH LQ D JRRG DJUHHPHQW .$6 PHWKRG  
N-PRO±UHVSHFWLYHO\DQG,.3PHWKRGLVJLYHQLQ7DE,,, 
$V LQ WKH FDVH RI WKH GHK\GUDWLRQ SURFHVV HVWLPDWLRQ RI OLIHWLPH IRU WKH ILUVW
HOHPHQWDU\VWHSZDVFDUULHGRXW5HVXOWVDUHSUHVHQWHGDW)LJ
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)LJ'HSHQGHQFHRIOLIHWLPHRQWKHWHPSHUDWXUHDWFRQYHUVLRQIRUILUVWHOHPHQWDU\
VWHSRIOLJDQGGHJUDGDWLRQSURFHVV

7KH VDPH H[SRQHQWLDO IXQFWLRQ HTXDWLRQ   GHVFULEHV WKH OLIHWLPH GHSHQGHQFH RI
WKHWHPSHUDWXUHIRUWKHGHK\GUDWLRQSURFHVVDVZHOODVWKHOLJDQGGHJUDGDWLRQSURFHVV7KHUH
DUHRQO\WKHGLIIHUHQFHVLQYDOXHVRI$%DQG&SDUDPHWHUVZKLFKDUHÂDQG
UHVSHFWLYHO\)URP)LJLWFDQEHVHHQWKDWGHK\GUDWHGFRPSOH[LVTXLWHV7DEDWR& 
. OLIHWLPHLVPRUHWKDQPLQXWHV
,QRUGHUWRYHULI\DFFXUDF\RIPHWKRGXVHGIRUVHSDUDWLQJLQGLYLGXDOSHDNVDVZHOODV
REWDLQHGNLQHWLFWULSOHWVHTXDWLRQ  ZDVXVHG2QWKHEDVLVRIH[SHULPHQWDOGDWD E  R&
PLQ  WKH GHSHQGHQFH EGDG7  I 7  ZDV IRUPHG ZKLOH RQ WKH EDVLV RI REWDLQHG NLQHWLF
WULSOHWVGHSHQGHQFH=H[S (D57 I D  I 7 ZDVIRUPHG%RWKFXUYHVDUHQRUPDOL]HGLQ  
DUHD &RPSDULVRQ RI WKHVH WZR GHSHQGHQFLHV WKH H[SHULPHQWDO DQG WKHRUHWLFDO FXUYHV IRU
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GHK\GUDWLRQDQGOLJDQGGHJUDGDWLRQSURFHVVHVIRUWKUHHHOHPHQWDU\VWHSVDUHVKRZQLQ)LJV
DQGUHVSHFWLYHO\
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)LJ&RPSDULVRQRIH[SHULPHQWDODQGWKHRUHWLFDOFXUYHVIRUWKHWKUHHHOHPHQWDU\VWHSVRI
OLJDQGGHJUDGDWLRQSURFHVV
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&RQVLGHULQJ WKDW WKH H[SHULPHQWDO DQG WKHRUHWLFDO FXUYHV LQ DOO FDVHV RYHUODS ZH KDYH
FRQFOXGHGWKDWWKH'7*SHDNVDUHZHOOGHFRQYROXWHGDQGWKDWWKHREWDLQHGNLQHWLFWULSOHWVDUH
DFFXUDWH



&RQFOXVLRQ

6ROLG VWDWH UHDFWLRQV DUH LQ PRVW FDVHV FRPSOH[ SURFHVVHV LQYROYLQJ VHYHUDO
RYHUODSSLQJ SURFHVVHV ,Q WKH FDVH RI LQYHVWLJDWHG WKHUPDO GHFRPSRVLWLRQ RI
>&R 1%RFJO\  +2 @Â+2 FRPSOH[ DOO WKUHH GHJUDGDWLRQ VWHSV DUH FRPSOH[ LQYROYLQJ
PRUH WKHQ RQH HOHPHQWDU\ VWHS '7* FXUYHV RI FRPSOH[ GHJUDGDWLRQ SURFHVVHV ZHUH
GHFRQYROXWHG XVLQJ SURGXFW RI *DXVVLDQ DQG /RUHQW]LDQ IXQFWLRQ LQ RUGHU WR REWDLQ
HOHPHQWDU\ VWHSV DQG WR GHWHUPLQDWH WKH NLQHWLF WULSOHWV (D = DQG I D  '7* FXUYHV RI
GHK\GUDWLRQ SURFHVV DQG RI GHJUDGDWLRQ OLJDQG SURFHVV ZHUH GHFRQYROXWHG LQ WKUHH LH ILYH
LQGLYLGXDO VWHSV 7KH WUHQG RI DFWLYDWLRQ HQHUJ\ REWDLQHG E\ .$6 PHWKRG LQGLFDWHV WKDW
GHFRQYROXWHG SHDNV FRUUHVSRQG WR WKH HOHPHQWDU\ SURFHVVHV 7KH YDOXHV RI WKH DFWLYDWLRQ
HQHUJ\ IRU WKH HOHPHQWDU\ VWHSV REWDLQHG E\ .$6 DQG ,.3 PHWKRGV DUH LQ JRRG DJUHHPHQW
$OVR IRU DOO SURFHVVHV LW ZDV IRXQG WKDW WKHVH YDOXHV IRU WKH DFWLYDWLRQ HQHUJLHV DUH LQ
H[FHOOHQW DJUHHPHQW ZLWK YDOXHV REWDLQHG E\ .$6 PHWKRG IRU FRPSOH[ SURFHVVHV >@
)XQFWLRQV\ D DQG] D IRUDOOHOHPHQWDU\VWHSVKDYHWKHVDPHVKDSHDQGPD[LPDLQWKHVDPH
DUHDVDQGSHU0jOHN¶VFULWHULDLQGLFDWHVWKHâHVWiN%HUJJUHQ VPRGHO7KHGLIIHUHQFHLVLQWKH
SDUDPHWHUV0DQG1ZKLFKZHUHGHWHUPLQDWHGE\WKHâHVWiN%HUJJUHQ VPHWKRGDQGWKHUHIRUH
WKH NLQHWLF PRGHOV DUH GLIIHUHQW 7KH REWDLQHG UHDFWLRQ PRGHOV DUH VXSSRUWHG E\ WKH XVH RI
0DVWHU SORW PHWKRG 3HUH]0DTXHGD FULWHULD DV ZHOO DV E\ FRPSDULVRQ RI WKH H[SHULPHQWDO
DQG WKHRUHWLFDO FXUYHV REWDLQHG E\ XVLQJ HTXDWLRQ   (VWLPDWLRQ RI OLIHWLPH IRU WKH
GHK\GUDWLRQ SURFHVV DQGOLJDQGGHJUDGDWLRQSURFHVVLQGLFDWHGWKDWOLIHWLPH LV PRUH VHQVLWLYH
FRQFHUQLQJWKHWHPSHUDWXUHIRUILUVWHOHPHQWDU\VWHSRIGHK\GUDWLRQSURFHVVWKHQIRUWKHILUVW
HOHPHQWDU\VWHSRIOLJDQGGHJUDGDWLRQSURFHVV



$FNQRZOHGJHPHQWV

7KLVZRUNZDVVXSSRUWHGE\WKH0LQLVWU\RI(GXFDWLRQDQG6FLHQFHRIWKH5HSXEOLFRI
6HUELD*UDQW1RV
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ɩɪɨɰɟɫ ɞɟɯɢɞɪɚɬɚɰɢʁɟ ɫɚɫɬɨʁɢ ɨɞ ɬɪɢ ɞɨɤ ɫɟ ɩɪɨɰɟɫ ɮɪɚɝɦɟɧɬɚɰɢʁɟ ɥɢɝɚɧɞɚ ɫɚɫɬɨʁɢ
ɨɞ ɩɟɬ ɟɥɟɦɟɧɬɚɪɧɢɯ ɫɬɭɩʃɟɜɚ Ɂɚ ɟɥɟɦɟɧɬɚɪɧɟ ɫɬɭɩʃɟɜɟ ɨɞɪɟɻɟɧɢ ɫɭ ɤɢɧɟɬɢɱɤɢ
ɬɪɢɩɥɟɬɢ (D=ɢI D  Ʉɢɧɟɬɢɱɤɢ ɩɚɪɚɦɟɬɪɢ ɨɞɪɟɻɟɧɢ ɫɭ ɩɪɢɦɟɧɨɦ,.3ɦɟɬɨɞɟ ɇɚ
ɨɫɧɨɜɭ Ɇɚɥɟɤɨɜɨɝ ɤɪɢɬɟɪɢʁɭɦɚ ɢ ɒɟɫɬɚɤȻɟɪɝɪɟɧɨɜɟ ɦɟɬɨɞɟ ɒɟɫɬɚɤȻɟɪɝɪɟɧɨɜ
ɦɨɞɟɥI D D0 D 1 ʁɟ ɩɪɟɞɥɨɠɟɧ ɡɚ ɫɜɟ ɟɥɟɦɟɧɬɚɪɧɟ ɫɬɭɩʃɟɜɟ ɞɨɤ ɫɭ Ɇɚɫɬɟɪ ɩɥɨɬ
ɦɟɬɨɞɚ ɢ ɉɟɪɟɡɆɚɤɟɞɚ ɤɪɢɬɟɪɢʁɭɦ ɩɨɬɜɪɞɢɥɢ ɩɪɟɞɥɨɠɟɧɟ ɪɟɚɤɰɢɨɧɟ ɦɨɞɟɥɟ
Ɍɟɪɦɨɞɢɧɚɦɢɱɤɢ ɚɤɬɢɜɚɰɢɨɧɢ ɩɚɪɚɦɟɬɪɢ ɢɡɪɚɱɭɧɚɬɢ ɫɭ ɡɚ ɩɪɨɰɟɫ ɞɟɯɢɞɪɚɬɚɰɢʁɟ
ɤɨɦɩɥɟɤɫɚ ɚ ɜɪɟɦɟ ɠɢɜɨɬɚ ʁɟ ɨɞɪɟɻɟɧɨ ɡɚ ɩɪɜɢ ɟɥɟɦɟɧɬɚɪɧɢ ɫɬɭɩɚʃ ɞɟɯɢɞɪɚɬɚɰɢʁɟ ɢ
ɞɟɝɪɚɞɚɰɢʁɟ ɥɢɝɚɧɞɚ
Ʉʂɭɱɧɟ ɪɟɱɢ Ʉɢɧɟɬɢɤɚ &R1ɛɟɧɡɢɥɨɤɫɢɤɚɪɛɨɧɢɥɝɥɢɰɢɧɚɬɨ ɤɨɦɩɥɟɤɫ Ɍɟɪɦɢɱɤɚ
ɪɚɡɝɪɚɞʃɚ Ɋɚɡɞɜɚʁɚʃɟ'7*ɤɪɢɜɢɯ





ɋɚɞɪɠɚʁ Ɍɟɪɦɢɱɤɚ ɪɚɡɝɪɚɞʃɚ ɤɨɦɩɥɟɤɫɚ&R ,, ɫɚ1ɛɟɧɡɢɥɨɤɫɢɤɚɪɛɨɧɢɥɝɥɢɰɢɧɚɬɧɢɦ
ɥɢɝɚɧɞɨɦ >&R 1%RFJO\  +2 @Â+2 ɭ ɧɟɢɡɨɬɟɪɦɫɤɢɦ ɭɫɥɨɜɢɦɚ ɨɞɜɢʁɚ ɫɟ ɭ ɬɪɢ
ɫɥɨɠɟɧɚ ɫɬɭɩʃɚ ɍ ɰɢʂɭ ɢɫɩɢɬɢɜɚʃɚ ɞɟɬɚʂɧɟ ɤɢɧɟɬɢɤɟ ɩɪɜɚ ɞɜɚ ɫɬɭɩʃɚ
ɞɟɯɢɞɪɚɬɚɰɢʁɟ ɢ ɞɟɝɪɚɞɚɰɢʁɟ ɥɢɝɚɧɞɚ '7* ɤɪɢɜɟ ɫɭ ɪɚɡɞɜɨʁɟɧɟ ɤɨɪɢɲʄɟʃɟɦ
ɜɟɤɬɨɪɫɤɨɝ ɩɪɨɢɡɜɨɞɚ Ƚɚɭɫɢʁɚɧ ɢ Ʌɨɪɟɧɰɢʁɚɧ ɮɭɧɤɰɢʁɟ ɍɬɜɪɻɟɧɨ ʁɟ ɞɚ ɫɟ ɫɥɨɠɟɧɢ
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 Reversible 3D to 2D framework topochemical transformation on dehydration around 365 K.
 Resulting polymer exhibits 2D
layered structure with weak interlayer connectivity.
 Dehydration is fully reversible in
saturated water vapor at room
temperature.
 Further degradation around 570 K
yields 2D polymer without interlayer
connectivity.
 2D polymer exhibits conjugated
electronic system.
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Thermally activated 3D to 2D structural transformation of the binuclear [Ni2(en)2(H2O)6(pyr)]$4H2O complex was investigated using a combination of theoretical and experimental methods. Step-wise thermal
degradation (dehydration followed by release of ethylene diamine) results in two layered ﬂexible coordination polymer structures. Dehydration process around 365 K results in a conjugated 2D structure with weak
interlayer connectivity. It was shown to be a reversible 3D to 2D framework transformation by a guest
molecule, and rehydration of the dehydration product occurs at room temperature in saturated water vapor.
Rehydrated complex exhibits lower dehydration temperature, due to decreased average crystalline size, with
higher surface area resulting in easier release and diffusion of water during dehydration. Thermal degradation of dehydration around 570 K, results in loss of ethylene diamine, producing a related 2D layered
polymer structure, without interconnectivity between individual polymer layers.
© 2014 Elsevier B.V. All rights reserved.

Keywords:
Organometallic compounds
Polymers
Differential scanning calorimetry (DSC)
Crystal structure

1. Introduction
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Ni-based organometallic complexes represent a broad category
of materials that have found many uses, including catalysts [1e7],
biologically active molecules [8,9] and precursors for synthesis of a
number of new multifunctional materials for numerous
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applications like gas storage, anion exchange, catalysis, conductors,
luminescent materials, magnetic materials and deposition of thin
ﬁlm [10e12].In this class of materials coordination polymers, or
metal organic frameworks, composed of inorganic clusters or isolated metal ions connected by bridging organic ligands attract
special attention. Their frameworks are composed of a wide variety
of structures of different dimensionality: 1D, 2D and 3D, depending
on their coordination bonds [13e16]. Generally speaking, most of
the coordination polymers with important functional properties
are 3D frameworks, while 2D frameworks containing space between the layers exhibit more dynamic properties. Materials that
exhibit guest-responsive reversible transformations from 2D
framework to 3D framework represent, therefore, a very interesting
class of materials because they can exhibit not only properties
characteristic of a 3D framework, but also stimulus-responsive
properties based on 2D-3D transformation [17,18]. In addition,
layered coordination polymers, which exhibit only weak interactions between 2D layers, have been a focus of intense study in
recent years due to their versatility and ability to tune their properties [19,20]. 1,2,4,5-benzenetetracarboxylate acid (BTCA) has
proven to be a very versatile ligand for high-dimensional coordination polymers due to simultaneous presence of four carboxylate
groups and the aromatic ring [21]. Layered coordination polymers
with BTCA and divalent Co, Ni and Zn ions, have been synthesized
by a slow reaction in aqueous solution [22]. A series of Ni-based
metal organic frameworks with 1,3,5-benzenetricarboxylate and
1,2,4,5-benzenetetracarboxylate ligands have been shown to
exhibit favorable gas adsorption behavior and hydrogen uptake
capacity of up to 3 wt% [23].
As a part of our multidisciplinary study of transition metal based
coordination polymers, this paper investigates thermally activated
3D to 2D structural transformation of binuclear hexaaqua-m[1,2,4,5-benzenetetracarboxylato(4-)]-bis(ethylenediamine)
dinickel (II) tetrahydrate. This compound forms a ﬂexible coordination polymer with a three-dimensional network of hydrogen
bonds created by coordinated water molecules, while BTCA ligand
acts as a 1,4-benzenebicarboxylato ligand [24]. Combination of
different experimental techniques and density functional theory
(DFT) calculations was used to investigate and explain, in as much
detail as possible, the structure of the polymer products formed by
dehydration and degradation reactions of this compound.
2. Materials and methods
Powder of hexaaqua-m-[1,2,4,5-benzenetetracarboxylato(4)]-bis(ethylenediamine) dinickel (II) tetrahydrate was synthesized
from commercially available chemicals of analytical grade as
described in Ref. [24]. Composition and purity of the synthesized
complex was conﬁrmed by elemental analysis and X-ray diffraction.
The X-ray powder diffraction (XRD) spectra were obtained using
Philips PW-1710 automated diffractometer, using Cu Ka line,
operated at 40 kV and 30 mA, in Bragg-Bentano geometry. The
instrument was equipped with diffracted beam curved graphite
monochromator and Xe ﬁlled proportional counter. Diffraction data
were collected in 2q ranges of 4e35 (counting for 5s for routine
identiﬁcation) and 8e80 , (counting for 12.5s for Rietveld reﬁnement), at 0.02 steps. Fixed 1 divergence and 0.1 mm receiving slits
were used and silicon powder was used as a standard for calibration
of the diffractometer. Indexing of XRD peaks and space group
determination was performed using Jana2006 [25], and NTREOR09 program [26] implemented in EXPO 2013 package. Rietveld analysis of X-ray powder diffraction data was done using
GSAS-II program package [27], using literature data for initial parameters, pseudo-Voigt functions for peak description and Chebyshev function as a background. Complex peak broadening models

were used to determine particle size and microstrain, using the
uniaxial model.
Thermogravimetric analyses (TG) were conducted using a Q500
TGA (TA Instruments) with sample weight of 10.0 ± 0.5 mg, and a
heating rate of 5 K min1, in nitrogen atmosphere with gas ﬂow rate
of 50 mL min1. Differential scanning calorimetry (DSC) measurements were carried out at the same heating rate, using DSC Q1000
(TA Instruments) with sample weights of 2.0 ± 0.2 mg, in nitrogen
atmosphere with gas ﬂow rate of 50 mL min1. UV/VIS spectra were
recorded using Carl-Zeiss with a reﬂective ﬁxture, using MgO as a
standard. Raman spectra were recorded using HeNe 532 nm gas
laser excitation, using Thermo Scientiﬁc DXR Raman microscope,
equipped with a research optical microscope and CCD detector. The
scattered light was analyzed by a spectrograph with grating of 1200
lines mm1. Laser power was kept at 0.5 mW.
Crystal structure of [Ni2(en)2(H2O)6(pyr)]$4H2O [24] was used
as the initial geometry guess for the structural optimization of the
complex and selection of the best calculation parameters. Periodic
system calculations were conducted using Abinit software [28,29],
using generalized gradient approximation (GGA) [30] with PBE
functional [31] and TS for DFT-D correction. The initial complex was
polarized using a spin of 4 and the optimization limit was 0.03 eV/Å
for maximum force change and 0.001 Å for maximum displacement. Calculation of XRD data, based on these calculations, was
performed using RIETAN [32]. Images of molecular structures and
orbitals were prepared using VESTA [33]. Calculations of vibrational
spectra, equilibrium constant and highest occupied (HOMO) and
lowest unoccupied (LUMO) molecular orbital were conducted in a
non-periodic molecular system, using Gaussian 09 package [34].
Equilibrium constants were calculated using TAMkin [35] toolkit,
with a Hessian computed with Gaussian 09. Tamkin possesses
multiple methods to perform a normal mode analysis, and these
results can be used to construct a molecular partition function and
derive thermodynamic and kinetic parameters of the reaction (6311G* basis set was used for Ni and 6-31G* for the other atoms). All
structures where fully optimized using hybrid HF/DFT method with
a combination of the three-parameter Becke [36] exchange and the
Lee-Yang-Parr (B3LYP) [37] exchange functional, with C-PCM solvation method with Klamt [38] radii, as implemented in Gaussian
09. Vibrational frequencies were calculated for all structures in
order to determine whether a particular structure represents a real
minimum of the respective potential energy surface. All calculated
frequencies were scaled with scaling factor 0.9603 as recommended by Ref. [39].

Fig. 1. XRD patterns of: a) C1 sample; b) P1 sample; c) rehydrated P1 sample; d) P1
sample after repeated dehydration; e) P2 sample.
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Fig. 4. View of local structure around a single monomeric unit in C1, P1 and P2.

Fig. 2. Left: TG and DTG of C1; right: DSC of C1and rehydrated P1.

Rehydration of complex samples, previously dehydrated at
453 K for 15 min, was conducted in a saturated water vapor atmosphere for 24 h at room temperature.
3. Results and discussion
X-ray diffraction (XRD) patterns of the initial complex (C1) and
complex samples treated under different conditions (P1 and P2) are
shown in Fig. 1. According to thermal analysis, Fig. 2, C1 undergoes
dehydration around 365 K, resulting in the loss of 27.03 mass%,
corresponding to the release of all ten water molecules. This newly
formed compound undergoes another loss of mass, of 19.04%,
around 570 K, preceded by change in Cp around 540 K, corresponding to release of ethylene diamine.
XRD pattern of C1 shows a crystalline structure, with numerous
well deﬁned sharp peaks in 10e35 region, which provide a good
description of the structure. Unit cell parameters of this structure
are consistent with the parameters of the structure of the monocrystal published in Ref. [24]. Rietveld analysis of powder XRD of C1
(Supplement) shows that its crystal structure belongs to P21/c
space group, where its 3D framework is composed of parallel layers,

along (102) crystal plane (Fig. 3), connected by hydrogen bonds.
Each layer consists of organometallic framework containing nickel(II) cation and pyromellitic acid anion, with chelately coordinated
ethylene diamine and three coordinated water molecules around
each metal center. One of these water molecules provides interlayer
connectivity by forming hydrogen bonds with carboxylic oxygen
from the neighboring layer, while the other water molecules provides connectivity between monomeric units in the same layer,
again through hydrogen bonding to carboxylic oxygen atoms.
Ethylene diamine molecules exhibit both interlayer and intralayer
hydrogen bonding to carboxylic oxygen atoms. The space between
the layers contains uncoordinated water molecules whose
hydrogen bonds provide additional connection between (102)
planes.
A Fig. 4 shows the local environment around one monomeric
unit in (102) plane. The distance between the layers, or (102)
planes, in C1 was calculated to be 5.12 Å, while the distance between (100) planes was calculated to be 8.71 Å. The average crystal
size of C1 along b and c axis is much smaller than along a axis,
suggesting formation of one-dimensional strips about 55 nm in
diameter, with relatively small microstrain of 1.4%.

Thermal treatment of C1 results in loss of water and 3D to 2D
structural transformation. The sample heated at 453 K for 15 min
(P1) exhibits a relatively ordered structure, with signiﬁcant differences compared to the C1, in both degree of crystallinity and the
unit cell parameters (Table 1). Although it exhibits a simpler XRD
pattern with very few peaks and much lower crystallinity than the
C1, a sharp peak around 10 , and a broad peak centered around 17
in the experimental XRD pattern are indicative of a polymer
structure with some short-range ordering [40]. Relative lack of
information in the experimental XRD pattern was compensated for
using periodic system calculations, where the optimized structure
from the calculations was used as the initial guess for the optimization of unit cell parameters. The resulting coordination polymer
structure P1 belongs to the same space group P21/c as C1 (Rietveld
analysis in Supplement). P1 exhibits about 50% lower unit cell
volume, although unit cell density remains the same. During
dehydration, both interlayer and coordinated water molecules are
released, resulting in loss of hydrogen bonding both in (102)
planes and between these planes. The distance between (102)
and (100) planes is reduced to 4.96 Å and 8.57 Å, respectively
(Fig. 3). Carboxylic group forms bidentate coordination to nickel
center, providing additional connectivity in (102) plane (Fig. 4).
The only connection between (102) planes is provided by
hydrogen bonding of ethylene diamine to carboxylic oxygen and
these bonds are oriented along (100) plane. In P1, the region around
the aromatic ring no longer contains water molecules with corresponding hydrogen bonds, leading to increased strain and loss of
long-range ordered structure and broadening of (102) peak in
XRD pattern of P1 (Fig. 1).
More detailed description of this structure was obtained using
Raman spectra interpreted in correlation with DFT calculations,
Fig. 5. Raman spectrum of C1 exhibits relatively sharp peaks,
indicative of an ordered crystalline structure, which can be
assigned to individual functional groups (Table 2). Raman spectrum
of the dehydrated product (P1) exhibits somewhat broader peaks,

Table 1
Microstructural and unit cell parameters of different coordination polymer systems.
Sample

C1

Avg. crys.
size (nm)

>10,000 (a)
58 ± 4 (b)
52 ± 3 (c)
1.4 ± 0.3

Microstrain
(%)

Fig. 3. Perspective view of C1, P1 and P2 structures (top), view of C1, P1 and P2 structures in (102) plane (bottom).

a (Å)
b (Å)
c (Å)

b()
V (A3)

9.192 ± 0.001
13.919 ± 0.002
10.754 ± 0.001
107.70 ± 0.01
1311 ± 2

C1 calculated

P1

Rehydrated P1
>10,000 (a)
50 ± 7 (b)
16 ± 5 (c)
1.8 ± 0.2

9.192
13.913
10.754
107.70
1310

60 ± 40 (a)
30 ± 13 (b)
3 ± 2 (c)
14 ± 1
520 ± 20
380 ± 20
9.86 ± 0.03
10.99 ± 0.07
10.22 ± 0.03
117.1 ± 0.3
960 ± 6

9.210 ± 0.003
13.913 ± 0.003
10.754 ± 0.003
107.38 ± 0.02
1314 ± 5
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which typically occurs during extension of a polymer chain, while
vibrations belonging to water molecules disappear completely due
to dehydration. The most signiﬁcant change is the shift of asymmetric COO stretching from 1541 to 1560 cm1 and symmetric COO
stretching from 1453 to 1440 cm1. The second symmetric COO
stretching vibration at 1391 cm1, corresponding to the uncoordinated carboxylate oxygen, disappears in the spectrum of P1. This
indicates a change in coordination of the carboxylic group from
monodentate to bidentate chelate, suggesting polymerization
through coordination of carboxylate group to Ni. The agreement
between experimental and theoretical results indicates that the
structure of P1 obtained in DFT calculations corresponds to the
structure of the dehydration reaction product. UV/VIS spectrum of
P1, Fig. 6 shows that there is a shift in absorption peaks to lower
energies, where the absorption peaks shift from 377.0, 680.4 and
786.0 nm to 400.4, 719.3 and 804.0 nm, respectively. The corresponding energy shifts are 0.192 eV (1550 cm1), 0.099 eV
(795 cm1) and 0.035 eV (285 cm1), respectively. This corresponds
to an observed change in the color of the sample, from light-blue of
C1 to green of P1.
Dehydration product, P1, can be rehydrated and reverted back to
the crystalline structure of C1, making this structural transformation a reversible transformation from 3D to 2D framework by
a guest molecules, in this case water [17]. XRD pattern of the
rehydrated sample represents the same crystal structure as C1, with
somewhat lower degree of crystallinity. In addition, on rehydration,
UV/VIS spectrum of the sample reverts back and is equivalent with
the spectrum of C1, as shown in Fig. 6. DSC curve of rehydrated
complex exhibits similar form as the DSC curve of C1 (Fig. 2) with
some shift in peak temperatures (Fig. 1), 365 Ke355 K. The dehydration peak symmetry factor increases from 1.36 to 1.65, while the
enthalpy decreases from 471 kJ mol1 to 413 kJ mol1. These differences can be correlated with changes in microstructure of the
rehydrated complex. Although rehydrated system shows minimal
loss of long-range ordering compared to C1 (Table 1), the average
crystal size decreased from 52 to 16 nm from C1 to rehydrated
system, respectively. This indicates that the release of water occurs
easier in the rehydrated system because of an increase in surface
area, due to decrease of average crystalline size, allowing easier
diffusion of released water.
However, the changes in dehydration reaction of rehydrated
system do not have a signiﬁcant impact on the subsequent degradation, judging by the position of the degradation peak in DSC,
which is at 572 K, compared to 570 K in C1. This suggests that the
dehydrated systems exhibit similar behavior during successive
heating cycles and that the ﬁnal polymer products are probably
equivalent.
DFT calculations of the dehydration process were conducted on
a monomeric model system solvated in continuous dielectric in
order to further examine dehydration process and its reversibility.
While this model system is not fully representative of the
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Table 2
Assignment of individual vibrations in Raman spectra.
Functional
group

Raman vibrations of
C1 (cm1)

Raman vibrations of P1 (cm1)

Carboxylic

1541 (asym. stretch)
1453 (sym. stretch,
coordinated COO)
1391 (sym. stretch,
uncoordinated COO)
1610 (C]C stretch)
1570 (C]C stretch)
1191 (sym. ring stretch)
832 (ring bend)
815 (CeH stretch)
812 (in-plane ring stretch)
679 (in-plane ring stretch)
1512 (CeH sciss)
1509 (CeH sciss)
1440 (NeH bend)
1411 (NeH bend)
1360 (CeH vibr)
1329 (CeH vibr)
1284 (CeH vibr)
1280 (CeH stretch)
1097 (NeH bend)
1034 (CeC stretch)
1022 (CeN stretch)
872 (NeCH2 stretch)
1720 (HOH bend)
815 (HOH bend)
764 (OeH bend)
678 (OeH bend)

1560 (asym. stretch)
1440 (sym. stretch)

Aromatic ring

Ethylene
diamine

Water

1600 (C]C stretch)
1560 (C]C stretch)
1177 (sym. ring stretch)
990 (sym. ting bend)
679 (in-plane ring stretch)

1509 (CeH sciss)
1506 (CeH sciss)
1460 (NeH bend)
1430 (NeH bend)
1410 (NeH bend)
1320 (CeH vibr)
1274 (CeH vibr)
1270 (CeH stretch)
1110 (NeH bend)
1020 (CeN stretch)
875 (NeCH2 stretch)
None

that the environment around water molecules can have a signiﬁcant impact on their release, as water molecules with different
environment exhibit signiﬁcantly different equilibrium constants
(Fig. 7).
The model system contains three water molecules coordinated
to Ni center (marked 1, 2 and 3 in Fig. 7), each of which exists in a
different environment, with differences in hydrogen bonding.
These molecules exhibit markedly different equilibrium constants
for dissociation from the metal center. Equilibrium constants vary

Fig. 7. Left: Calculated structure of C1 monomer, showing different coordinated water
molecules; right: Equilibrium constant at different temperatures for release of
different coordinated water molecules.

Fig. 6. UV/VIS spectra of C1 and P1.

from 107e105 for water 3 to 105e103 for water 1. These values
suggest that the equilibrium lies towards the initial hydrated
molecule, indicating relatively easy reversibility of dehydration
process, which is consistent with experimental observations. The
calculations also indicate that the release of water molecules coordinated to the metal center occurs faster after the release of
crystalline water. All of this suggests that polymerization can occur
relatively early on in the reaction and proceed in parallel with
dehydration.
XRD pattern of a sample treated at 623 K (P2) shows further loss
of long-range ordering and periodicity. DFT calculations suggest
that the loss of ethylene diamine would result in a layered structure
with P1 space group (Fig. 3). Lack of long-range, evident from XRD
pattern, ordering can be explained by absence of connectivity between (102) planes, which are free to move and slide, resulting in
the loss of ordering along (100) plane. Release of ethylene diamine
should also result in further decrease in distance between (102)
planes to 4.66 Å.
Having previously established the validity of DFT calculations to
provide correct structures of reaction products, DFT calculations
were used to calculate the structure of P2. Since its Raman spectrum and XRD pattern did not provide enough information, IR
spectrum of P2 was used to determine the validity of the calculated
structure (Fig. 8). It contains only vibrations associated with COO

Fig. 5. Experimental and calculated Raman spectra of C1 and P1.

experimental system, it offers some insight into signiﬁcance of the
local environment on release of water. These calculations suggest
that C1 system can polymerize in plane during dehydration, in a
way that each monomer entity is connected to four neighboring
monomers. Hydrogen bonding between individual molecules in C1
is replaced with NieO bonds between individual monomeric units.
Based on the calculations, full dehydration of C1 is not necessary for
polymerization to occur. Release of one of the coordinated water
molecules, creating a vacant coordination site on the metal center,
is enough for the onset of polymerization. Values of equilibrium
constants for dissociation of coordinated water molecules show

Fig. 8. Experimental and calculated Raman spectra of P2 (top); IR spectra of P1 and P2
(bottom).

group (1607, 1558 cm1) and the aromatic ring (1430, 1390, 1277,
750, 716 cm1), while the vibrations corresponding to ethylene
diamine are not present. The calculated structure indicates that the
loss of ethylene diamine removes the hydrogen bonds linking individual polymer planes in P1, while the polymer structure in plane
remains intact. Based on IR spectrum and calculations, it is probable
that the product of degradation reaction is a laminar polymer with
no direct bonding between individual planes. NieO bonds in P2 are
shorter than those in P1, 1.9e2.0 Å compared to 2.0e2.1 Å, indicating that Ni coordination is distorted square-planar in P2, as
opposed to octahedral in P1. This is visible in IR spectra of P2 as a
blue shift in vibration around 515 cm1. In addition, in the calculated structure of P2, Ni ion is in a singlet state, as opposed to triplet
in C1 and P1. Therefore, correlation of experimental measurements
and DFT calculations indicates that C1 creates two related laminar
polymer structures (P1 and P2) during successive processes of
thermal degradation (Scheme 1).
DFT calculations, on both hydrated and dehydrated systems of
dimer and trimer systems, show that polymerization causes a shift
of the calculated band gap to lower energy values (Table 3). In the
monomer system, the calculated band gap decreases on dehydration, and decreases further on the creation of the dimer system.
Finally, the difference in the value of the calculated band gap
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between hydrated and dehydrated systems is much larger in trimer
system than it is in the monomer system. Calculated electronic
structure of C1 shows that both HOMO and LUMO are localized
mostly on the aromatic ring and surrounding CO groups (Fig. 9 top).
Calculated electronic structure of a model system of P1, containing
four connected truncated monomeric units, shows that HOMO and
LUMO of P1 are delocalized across different monomeric units,
indicating that multiple monomeric units form a conjugated electronic system, which accounts for decrease in the value of the
calculated band gap with extension of polymerization (Fig. 9
bottom).

N.N. Begovic et al. / Materials Chemistry and Physics 149-150 (2015) 105e112

112

Acknowledgments
This research was supported by the Ministry of Education, Science and Technology of Republic of Serbia under the projects
172015, 172020, TR-31055, TR-31093 and III 45007.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.matchemphys.2014.09.052.
References

4. Conclusion

Scheme 1. Reaction scheme of the polymerization reaction during thermal treatment.

Table 3
Calculated values of HOMO, LUMO (in Hartrees) and HOMO-LUMO gap for different
model systems.
System
Monomer
Monomer
Dimer
Trimer
Trimer

Hydrated
Dehydrated
Dehydrated
Hydrated
Dehydrated

HOMO

LUMO

gap (eV)

0.2152
0.2310
0.2135
0.2188
0.2100

0.0400
0.0704
0.0720
0.0348
0.0879

4.77
4.37
3.85
5.01
3.32

Results of combined experimental and theoretical examination
of
thermally
activated
structural
transformation
of
[Ni2(en)2(H2O)6(pyr)]$4H2O complex show that 3D to 2D transformation occurs through coordination of a carboxylate oxygen
atom, linked to the aromatic ring, to the Ni atom of a neighboring
atom. The resulting structure represents a 2D framework where
individual layers are interconnected through hydrogen bonds
formed between hydrogen atoms of ethylene diamine groups,
which are positioned above and below the respective polymer
planes, and carboxylate oxygen atoms (Fig. 3) Release of water
results in disruption of long-range 3D structure of C1, where the
space between (100) and (102) planes is ﬁlled with water
molecules, whose hydrogen bonds provide a three-dimensional
network of bonds. After dehydration, this space is mostly
empty, resulting in a more ﬂexible 2D structure. Raman spectrum
of P1 indicates that the basic feature of this structure is chelate
coordination of carboxylate oxygen atoms to Ni center, while UV/
VIS spectrum and DFT calculations suggest conjugated system.
This transformation from 3D to 2D framework is fully reversible,
when P1 is exposed to saturated water vapor. Rehydrated complex exhibits the same 3D framework as C1, except for lower
average crystalline size, which leads to decreased dehydration
temperature on repeat thermal treatment. At higher temperatures, P1 releases ethylene diamine, and all interlayer connectivity
and long range structure provided by it are lost, although IR
spectrum and DFT calculations suggest that the basic 2D planar
structure remains (Fig. 3).

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

M. Delferro, T.J. Marks, Chem. Rev. 111 (2011) 2450.
S.D. Ittel, L.K. Johnson, M. Brookhart, Chem. Rev. 100 (2000) 1169.
D. Zhang, G.X. Jin, Inorg. Chem. Commun. 9 (2006) 1322.
W.H. Wang, G.X. Jin, Inorg. Chem. Commun. 9 (2006) 548.
Y.D.M. Champouret, J. Fawcett, W.J. Nodes, K. Singh, G.A. Solan, Inorg. Chem.
45 (2006) 9890.
Q. Khamker, Y.D.M. Champouret, K. Singh, G.A. Solan, Dalton Trans. (2009)
8935.
S. Mecking, Coord. Chem. Rev. 203 (2000) 325.
S. Sreedaran, K. Shanmuga Bharathi, A. Kalilur Rahiman, K. Rajesh, G. Nirmala,
L. Jagadish, V. Kaviyarasan, V. Narayanan, Polyhedron 27 (2008) 1867.
A. Greatti, M.A. de Brito, A.J. Bortoluzzi, A.S. Ceccato, J. Mol. Struct. 668 (2004)
185.
A.Y. Robin, K.M. Fromm, Coord. Chem. Rev. 250 (2006) 2127.
K.Y. Choi, H. Ryu, Y.M. Lim, N.D. Sung, U.S. Shin, M. Suh, Inorg. Chem. Comm. 6
(2003) 412.
D. Vujovic, H.G. Raubenheimer, L.R. Nassimbeni, Dalton Trans. (2003) 631.
D. Maspoch, D. Ruiz-Molina, J. Veciana, Chem. Soc. Rev. 36 (2007) 770.
C. Janiak, Dalton Trans. (2003) 2781.
M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe, O.M. Yaghi,
Science 295 (2002) 469.
H. Li, M. Eddaoudi, M. O'Keeffe, O.M. Yaghi, Nature 402 (1999) 276.
W. Kaneko, M. Ohba, S. Kitagawa, J. Am. Chem. Soc. 129 (2007) 13706e13712.
S. Bureekaew, S. Shimomura, S. Kitagawa, Sci. Technol. Adv. Mater. 9 (2008)
014108.

[19] P.-Z. Li, Y. Maeda, Q. Xu, Chem. Commun. 47 (2011) 8436.
[20] P.J. Beldon, S. Tominaka, P. Singh, T. Saha Dasgupta, G. Bithell, A.K. Cheetham,
Chem. Commun. 50 (2014) 3955.
[21] Y. Luo, K. Bernot, G. Calvez, S. Freslon, C. Daiguebonne, O. Guillou, N. Kerbellec,
T. Roisnel, CrystEngComm 15 (2013) 1882.
[22] R. Murugavel, D. Krishnamurthy, M. Sathiyendiran, Dalton Trans. (2002) 34.
[23] C. Gao, S. Liu, L. Xie, C. Sun, J. Cao, Y. Ren, D. Feng, Z. Su, CrystEngComm 11
(2009) 177.
[24] D. Poleti, D.R. Stojakovic, B.V. Preselnik, R.M. Herak, Acta Cryst. C44 (1988)
242.
[25] V. Petricek, M. Dusek, L. Palatinus, Jana2006. The Crystallographic Computing
System, Institute of Physics, Praha, Czech Republic, 2006.
[26] A. Altomare, G. Campi, C. Cuocci, L. Eriksson, C. Giacovazzo, A. Moliterni,
R. Rizzi, P.-E. Werner, J. Appl. Cryst. 42 (2009) 768e775.
[27] B.H. Toby, R.B. Von Dreele, J. Appl. Cryst. 46 (2013) 544.
[28] X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken, F. Bottin, P. Boulanger,
F. Bruneval, D. Caliste, R. Caracas, M. Cote, T. Deutsch, L. Genovese, Ph Ghosez,
M. Giantomassi, S. Goedecker, D.R. Hamann, P. Hermet, F. Jollet, G. Jomard,
S. Leroux, M. Mancini, S. Mazevet, M.J.T. Oliveira, G. Onida, Y. Pouillon,
T. Rangel, G.-M. Rignanese, D. Sangalli, R. Shaltaf, M. Torrent, M.J. Verstraete,
G. Zerah, J.W. Zwanziger, Comput. Phys. Commun. 180 (2009) 2582.
[29] X. Gonze, G.-M. Rignanese, M. Verstraete, J.-M. Beuken, Y. Pouillon, R. Caracas,
F. Jollet, M. Torrent, G. Zerah, M. Mikami, Ph Ghosez, M. Veithen, J.-Y. Raty,
V. Olevano, F. Bruneval, L. Reining, R. Godby, G. Onida, D.R. Hamann,
D.C. Allan, Zeit. Krist. 220 (2005) 558.
[30] J.P. Perdew, K. Burke, Y. Wang, Phys. Rev. B 54 (1996) 16533.
[31] J.P. Perdew, K. Burke, M. Ernzenhof, Phys. Rev. Lett. 77 (1996) 3865.
[32] F. Izumi, K. Momma, Solid State Phenom. 130 (2007) 15.
[33] K. Momma, F. Izumi, J. Appl. Crystallogr. 44 (2011) 1272.
[34] M.J. Frisch, G.W. Trucks, J.A. Pople, Gaussian 09, Revision B.2, Gaussian,Inc.,
Pittsburgh, PA, 2009.
[35] A. Ghysels, T. Verstraelen, K. Hemelsoet, M. Waroquier, V.J. Van Speybroeck,
Chem. Inf. Model 50 (2010) 1736.
[36] A.D. Becke, Phys. Rev. A 38 (1988) 3098.
[37] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.
[38] S. Sinnecker, A. Rajendran, A. Klamt, M. Diedenhofen, F. Neese, J. Phys. Chem.
A 110 (2006) 2235.
[39] NIST Computational Chemistry Comparison and Benchmark Database, http://
cccbdb.nist.gov.
[40] L. Wang, D. Zhao, S.L. Zhong, A.W. Xu, CrystEngComm 14 (2012) 6875.

Fig. 9. HOMO (left) and LUMO (right) of C1 monomer (top) and truncated P1 quadrimer (bottom).
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2.2. DFT calculations
All DFTcalculations were performed simulating aqueous solution
with continuous dielectric model using Gaussian 09 [30] and Orca
2.9 [31] program packages. Gaussian package was used for structure
optimization and frequency analysis. All structures where fully
optimized using C-PCM solvation method with Klamt [32] radii, as
implemented in Gaussian 09. In Gaussian 09 calculations we used the
hybrid HF/DFT method with a combination of the three-parameter
Becke [33] exchange and the Lee–Yang–Parr (B3LYP) [34] and Becke’s
exchange functional combined with Perdew’s [35] (BP86) non-local
correlation functional. Orca package was employed for constraint
relaxed surface scan at same theoretical level as in Gaussian 09, using
COSMO solvation model. In addition, for calculations with Orca
package, exchange and correlation functional of Perdew, Burke and
Ernzerhof (PBE) [36] were used. Energy of every optimized point
along calculated constraint relaxed surface scan was additionally recalculated at two previously mentioned theoretical levels. 6-311G*
basis set was used on Ni and 6-31G* on the other atoms in
calculations with Gaussian 09. In calculations with Orca TZVP basis
set on Niand SV(P) basis on the other atoms were used. For open-shell
and closed-shell systems, the spin-unrestricted and spin-restricted
methods were used, respectively. Geometries for stationary points
were identiﬁed by minimization of energy with respect to all
geometrical parameters. Vibrational frequencies were calculated for
all structures in order to determine whether a particular structure
represents a real minimum of the respective potential energy
surface. All calculated frequencies were scaled with scaling factor
0.9603 as recommended by Ref. [37]. Using RIETAN [38] energy
barriers for individual steps of release of water were calculated as the
average value of the values obtained using three different methods,
mentioned above. Elucidation of vibrational spectra of calculated
structures was conducted using potential energy distribution (PED)
analysis implemented in VEDA package [39].

2. Experimental
2.1. Materials and methods
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Binuclear [Ni2(en)2(H2O)6(pyr)]4H2O complex undergoes dehydration in 325–400 K temperature
region, which is accompanied by polymerization. Polymerized product is characterized by chelate
coordination of carboxylate group to Ni, as identiﬁed by vibrational spectroscopy. XRD and spectroscopic
measurements suggest that the resulting dehydration product is two-dimensional layered polymer with
weak interconnectivity between the polymer layers. A combination of experimental measurements and
DFT calculations was used to identify two reaction mechanisms, as well as the factors determining the
change from one mechanism to the other. Reaction mechanism changes with increase in the heating rate,
due to slow diffusion of released water inhibiting the polymerization. Polymerization occurs in parallel
with dehydration at lower heating rates, while it follows dehydration at higher heating rates, leading to
an increase in overall enthalpy of the reaction of around 50 kJ mol1 and decrease in crystallinity of the
polymeric product. Determined isokinetic temperature of the dehydration reaction corresponds to the
vibrational frequency of Ni—OH2 bond.
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Coordination polymer
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Reaction mechanism
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Layered coordination polymers have been synthesized from pyr
and divalent Co, Ni and Zn salts, by slow reaction in aqueous
solution [24].
Binuclear
hexaaqua-m-[1,2,4,5-benzenetetracarboxylato(4)]-bis(ethylenediamine)dinickel(II) tetrahydrate coordination
polymer contains pyr ligand and a large number of water
molecules, suggesting substantial potential for polymerization
on dehydration [25]. It forms a three-dimensional network
connected with hydrogen bonds, where the pyr ligand acts as a
1,4-benzenebicarboxylato ligand [26]. While this complex has
been previously characterized, there has been no investigation of
its thermal stability, thermal degradation mechanism, structural
transformations or its ability to form polymers through thermal
dehydration. Here we present a detailed investigation, both
experimental and theoretical, of its thermal stability and structural
transformations caused by dehydration. Thermodynamics and
kinetics of these processes, as well as subsequent polymerization,
were examined using the correlation of experimental measurements with DFT calculations to explain in detail the factors
responsible for the behavior observed in the experiments.

1. Introduction
Ni-based organometallic complexes represent a broad category of materials including catalysts [1–7], biologically active
molecules [8–11] and precursors for synthesis of a number of
materials [12–14]. Binuclear Ni complexes have been of particular
interest due to higher catalytic activity than mononuclear ones
[3,4]. They have also been shown to exhibit relatively high
antimicrobial activity, where the variation of effectiveness
against different organisms depended on permeability of the
cell [15]. As precursors, Ni complexes have been used for the
development of new multifunctional materials for numerous
applications like gas storage, anion exchange, catalysis, conductivity, luminescence, magnetism and deposition of thin ﬁlms [11].

* Corresponding author at: Faculty of Physical Chemistry, University of Belgrade,
Studentski trg 12, Belgrade 11000, Serbia. Tel.: +381 11 332 2883.
E-mail addresses: dminic@ffh.bg.ac.rs, drminic@gmail.com (D.M. Mini
c).

Among these materials, particular attention has been paid to
coordination polymers.
Coordination polymers, or metal organic frameworks, are
composed of inorganic clusters or isolated metal ions connected
by bridging organic ligands. They have attracted a lot of attention
due to their versatile chemistry, ﬂexibility and affordability
[16–19]. Dehydrated form of three-dimensional metal organic
framework Ni2(dhtp)(H2O)28H2O can be used for hydrogen
storage, with capacity of up to 1.8 wt% at 77 K. Dehydration
process leaves the three-dimensional network intact, allowing
gas storage in the cavities [20]. Although in some compounds
desorption of the intercalated molecules does not directly affect
the crystallographic integrity, if the released molecules are
coordinated to the metal ions (ﬁrst neighbors), thermal desorption often causes amorphization or even decomposition of the
compound [21]. 1,2,4,5-Benzenetetracarboxylate acid anion
(pyr) has been shown to be a very versatile ligand for highdimensional coordination polymers due to simultaneous presence of four carboxylate groups and the aromatic ring [22,23].
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The pale blue powder of the initial [Ni2(en)2(H2O)6(pyr)]4H2O
complex was prepared by precipitation from a dilute aqueous
solution containing [Ni(en)]2+ and tetraanion of pyromellitic acid,
according to the procedure in Ref. [26], where (pyr) represents
tetraanion of pyromellitic acid, and (en) represents ethylene
diamine. All chemicals used in the synthesis were of analytical
grade, and the product structure and purity were conﬁrmed using
X-ray diffraction and elemental analysis.
Thermogravimetric analyses were conducted using a Q500
TGA (TA Instruments) with sample weights of 10.0  0.5 mg,
heating rates from 1 to 20 K min1, in nitrogen atmosphere with
gas ﬂow rate of 50 mL min1. DSC measurements were carried out
using DSC Q1000 (TA Instruments) with typical sample weight of
2.0  0.2 mg, in nitrogen atmosphere with gas ﬂow rate of
50 mL min1. Non-isothermal DSC measurements were conducted in 298–500 K temperature region, while TGA was
conducted in 298–800 K temperature region. Calibration of
thermal analysis instruments was conducted for each heating
rate separately. The X-ray powder diffraction (XRD) data were
obtained using Philips PW-1710 automated diffractometer, using
Cu Ka line, at 40 kV and 30 mA, in Bragg–Brentano geometry with
diffracted beam curved graphite monochromator and Xe ﬁlled
proportional counter. Diffraction data were collected in 2u ranges
of 4–35 (collection time 5 s) or 8–120 (collection time 12.5 s),
with the step of 0.02 , using ﬁxed 1 divergence and 0.1 mm
receiving slits. Silicon powder was used as a calibration standard.
Indexing of powder XRD peaks and space group determination
was performed using Jana2006 [27], and N-TREOR09 program [28]
implemented in EXPO 2013 package. Rietveld analysis of X-ray
powder diffraction data was done using GSAS-II program package
[29], with literature data for initial parameters, using pseudoVoigt functions and Chebyshev function as a background. Particle
size and microstrain were determined from complex peak
broadening using the uniaxial model. IR spectra were recorded
using Bomem MB-1 (Hartmann Braun) spectrophotometer, using
KBr pellets in 4000–600 cm1 region. Raman spectra excited with
HeNe 532 nm gas laser were collected using Thermo Scientiﬁc DXR
Raman microscope, equipped with a research optical microscope
and CCD detector. The scattered light was analyzed by a
spectrograph with a grating of 1200 lines mm1. Laser power
was kept at 0.5 mW.

3. Results and discussion
3.1. Thermal stability of [Ni2(en)2(H2O)6(pyr)]4H2complex
Thermal stability and mechanism of dehydration of binuclear
centrosymmetric [Ni2(en)2(H2O)6(pyr)]4H2O complex was investigated using a combination of non-isothermal and isothermal
measurements (Fig. 1). Non-isothermal curves show that

Fig. 1. Non-isothermal TG and DSC measurements at different heating rates.
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Table 1
Experimental values of enthalpy and symmetry factor of DSC peaks at different
heating rates.

b (K min1)

Enthalpy (kJ mol1)

Symmetry factor

1.2
1.5
1.8
2.0
3.0
5.0
10.0
20.0

436.6
442.5
437.9
502.0
499.6
471.9
505.1
494.8

0.79
0.88
0.92
1.13
1.22
1.35
1.53
2.24

[Ni2(en)2(H2O)6(pyr)]4H2O complex is stable up to about 330 K
and undergoes successive degradations in 330–730 K region. There
are three mass losses observed in TG curve. The mass loss of around
27%, corresponding to the ﬁrst process, was correlated with the
release of 10 water molecules, indicating that Ni-complex undergoes complete dehydration in this temperature region. Further
losses of mass observed in TG indicate that the dehydrated
complex undergoes thermal degradation with loss of at least two
fragments in successive processes.
In order to examine the dehydration process in more detail,
DSC measurements were performed at different heating rates
(1–20 K min1) in the temperature region of the ﬁrst endothermic
DSC peak (Fig. 1). Changes in shape of the experimental DSC peak
corresponding to dehydration with increase in heating rate
(Supplement) are very pronounced. The peaks exhibit a signiﬁcant
degree of asymmetry, measured as a ratio of the left (a) to the right
(b) component of full-width at half-maximum (symmetry factor),
which alters and switches with increase in heating rate, from about
0.8 to about 2.2 (Table 1). In addition, with increase in heating rate,
peak exhibits much more compound shape (increased complexity
of DSC curve shape, see also Fig. S1b in Supplement), suggesting
that the process consists of several overlapping steps which occur
with different thermal activation. Values of enthalpy of the entire
dehydration process (Table 1), determined using the surface area of
the endothermic peak in non-isothermal DSC, showed an increase
in the average value of enthalpy of about 50 kJ mol1 when
comparing lower (below 2 K min1) and higher heating rates. This
is an indication that the reaction mechanism changes, with one
pathway at lower and another at higher heating rates.
Isothermal DSC measurements were conducted at temperatures immediately prior to and in the region of dehydration
process (Fig. 2, left) and provide more insight into dehydration
process. Curves of isothermal reaction rate show several distinct
processes, characteristic of a dehydration reaction [40]: the ﬁrst
corresponds to the release of traces of physically adsorbed species
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and physically adsorbed water trapped during crystal growth, the
second corresponds to the release of chemically bound water and
its diffusion, and the third corresponds to the diffusion of released
water through the solid crystal (Fig. 2, inset).
The progress of the dehydration reaction was expressed
through conversion degree a, equal to the ratio of the progress
of the reaction at temperature T or time t to the completed reaction.
Isothermal a = f(t) curves at different temperatures show that
dehydration reaction rate increases with respect to temperature
(Fig. 2). At lower temperatures (328–333 K) reaction rate initially
increases and then decreases with respect to time, while at higher
temperatures (338–353 K) reaction rate exhibits continuous
decrease (Fig. 1b). Sigmoid shape of isothermal a = f(t) curve at
328 and 333 K indicates that the dehydration process occurs
relatively slowly, in the bulk, with induction periods of 21.7 and
7.1 min, respectively. At higher temperatures isothermal a = f(t)
curves exhibit deceleratory shape, meaning that dehydration
occurs faster, active sites are created quickly on the crystallite
surface, forming the active reactant-product interface, which then
advances inward [41]. In our system, this would occur when slow
diffusion of released water is the rate-limiting step.
Due to consecutive nature of processes of breaking of chemical
bond and diffusion of water, dependence of reaction conversion
degree a on time allows separation of the chemical and the
physical step. Rate constant k for transformation of water molecule
from a bound state to a free state, as well as the diffusion
coefﬁcient of water molecule D0 can be determined at different
temperatures (333–353) using the equation [42]:
 
da
3
B0 t1=2 ¼ rSk 
¼ A0 
2
dt

2rSk

2

p1=2 D0 1=2

!

t1=2

Fig. 3. Effective values of apparent activation energies from non-isothermal (left) and isothermal (right) DSC measurements.

DSC and isothermal DSC data do not suggest a single step process,
Fig. 3. The comparison of the two curves also indicates that the
reaction mechanisms in the two heating regimes are different. The
shape of non-isothermal and isothermal curves is characteristic of
a decelerating reaction [48]. The almost continuous decrease in Ea
with a, suggests the existence of a reversible step in the complex
process. The appearance of a minimum indicates a change in
mechanism, the point at which diffusion becomes the dominant
step in the dehydration process. The isothermal curve exhibits two
clearly identiﬁable regions with different mechanisms, with a

transition point around a = 0.5. The transition point most likely
indicates the point when diffusion becomes the rate-determining
step of the reaction. This would occur when the amount of released
water diffusing through the system is high enough to start
inhibiting further release of water, reducing the overall reaction
rate. Reversibility of the dehydration reaction was demonstrated
by comparison of XRD patterns of the initial complex and a sample
of dehydration product that has been rehydrated during 24 h in
saturated water vapor (Fig. 4a, inset). Rehydration leads to full
reversal of the structural changes caused by dehydration.

(1)

where r is the density of water in the crystal (determined using
Bader [43] analysis of the initial complex structure), S is the
reactant surface area, t is time, (da/dt) is the reaction rate and A0
and B0 are constants calculated from experimental data.
Diffusion coefﬁcients for water were calculated to be 1011 to
1010 cm2 s1, which is in the range of values found for hydrophilic
polymers [44,45]. Using Arrhenius plot for both k and D0, the
average values of apparent activation energies for processes of
release of water and its subsequent diffusion were determined,
with the value of 76 kJ mol1 for dehydration and 17 kJ mol1 for
diffusion. This suggests that diffusion could have a signiﬁcant role
in dehydration mechanism. More information on mechanism of
dehydration was obtained using an isoconversional method
[46,47]. Values of effective activation energy for selected values
of a in range 0.1 < a < 0.9, obtained from non-isothermal TG and

Fig. 2. Isothermal da/dt = f(t) (left, inset: curve at 343 K showing regions indicating different processes) and a = f(t) curves (right) at different temperatures.

Fig. 4. XRD spectra of the initial complex (a) and dehydrated product (b); inset (a) comparison of XRD patterns of the initial and rehydrated complex; inset (b) experimental
and calculated patterns of dehydrated product.
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Changes in structure during dehydration were characterized by
comparison of powder XRD patterns of the initial complex and the
dehydration product, after heating at 453 K (Fig. 4). XRD pattern of
the initial complex shows that it is crystalline, with a large number
of well-deﬁned peaks in 10–35 region of 2u , allowing easy
structure reﬁnement. Comparison of unit cell parameters of the
initial complex obtained by single crystal [26] and powder XRD
shows excellent agreement (Table 2). Water molecules, creating a
network of hydrogen bonds both in (1 0 2) plane and in between
these planes, accounts for around 53% of the internal volume,
according to Bader analysis, suggesting that dehydration should be
accompanied by a signiﬁcant structural reorganization. XRD
diffractogram of the dehydrated product indicates supramolecular
structure [49], with pattern similar to organic polymers [50] and
signiﬁcant differences compared to the initial complex (Table 2),
suggesting that polymerization occurs during dehydration of the
initial complex. Structural transformations cause contraction of
the unit cell and decrease in its volume, however, due to the loss of
27% of the initial mass, the density remains almost the same.
Samples heated at different heating rates exhibit differences in
XRD patterns (Supplement), reﬂecting different thermal histories
of these samples, where samples heated at lower heating rates
experience longer thermal treatment. The position of the peak
corresponding to (1 0 0) reﬂection shifts from 10.13 in the initial
complex (Ni—Ni distance 8.74 Å), to 10.22 and 10.53 (Ni—Ni
distance 8.40 Å), in samples heated at 5 and 1 K min1, respectively,
indicating that longer thermal treatment leads to increased lattice
contraction. Lower peak shift in sample heated at 5 K min1
suggest that the formation of the polymer product is delayed at
higher heating rates, due to slow diffusion of released water which
inhibits polymerization. Since XRD pattern of the dehydrated
product contains less information and its Rietveld analysis entails
greater corridor of uncertainty, it was correlated with calculated
XRD of dehydrated product structure (Fig. 4b, inset). General
agreement between peak positions of most intense peaks in
experimental and calculated patterns of dehydrated product
suggests that the calculated structure likely corresponds well to
the structure of the dehydrated product. However, the experimental XRD pattern suggests relatively low degree of long-range
ordering.
In order to obtain more information about the structural
changes caused by dehydration and the structure of the polymer
product, vibrational spectroscopy measurements were performed
(IR: Fig. 5, Raman: Supplement). Their interpretation was
conducted using comparison of experimental and calculated
spectra of the initial and dehydrated complex from DFT
calculations.

Table 2
Microstructural and unit cell parameters.
Powder initial
complex

Average crystal
size (nm)

900 (eq)
1300 (ax)

Microstrain (%)

0.6 (eq)
0.8 (ax)

a (Å)
b (Å)
c (Å)

b()
V (Å3)
r (g cm3)

9.192(1)
13.919(2)
10.754(1)
107.70(1)
1311(4)
1.69
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Table 3
Vibrations in IR spectra of the initial complex and dehydrated product.

3.2. Structural transformations

Single crystal initial
complex [26]

N.N. Begovi
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9.1955(2)
13.9135(2)
10.7557(1)
107.74(3)
1311(2)
1.69

Dehydrated complex
(powder)

9.642(5)
10.96(5)
10.08(3)
115.8(5)
960(6)
1.70

Initial complex

Fig. 5. IR spectra of the initial complex (a); selected region for the initial complex
and dehydrated product (b). (For interpretation of the references to color in the text,
the reader is referred to the web version of this article.)

In the vibrational spectra of the initial complex, Fig 5a, water
molecules, monodentate carboxylic group, ethylene diamine, and
the aromatic ring were identiﬁed (Fig. 5, Table 3). Considering that
1800–600 cm1 region of IR spectra of the initial complex and the
dehydrated product contains the most information regarding the
structural transformations during dehydration, this portion of IR
spectra is isolated and presented in Fig. 5b. As a result of
dehydration, peak broadening and reduced peak intensity are
observed in IR spectrum of the dehydrated product, and some of
the peaks disappear completely, while others shift. The vibrations
assigned to water disappear in the spectrum of dehydrated
product, indicating the release of water from the system. In an
unsubstituted aromatic ring the C¼C stretching vibrations would
be located in 1625–1430 cm1 region [51]. Their appearance in
1500–1250 cm1 region in our system is due to conjugation to the
aromatic ring. The position of symmetrical COO stretching at
1385 cm1 is typically associated with the presence of hydrogen
bonds from the surrounding water molecules [51,52]. After
dehydration, the symmetrical COO vibration shifts to around
1460 cm1, and asymmetric COO vibration at 1587 cm1 disappears. The difference between asymmetric and symmetric COO
stretching vibration, D, can be used as an indicator of the type of
coordination bond to the metal center [53], based on the
equivalence of two carboxylate oxygens. Monodentate coordination removes this equivalence, resulting in increase in value of D,
when compared to the values for the free carboxylate ion. In the
initial complex, this difference is around 173 cm1, which is
indicative of the monodentate bond, while in the dehydrated
product it is around 100 cm1, indicative of the chelate bond,
suggesting polymerization in the dehydrated product. Red shift
observed in the vibrations of the aromatic ring is due to chelate
coordination causing increase in bond lengths of the aromatic ring
in the dehydrated product. The transition from monodentate to
chelate coordination of carboxylate groups, characteristic of
polymerization, was also observed in Raman spectra (Supplement). Asymmetric COO stretching shifts to 1560 cm1 and
symmetric COO stretching shifts to 1440 cm1, while the second
symmetric COO stretching, corresponding to the uncoordinated
carboxylate oxygen disappears. When polymer chains are so long
that the vast majority of functional groups experience average

Dehydrated complex

Wavenumber (cm1)

Vibration

1836
1711
1639
1587
1560
1489
1429
1385
1329
1284
1142
1101
1082
1034
1020
976
922
852
810
687
644

H2O
H2O
Eth. diam.
Carboxylate
Carboxylate
Eth. diam.
Ar
Carboxylate/eth. diam.
Ar
Eth. diam.
Ar
Eth. diam.
Eth. diam.
Eth. diam.
Eth. diam.
H2O
Ar
Ar
Ar
H2O
H2O

environments, their vibrational spectra consist of sharp bands.
However, this would not be the case when dealing with low
molecular weight polymers, if a polymer is partly crystalline or has
numerous defects. This leads to variation in local environment
around individual functional groups, causing peak broadening,
which is clearly observable in the spectra of dehydrated product.
Combined with change in coordination of carboxylic group to Ni,
from monodentate to chelate, this suggests that the complex
undergoes polymerization during dehydration, where each Ni

Vibration

1620

Eth. diam.

1560
1487
1425
1375
1323
1281
1138
1101

Carboxylate
Eth. diam.
Ar
Eth. diam.
Ar
Eth. diam.
Ar
Eth. diam.

1026

Eth. diam.

970
868
814
769
727
670

Eth. diam.
Ar
Ar
Ar
Ar
Eth. diam.

atom is coordinated by two carboxylic groups, with each
monomeric unit connected to four neighbors in a two-dimensional
polymer layer.
In order to correlate thermal and spectroscopic measurements, the vibrational frequency from isokinetic temperature,
calculated from DSC data, was compared to the calculated
vibrational frequencies. The process of dehydration was tested for
validity of isokinetic relationship [54], by application of a
combination of the model ﬁtting method for solid state reactions

Fig. 6. Calculated structure of the monomer of the initial complex (different water molecules are marked, see text for explanation).
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Table 4
Calculated values of enthalpy for the release of different water molecules in model
systems (see text for explanation, * denotes monomer model system).

Fig. 7. Dimer model system.

[55] and compensation effect [56]. Determined value of isokinetic
temperature of 367 K, in the temperature region of the nonisothermal DSC peak, corresponds to a vibrational frequency of
255 cm1. This corresponds to the calculated vibrational frequency of Ni—OH2 coordination bond, as expected for the investigated
dehydration process. The value of isokinetic apparent activation
energy, determined from non-isothermal DSC, was calculated to
be 61 kJ mol1, lower than 76 kJ mol1 determined using isothermal data, indicating again that non-isothermal and isothermal
measurements observe different reaction pathway under different measurement conditions. Since the values of effective
activation energy decrease, for the most part, with increase in
a, reaching minimal values of 62 and 82 kJ mol1 for nonisothermal and isothermal DSC measurements, respectively, the
role of diffusion (Ea = 17 kJ mol1) in the reaction mechanism
increases as the reaction progresses, because its relative contribution to the activation energy of the entire process increases. This is
manifested by change of the slope of the isothermal curve of the
effective apparent activation energy, and the change in the slope of
the non-isothermal curve of the effective apparent activation
energy [48], which, at the very end, results in slight increase in its
value (Fig. 3).

The structure of the monomeric molecule (Fig. 6) was
calculated under different simulated environments (in vacuum
and solvated). The optimized structure in aqueous environment
correlates best to the structures obtained from monocrystal and
powder XRD (Supplement). It was established that the ground
state of this system is a quintuplet, with two unpaired electrons on
each of the nickel atoms and no effective overall charge. The
symmetries of the initial and derived systems were used to
simplify the calculations. The optimized monomer system was
used as a basis for construction of truncated dimer and tetramer
model systems.
UW molecules in the initial complex are positioned in between
(1 0 2) crystal planes, providing a portion of three-dimensional
network of intermolecular hydrogen bonds (Fig. 7). Because of
symmetry of the initial complex, two UW molecules in the dimer
model system were found to be representative, allowing the use of
a truncated model system. The calculations for the release of UW
water molecules were conducted according to Reaction (R1):

3.3. Mechanism of dehydration and polymerization

Calculated enthalpy of this step, for all four UW molecules, is
213.6 kJ mol1.

2[(en)(H2O)LW3(H2O)LW2(H2O)LW1Ni  (pyr)  Ni(H2O)LW3
(H2O)LW2(H2O)LW1(en)]2(H2O)UW ! 2[(en)(H2O)LW3
(H2O)LW2(H2O)LW1Ni  (pyr)  Ni(H2O)LW3(H2O)LW2
(H2O)LW1(en)] + 2(H2O)

Having in mind the structure of the initial system is complex,
containing ten differently bonded water molecules, we used
thermochemical results of DFT calculations to propose the
mechanism of dehydration. These were then interpreted in the
context of the experimental measurements.
Previously published crystal structure of [Ni2(en)2(H2O)6(pyr)]
4H2O was used as the initial geometry guess for the structural
optimization of the complex and selection of the best calculation
parameters [26]. In the structure of the initial complex, the
individual water molecules can be generally separated into two
groups: uncoordinated water (UW, four molecules), which forms
only hydrogen bonds, and ligand water (LW, six molecules). LW
molecules are all coordinated to Ni and exhibit some difference in
both their coordination to Ni and the number and strength of their
hydrogen bonds. Based on these differences, they have been
classiﬁed into three subgroups: LW1, LW2 and LW3 (Fig. 6). In
order to adequately describe the different states during dehydration process, a monomer, a dimer and a tetramer model system
were constructed. The dimer system was used to model a
multilayered structure, which can adequately represent the release
of UW. The tetramer system was used to model a single-layered
structure, which can adequately represent the release of LW and
polymerization in plane.

Type of water molecule

Enthalpy of release per molecule (kJ mol1)

UW
LW1
LW1*
LW2
LW2*
LW3
LW3*

53.4
54.2
53.6
37.3
68.4
48.5
24.8

Structures of reactant and product of step Reaction (R2) are shown
in Fig. 8a and b, respectively.
After the release of LW1, tetramer model system undergoes
conformational change, followed by Reaction (R3), where carboxylate group of the neighboring unit creates a monodentate
coordination bond to Ni center, creating a polymerized structure
shown in Fig. 8c:
4[(en)(H2O)LW3(H2O)LW2Ni  (pyr)] ! [(en)(H2O)LW3(H2O)LW2Ni
 (pyr)]4poly
(R3)

Fig. 8. Different stages of dehydration illustrated by tetramer model system.
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(R2)

[(en)(H2O)LW3(H2O)LW2(H2O)LW1Ni  (pyr)  Ni(H2O)LW3
(H2O)LW2(H2O)LW1(en)] ! [(en)(H2O)LW3(H2O)LW2Ni  (pyr)  Ni
(H2O)LW3(H2O)LW2(en)] + 2H2O (R2*)

(R1)

Scheme 1. Dehydration reaction scheme with values of enthalpy up to a particular
reaction step shown for both reaction paths.

210

dehydration are shown in Table 4. The release of each ligand
water molecule was calculated as a separate step. The sequence of
release of ligand water molecules was established using
respective Ni—OH2 bond lengths in the tetramer system and
calculated energy barriers for dissociation of respective
Ni—OH2 bond in a monomer model system (Supplement). It
was shown that the release of LW1 (Reaction (R2)) occurs with
similar calculated values of enthalpy in both model systems
(Scheme 1).
4[(en)(H2O)LW3(H2O)LW2(H2O)LW1Ni  (pyr)] ! 4[(en)
(H2O)LW3(H2O)LW2Ni  (pyr)] + 4H2O

The results of thermal analysis indicated two different reaction
mechanisms with different reaction enthalpies, depending on the
heating rate (Table 1). Based on these results, the reaction
pathway corresponding to lower heating rates includes polymerization, while the pathway corresponding to higher heating rates
does not. Accordingly, DFT calculations were performed to
represent these two reaction pathways, using two different
systems. Dehydration without polymerization was studied using
a monomer system, and this reaction path is indicated by a star in
Scheme 1 and Table 4. Dehydration with polymerization was
studied using a tetramer system (Fig. 8), constructed by
connecting four truncated monomeric units. This takes advantage
of the fact that interactions around one Ni center will, due to
symmetry, be replicated around the other Ni center of a
monomeric unit. Calculated enthalpies for individual steps of
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This occurs because both model systems exhibit change in
coordination of a carboxylate groups, from monodentate to
chelate. In the monomer system, the formation of this bond has
a higher exothermic effect because the coordination sphere of Ni is
tetrahedral, as opposed to octahedral in the tetramer system.
The calculated sums of enthalpies for the entire dehydration
process in two reaction paths (Scheme 1), 434 and 507 kJ mol1,
respectively, show excellent agreement with experimental values
of enthalpy for dehydration at different heating rates (Table 1). This
suggests that the dehydration process at lower heating rates can be
described as dehydration with concurrent polymerization, while
dehydration at higher heating rates occurs in full before
polymerization. These calculations also show that the model
system contracts along directions corresponding to b- and c-axis of
the experimental system, just as observed in XRD measurements.
Calculated structure of the dehydration product (Fig. 9) exhibits a
planar structure, suggesting it would create a two-dimensional
polymer layer. Ethylene diamine groups lie in the plane
perpendicular to the polymer layer and they would provide
hydrogen bonding to link the individual layers into a relatively
ﬂexible three-dimensional structure.
4. Conclusions

Fig. 9. Calculated structure of the dehydration product.

Calculated enthalpy for this polymerization reaction is 59.0 kJ
mol1. Due to the onset of polymerization, the release of LW2
occurs differently in the tetramer and the monomer system,
resulting in two reaction paths (Scheme 1):
[(en)(H2O)LW3(H2O)LW2Ni  (pyr)]4poly ! [(en)(H2O)LW3Ni 
(pyr)]4poly + 4H2O

(R4)

[(en)(H2O)LW3(H2O)LW2Ni  (pyr)  Ni(H2O)LW3(H2O)LW2(en)] !
[(en)(H2O)LW3Ni  (pyr)  Ni(H2O)LW3(en)] + 2H2O (R4*)

The calculated value of enthalpy for release of LW2 in the tetramer
model system is signiﬁcantly lower than that in the monomer
model system. This occurs because, in tetramer system, one of the
two carboxylate groups coordinated to Ni changes coordination
from monodentate to chelate.
The release of LW3, exhibiting the opposite behavior where the
calculated value of enthalpy is higher in tetramer model system,
occurs according to equations:

Our combined experimental and theoretical study shows that
[Ni2(en)2(H2O)6(pyr)]�4H2O complex undergoes multi-step dehydration in 325–400 K temperature region, resulting in the loss of all
ten water molecules, accompanied by polymerization. This process
is fully reversible, when the dehydrated ﬂexible coordination
polymer sample is exposed to saturated water vapor and reabsorption of water leads to complete reconstitution of the
structure of the initial complex. Multi-step dehydration mechanism involving a reversible step is characterized by a change in
mechanism with increase in heating rate, due to signiﬁcant role
played by diffusion. Deceleratory shape of isothermal a = f(t)
curves at higher temperatures, indicating reaction on the surface,
suggests that slow diffusion coupled with reversible step creates a
mechanism where released water binds back to the complex
inhibiting the polymerization, in a situation where its concentration in the interstitial space is sufﬁcient. This would occur at higher
heating rates, when rate of release of water is higher than diffusion
rate. The release of water from the surface, where diffusion is not a
limiting factor, would create a domain of dehydrated product,
which contained very little interstitial water. In the bulk, release of
water would ﬁll up the interstitial space and inhibit its further
release through reversible binding of previously released water.
This would mean that only the water molecules at the active
reactant-product interface, where there is enough free interstitial
space, would be able to diffuse out of the system. Since active sites
for reversible binding of water and polymerization are the same,
the presence of interstitial water molecules would delay polymerization. Therefore, dehydration/polymerization occurs through
two reaction mechanisms, where polymerization occurs during
dehydration at lower heating rates (below 2 K min1) and after
dehydration at higher heating rates (2 K min1 and higher). The
difference in experimental values of enthalpy of these two
mechanisms, of around 50 kJ mol1, was also observed in DFT
calculations, indicating validity of the proposed reaction scheme.
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Abstract Thermal degradation of ternary transition metal
complex containing tetraanion of pyromellitic acid, pyr,
and ethylenediamine, en, [Ni2(en)2(H2O)6(pyr)]4H2O, 1,
was investigated under non-isothermal conditions. The
mechanism of thermal degradation, which occurs in three
steps, was clariﬁed by TG/DSC measurements in conjunction with FT-IR spectroscopy and XRPD analysis. The
complexity of all degradation steps has been revealed using
isoconversional methods. Dehydration comprises the loss
of ten water molecules in a relatively narrow temperature
interval, resulting in a very complicated reaction mechanism. In addition, density functional theory calculations
have been applied for better understanding of dehydration.
The second degradation step, related to loss of en, was

separated into two single-step processes with Fraser–
Suzuki function. The obtained individual steps were
described by Johnson–Mehl–Avrami A2 model and Šesták–Berggren model, respectively. Validation of the proposed kinetic triplets for individual steps was performed
using master plot and Pérez-Maqueda criteria. The third
degradation step is related to the fragmentation of pyr ion
most likely followed with the release of a number of gaseous products.
Keywords Thermal degradation kinetics  Nickel(II) 
Ternary transition metal complex  Deconvolution 
Mechanism
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Studies of metal complexes are an enormous, constantly
growing multidisciplinary ﬁeld, due to their chemical,
biological, environmental and catalytic importance [1, 2].
In recent years, particular attention has been given to the
examination of ternary transition metal (TTM) complexes,
due to their utility as model systems for metal–protein
complexes observed in protein–protein interactions and
present in certain proteins such as metalloenzymes. TTM
complexes have been used for mapping protein surfaces
[3], as probes for biological redox centers [4], and in
protein capture, for both puriﬁcation [5] and research [6, 7].
Signiﬁcant effort has been devoted to the synthesis of
TTM complexes that contain both O- and N-multidentate
donor ligands, due to their remarkable stability [8]. Such
ligands usually act as organic spacers in multidimensional
frameworks, compounds that display very valuable physical and chemical properties [9–11]. Among them, metal–
organic frameworks (MOFs) based on polycarboxylate

bridging ligands exhibit fascinating structural and functional features [12–14]. One part of our research is concerned with the synthesis and characterization of metal
complexes containing tetraanion of pyromellitic acid (pyr)
[15–19], whose four completely or partially deprotonated
carboxylate groups induce numerous coordination modes.
Moreover, structural diversity of TTM complexes has been
expanded due to the presence of additional amine ligands
[15–22].
So far, the research of TTM complexes containing pyr
was mainly focused on their structural properties [15–25].
Investigations of thermal stability and degradation and
detailed kinetic analysis of TTM complexes, although of
increasing importance, have been quite scarce. The studies
of decomposition of metal complexes have usually been
restricted to the application of model ﬁtting methods,
where the experimental data are compared to a series of
theoretical kinetic models, along with isoconversional
methods [26–33]. In contrast to a large number of methods
developed for determination of kinetic parameters of solidstate reactions, the number of procedures for the analysis of
complex processes is limited [34]. Peak deconvolution for
the separation of individual processes, followed by the
kinetic analysis of the separated peaks to calculate the
kinetic parameters, presents a relatively new approach for
the investigation of complex solid-state reactions [34–37].
To the best of our knowledge, there are only two papers
describing kinetic analysis of metal complexes using this
procedure [36, 37].
This paper presents a kinetic analysis of thermal decomposition pathways of the hexaaqua-bis(ethylenediamine)(l2-pyromellitato)dinickel(II) tetrahydrate, [Ni2(en)2(H2
O)6(pyr)]4H2O, 1 (en = ethylenediamine). This complex
was well structurally characterized [19] and consists of discrete binuclear units containing both coordinated and
uncoordinated water molecules. In addition, in a parallel
investigation it is found that the anhydrous complex has a
great capacity for hydrogen storage (to be published).
Thermal degradation of 1 occurs in three complex
stages, starting with dehydration, and followed by ligand
fragmentation in two partially overlapping steps [38, 39].
All three degradation steps were studied in detail, in order
to examine the mechanism of thermal degradation of 1.
Due to density functional theory (DFT) calculations, it was
possible to understand the mechanism of dehydration. The
second degradation step was subjected to the peak deconvolution using Fraser–Suzuki function. Individual steps
were further analyzed, and their kinetic triplets were calculated. The third degradation step includes fragmentation
of pyr ion probably accompanied with decarboxylation.
According to XRPD analysis, heating above 1073.1 K
resulted in the formation of exclusively metallic nickel.
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Experimental
Materials and techniques
Complex 1 was synthesized according to the procedure
used in Ref. [19]. Since this procedure was not described in
detail in the original paper, we are providing a full
description here. The chemicals used were nickel(II) nitrate
hexahydrate, Ni(NO3)26H2O (Sigma-Aldrich), ethylenediamine, C2H8N2 (Sigma-Aldrich) and pyromellitic acid,
C10H6O8 (Sigma-Aldrich). All reagents were of analytical
grade and not additionally puriﬁed. The complex was
prepared in two forms, as single crystals and microcrystalline powder. The synthesis of powder was carried out by
mixing 100 cm3 of the aqueous solution of nickel(II)
nitrate (0.4 mol dm-3, 0.04 mol) and 2.67 cm3 of en
(0.04 mol). To this mixture, 80 cm3 of Na4 pyr aqueous
solution (0.25 mol dm-3, 0.02 mol) was added dropwise.
The precipitate appeared after half the amount of Na4 pyr
solution was added. After the addition of Na4 pyr solution,
the resulting mixture was stirred for about 0.5 h and left
overnight. The residue was ﬁltered off and washed with
EtOH and Et2O (yield 78.2 %). The preparation of single
crystals followed the same procedure and molar ratios of
the reactants, but in one-quarter the initial concentrations.
After 72 h, the formation of ﬁrst blue crystals was
observed.
This procedure was performed several times to produce
the amount of microcrystalline powder used for analyses.
The structure of the obtained compound was characterized
using FT-IR spectroscopy and X-ray powder diffraction
(XRPD). Infrared spectra in the 4000–600 cm-1 range
were recorded on a Bomem MB-100, Hartmann Braun FTIR spectrophotometer using KBr pellets. XRPD data were
collected over the range 5 \ 2h \ 70 (step scan: 0.50 s,
step width: 0.02 2h) at room temperature using an Ital
Structures APD2000 X-ray diffractometer with Cu Ka
radiation (k = 1.5418 Å). A comparison of experimental
and calculated XRPD pattern conﬁrmed the phase purity of
the prepared microcrystalline sample [19].
Non-isothermal degradation was studied using an SDT
Q600 (TA Instruments) apparatus for simultaneous TG–
DTA/DSC analysis. Samples (mass &8 mg) in the form of
powder were heated in an alumina crucible, from room
temperature up to 873.1 K at different heating rates (5, 10,
15 and 20 K min-1) in a dry nitrogen atmosphere (ﬂow
rate 100 cm3 min-1). TG/DSC measurements were repeated at speciﬁed heating rates for samples, assuring their
reproducibility. Linear baseline was used in the simulation
of the thermokinetic background of the studied processes.
All thermal curves shift to higher temperature with
increase in heating rate, indicating thermal activation of
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Kinetic aspects
The kinetics of a single-step solid-state thermally activated
decomposition is expressed in terms of a kinetic triplet:
apparent activation energy, Ea, pre-exponential factor, A,
and an algebraic expression of the kinetic model in function of the conversion degree a, f(a), which can be related
to the experimental data as follows [40]:
�
�
da
Ea
f ðaÞ
ð1Þ
¼ A exp 
RT
dt
under non-isothermal conditions, for measurements at
constant heating rates, Eq. (1) is usually converted to:
�
�
da
Ea
f ðaÞ
ð2Þ
b ¼ A exp 
RT
dt

with Orca, TZVP basis set on Ni and SV(P) basis set on the
other atoms were used. Energy barriers for individual steps
of the release of water were calculated as the average value of
the values obtained using different methods (B3LYP, BP86
and PBE) mentioned above.
The model system consisted of the binuclear
[Ni2(en)2(H2O)6(pyr)] complex entity together with four
hydrogen bonded H2O molecules. It was centrosymmetric,
i.e, the same as obtained from X-ray crystal structure
determination [19]. The recently published comparison of
experimental and optimized bond lengths [39] showed a
very high level of agreement between them, suggesting that
the model system can provide some insight into behavior of
the experimental system.

Results and discussion
Thermal decomposition behavior of 1
TG, DTG and DSC curves of 1 (Fig. 1) showed that thermal decomposition occurs in three endothermic steps in

(a)
100

where b is the heating rate, b = dT/dt, and da : b(da/T).
The integral form of the reaction can be obtained by
integrating Eq. (2) as:
da
AEa
pðxÞ
¼
Rb
f ðaÞ

80

Mass/%

gðaÞ ¼

Za

TG

Deriv. mass/%K–1

degradation steps (Supplement, Fig. S1). Conversion
degree of reaction, a, at any temperature and for all heating
rates was determined as a = (mi - m)/(mi - mf), where
m is the mass of a sample at a certain temperature, while mi
and mf are the initial and ﬁnal masses, respectively. In
DTG data, a represents the ratio of the partial peak surface
area to the total peak surface area, for a given temperature.
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ð3Þ

60

0

where p(x) is the temperature integral for x = Ea/RT, which
does not have an analytical solution.

40

DFT calculations
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400

600

(b)
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553.1 and 1073.1 K and then analyzed using FT-IR spectroscopy (see Supplement, Fig. S2) together with the asprepared complex. A general characteristic of as-prepared
complex 1 and incompletely decomposed samples is the
presence of extremely broad and poorly resolved IR bands,
which is typical for complexes containing pyr or protonated pyr ions, especially in hydrated forms [51, 52]. This
can be explained by coupling between numerous COO
groups and the presence of an extensive network of
hydrogen bonding.
In the spectrum of 1, the stretching OH vibrations of
water molecules are observed as a very broad envelope
centered at about 3450 cm-1. This envelope overlaps with
sharp mas(NH2) and ms(NH2) bands present at 3331 and
3284 cm-1, as well as with asymmetric and symmetric
CH2 stretching in the frequency range 2950–2850 cm-1.
The intensity of OH vibrations was signiﬁcantly reduced in
the dehydrated samples, but they were present even after
heating at 553.1 K. This corresponds to the atmospheric
moisture absorbed during grinding with KBr and shows
that the intermediates are highly hygroscopic. In fact, it
was found that the anhydrous complex can be partially
rehydrated at ambient conditions. The disappearance of NH
vibrations, characteristic for en complexes [53], conﬁrms
the release of en after heating at 553.1 K.
According to the previously published crystal structure
of 1 [19], pyr ion is coordinated as bis-monodentate ligand,
while the other two COO groups are not coordinated,
but engaged in hydrogen bonding. For 1 the Dm value
[=mas(COO) - ms(COO) = 177 cm-1) is similar to the
value in the purely ionic Tl4 pyr salt (Dm = 180 cm-1) [51]
and not in agreement with the presence of monodentate
COO groups [53]. There are several reasons for this, which

303.1–723.1 K temperature region. The calculated values
of thermodynamic and overall kinetic parameters are listed
in Table 1. All three endothermic peaks are asymmetric,
suggesting complex processes. From room temperature up
to 453.1 K, 1 loses ten water molecules, with an excellent
agreement between observed and calculated mass loss
(Table 1). The formation of the anhydrous complex was
conﬁrmed by a long plateau in TG/DTG curves. In the
temperature range 453.1–553.1 K, there was no change in
mass of the anhydrous complex (Fig. 1a). Therefore, the
anhydrous complex exhibits remarkable high stability over
the next 100 K. Further decomposition of 1 occurs in two
partially overlapped steps, labeled as degradation I and
degradation II. In order to determine the precise DTG peak
areas of degradation steps, they were deconvoluted by
applying the pseudo-Voight function. This procedure
showed that the mass loss observed during degradation I
corresponds to the release of two en molecules (Table 1).
Degradation II is attributed to fragmentation of pyr ion,
probably beginning with decarboxylation, like in the case of
some other metal carboxylates [18, 49]. This step with a
total mass loss of 71.6 % is practically ﬁnished at 723.1 K.
The mass of resulting residue suggests the presence of a
non-stoichiometric NiO/NiCO3 mixture. Since the mass
loss slowly continued above 723.1 K, the product obtained
after heating at 1073.1 K was analyzed using XRPD (not
shown), and it was found that it contains only metallic
nickel. Similar behavior has already been observed for
Ni(CH3COO)24H2O [50], indicating that CO, formed
during degradation II and decomposition of NiCO3, acts as
a reducing agent in the ﬁnal stage of thermal decomposition.
To provide deeper insight into degradation pathways,
samples have been heated in N2 atmosphere up to 493.1,

Table 1 Thermodynamic (for b = 20 K min-1) and overall kinetic parameters (Ea and A) for 1

800

Temperature/K

Process

2
DSC
0

Heat flow/Wg–1

DFT calculations were performed simulating aqueous
solution with the continuous dielectric model using Gaussian 09 [41] and Orca 2.9 [42] program packages. The
structures were fully optimized using C-PCM solvation
method with Klamt [43] radii, as implemented in Gaussian
09. The hybrid HF/DFT method with a combination of the
three-parameter Becke [44] exchange and the Lee–Yang–
Parr (B3LYP) [45], and Becke’s exchange functional
combined with Perdew’s (BP86) [46] non-local correlation
functional were used for structural optimization.
Orca package [42] was employed for constraint relaxed
surface scan at the same theoretical level as in Gaussian 09
(B3LYP and BP86), by means of the COSMO solvation
model, and, in addition, using exchange and correlation
functional of Perdew, Burke and Ernzerhof (PBE) [47, 48].
The 6-311G* basis set was used on Ni and 6-31G* on the
other atoms in calculations with Gaussian 09. In calculations

DTG
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–2

Dehydration

Degradation I

Degradation II

Decomposition temperature range/K

305.8–453.1

553.1–623.1

623.1–723.1

DSC peak temperature/K

395.4

590.9

698.4

Fragment loss

10H2O

2C2H8N2

C6H2 ? CO2 ? 2CO

Mass loss found/%

26.9

22.2

22.5

Mass loss calc./%

26.9

17.9

25.9

DH/kJ mol-1

667.6

133.2

20.8

Ea/kJ mol-1
Exo

–4

Kissinger

73.8 ± 4.8

233.3 ± 3.1

221.2 ± 6.8

Ozawa

76.1 ± 4.8

230.9 ± 3.1

221.1 ± 6.8

A/min-1
(1.1 ± 0.1) 9 1010

Kissinger
–6
400

600

800

Temperature/K

Ozawa
#

DS /J mol

-1

K

DG#/kJ mol-1

(1.1 ± 0.02) 9 1021
20

(4.3 ± 0.1) 9 1016

–123.1

47.1

12.4

111.1

166.7

199.5

Fig. 1 a TG and DTG curves, b DSC curve of 1 in nitrogen
atmosphere at b = 20 K min-1
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(4.3 ± 0.2) 9 1016

(6.35 ± 0.01) 9 10

(2.9 ± 0.2) 9 10
-1

10
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The overall kinetics of degradation of 1 was studied using
Kissinger and Ozawa methods [55, 56], yielding consistent
values of Ea and A (Table 1). The molar enthalpy value for
dehydration of 1 is within the range for dehydration of
some other Ni(II) carboxylates [18, 50, 57]. Its high value
is expected considering the number of released water
molecules, which participate in six coordinative and twenty
hydrogen bonds. Taking into account a previously determined value of the mean effective enthalpy of one hydrogen bond (&16 kJ mol-1) in similar systems [57],
subtracting this from the experimental DH value (Table 1)
and keeping in mind that there are six coordinated water
molecules per dimeric complex unit, the mean enthalpy of
Ni–OH2 bond in 1 is about 42 kJ mol-1. This value is
signiﬁcantly lower than in some previously studied Ni(II)
complexes [58] and very close to our earlier result for
similar compounds [18]. In addition, a negative DS# value
indicates that the activated state is less disordered comparing to the initial state [59].
The effective values of the apparent activation energy in
the form of Ea,a dependence on a are obtained using isoconversional methods. They are very convenient for
establishing kinetic parameters without assuming the
explicit form of f(a) [60, 61]. In addition, different forms of
Ea,a on a dependences are indicative for complex processes
and can be used as a basis for discussion of their mechanism
[60, 61]. Here we used the integral Kissinger–Akahira–
Sunose (KAS) [54, 62] and the differential Ortega [63]
method (Fig. 2). The results suggest that dehydration, as
well as both degradation processes, is complex, involving
more than one elementary step [64]. This is especially
visible from the curves obtained by Ortega method that is
free of the approximations used in KAS. Therefore, the
main conclusions about mechanism of each experimental
process were derived from Ortega method (Fig. 2b).
For dehydration, the corresponding curves (Fig. 2) begin
with decreasing convex character in 0.2 \ a \ 0.4 range
and then shift to decreasing concave character. This can be
attributed to the transition of the limiting step from breaking
of chemical and hydrogen bonds to the diffusion of released
molecules [65]. Decreasing convex character indicates the
presence of a reversible step during dehydration of 1.
The dependence of Ea,a on a (Fig. 2) for degradation I
exhibits convex shape in the 0.2 \ a \ 0.8 range, indicating process with a change of limiting stage, where the
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Fig. 2 Plot of the effective values of the apparent activation energy Ea,a as a dependence on the conversion degree a for thermal degradation of 1
obtained using: a KAS method, b Ortega method
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Fig. 3 a Deconvolution of complex degradation I into two steps at b = 20 K min-1, b activation energies of individual degradation I steps at
different conversion degree determined using KAS and Ortega isoconversional methods

Table 2 Kinetic parameters of individual steps in degradation I determined by Kissinger and Ozawa methods
Method

Step 1

Step 2
-1

Kissinger
Ozawa

-1

Ea/kJ mol

A/min

213.3 ± 5.6

1.49 9 1019 ± 8.2 9 104

211.9 ± 5.3

1.16 9 10

19

± 7.6 9 10

The shape of the y(a) and z(a) curves (Fig. 4) indicates
the same mechanism for all heating rates b. Their maxima
are obtained through transformation of experimental data,
da/dt, normalized within [0, 1] interval, using the values of
Ea from KAS method for all individual steps (Table 3).
For both individual steps, characteristic functions y(a)
and z(a) exhibit a concave shape. The maxima of the
characteristic functions (Table 3), according to the Màlek
algorithm [69, 70], suggest that the ﬁrst single-step process

4

Ea/kJ mol-1

A/min-1

250.6 ± 2.2

4.07 9 1022 ± 4.8 9 104

247.3 ± 2.1

2.32 9 1022 ± 4.0 9 104

can be described by Johnson–Mehl–Avrami (JMA) model,
while the second individual step may correspond to
empirically derived Šesták–Berggren model (SB) [71].
JMA model is usually represented as:
f ðaÞ ¼ mð1 � aÞ½� lnð1 � aÞ�1�ð1=mÞ

ð6Þ

where the value of m parameter that reﬂects the kinetic
mechanism is 2.21, suggesting the A2 model. An autocatalytic SB model was used in the simpliﬁed form [72–74] as:
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second step has a higher activation energy than the ﬁrst one
[65]. The convex character of corresponding curve for this
step determined by Ortega method (Fig. 2b) is very
pronounced.
The appearance of concave and convex character for
degradation II is ascribed (Fig. 2), also, to a complex
process with change in the limiting step. For a [ 0.5, diffusion becomes dominant, which is demonstrated by the
transition to a diffusion-controlled step. Therefore, the
inﬂuence of diffusion must be taken into account in all
cases, which is expected for heterogeneous solid-state
reactions [65, 66].
Peak deconvolution, as a new way of kinetic analysis,
especially in the ﬁeld of coordination compound, was
applied to dehydration and degradation I processes. Separations of dehydration process for obtaining individual
steps were performed using Fraser–Suzuki [34] as well as
Gaussian–Lorentzian cross-product function. Although ﬁt
with Fraser–Suzuki function was apparently better (see
Supplement, Fig. S3), both attempts did not result in
obtaining individual steps, due to their mutual kinetic
dependence. Dehydration exhibits a very complicated
reaction mechanism, involving interdependent sub-processes with close activation energies, which occur in a
relatively narrow temperature interval. A more detailed
explanation is already published in Ref. [39].
Isolation of individual steps for degradation I was done
using asymmetric Fraser–Suzuki function as stated in recommendations for deconvolution of the kinetic data concerning complex processes [34]. The deconvolution of
degradation I yielded two separated peaks (Fig. 3 a) corresponding to the individual steps that should be associated
with the release of two en molecules. The ratio of the areas
of peak 1 to peak 2 is close to 1:1, as a consequence of
equal masses of components leaving the system. The
deconvoluted peaks were further analyzed using KAS and
Ortega isoconversional methods, resulting in almost constant effective Ea,a on a values (Fig. 3b), characteristic for
single-step processes. The overall apparent activation
energies and pre-exponential factors of single-step processes are presented in Table 2. These values of apparent
activation energies are also consistent with those obtained
from KAS and Ortega methods (Fig. 3b).
The proper forms of conversion functions for deconvoluted peaks were determined using the Màlek method
[67, 68], which relies on the application of characteristic
kinetic functions y(a) and z(a) expressed as:
� �
� �
da
Ea
yðaÞ ¼
¼ Af ðaÞ
ð4Þ
exp
RT
dt
� �
da 2
ð5Þ
T
z ð aÞ ¼
dt

1720

Ea/kJ mol–1

are mentioned above and already discussed in Ref. [52, 54].
After the release of H2O and en molecules at 553.1 K, two
asymmetric COO bands with Dm values of 224 and
174 cm-1 appeared, indicating that some monodentate and
ionic COO groups are still present at this stage.

1719

Deriv.mass/% K–1

Thermal stability and degradation of binuclear hexaaqua-bis(ethylenediamine)-(l2-pyromellitato)…

219

Thermal stability and degradation of binuclear hexaaqua-bis(ethylenediamine)-(l2-pyromellitato)…

1721

1722

J. D. Zdravković et al.
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Fig. 4 Màlek curves y(a) and z(a) for degradation I at different heating rates: a step 1, b step 2
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DFT calculations for dehydration of 1

Individual step

As already stated, the dehydration contains mutually
kinetic dependant sub-steps. For better understanding of
this process, DFT calculations were performed, providing
more information about the mechanism and the nature of
individual steps during dehydration. Based on the thermodynamic and the kinetic results obtained from DFT
calculations [38, 39], water molecules in the complex can
be separated into two main groups (Fig. 7a). The ﬁrst group
consists of four molecules connected to the complex unit
by hydrogen bonds only (solvent waters, SWs). The second
group contains six molecules, which are coordinated to Ni
atoms (ligand waters, LWs). In the model system, each SW
is involved in two hydrogen bonds: one to the neighboring
water molecule from the same group and the other to a
carboxylate group. As illustrated in Fig. 7b, the energy
barrier for dissociation of each hydrogen bond belonging to
SWs was calculated to be 25–30 kJ mol-1 and can be
treated as activation energy for that process. At the same
time, the calculated enthalpy for the release of each SW
molecule is 32 kJ mol-1. This is in total agreement with
previously mentioned mean and effective experimental
value per one hydrogen bond (&16 kJ mol-1 [58]) and
showed the reliability of the model system. According to
XRD data [19], the complex unit lies in (-1 0 2) crystallographic plane, while SWs ﬁll the space between these
planes. The distance between planes is around 5 Å at the
beginning of dehydration process. When SW molecules are
released from the complex molecule, they travel through
interstitial space passing a series of potential wells, caused
by formation of new hydrogen bonds with the other complex molecules. This facilitates the overall process of
release of water, lowering its enthalpy. After all SWs leave
the interstitial space, the crystalline lattice of 1 contracts,
and the distance between (-1 0 2) planes should be partially reduced.

Degradation I
Step 1

Step 2

amax
y

0.422

0.234

amax
z

0.632

0.391

f ðaÞ ¼ aM ð1 � aÞ

N

ð7Þ

where M and N are kinetic parameters (see Supplement,
Fig. S4) with the values 0.43 and 1.42, respectively, to
yield:
f ðaÞ ¼ a0:43 ð1 � aÞ1:42

ð8Þ

Validation of the proposed kinetic triplets was conducted using master plot [75] and Pérez-Maqueda [76]
criteria (Figs. 5, 6). Both individual steps showed full
accordance between experimental and theoretical master
curves (Fig. 5), conﬁrming the validity of the proposed
kinetic triplets. The same is true for Pérez-Maqueda criterion as shown by high linearity with correlation coefﬁcients with R2 [ 0.995 for both steps (Fig. 6).
The ﬁnal decomposition step, degradation II, could not
be separated by means of deconvolution. This step is
attributed to the fragmentation of pyr ion, which certainly
involves the release of a number of gaseous products.
Although these products were not identiﬁed, they must
exist, because a non-stoichiometric NiO/NiCO3 mixture is
very probable as an intermediate product. This suggests a
very complex reaction mechanism where degradation
products subsequently participate in additional reactions.
Therefore, it was not possible to establish the correlation
between experimental results and kinetic analysis of this
step.

(a) 1.0

(b) 2.5

In((β (dα /dT)/f(α))

Table 3 Average values of position of the maxima of y(a) and z(a)
functions of individual steps

In((β (dα /dT)/f(α))

Fig. 5 Master plots for degradation I: a step 1, b step 2
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Fig. 6 Pérez-Maqueda plots for degradation I (b = 20 K min-1): a step 1, b step 2

In the next step, LWs are released from the complex
molecule. On the basis of DFT kinetic calculation (relaxed
energy scan, Fig. 7c–e), the release of all LWs occurs
through the formation of post-reaction complex. The shape
of potential curves in Fig. 7c, d is similar, showing two
maxima around 3.2 and 6 Å and one minimum around
3.5 Å. In Fig. 7e, the maximum around 3.2 Å is very
pronounced corresponding to the energy barrier of near
90 kJ mol-1. Therefore, the activation energy of these
processes corresponds to the dissociation of Ni–O coordination bond and the release of LWs into the interstitial
space. The energy barrier for effective dissociation of Ni–O
coordination bonds progressively increases from about 30
to almost 90 kJ mol-1 in the monomer model system,
reﬂecting the tendency of the metal center to strengthen
bonds with the remaining LWs due to the incomplete
coordination sphere.
The part of the potential energy curve, after the formation of the post-reaction complex, should be considered as
energy required for diffusion of the LW molecules to the

surface. The energy necessary for the successive formation
and breaking of hydrogen bonds, which are formed by LWs
after its release from the metal center, should be considered
as the energy required for the diffusion (Fig. 7d). The
presence of SW water in the interstitial area blocks the
entrance of LW into the same area. In the real system,
diffusion has a signiﬁcant role in all of these processes and
its main inﬂuence on the release of LW molecules occurs
through the shift of the equilibrium toward the reactants,
inhibiting the dehydration process.
The experimentally determined value of the activation
energy for dehydration is about 70 kJ mol-1 (Table 1),
whereas the value of the energy barrier for the release of
the last LW is 90 kJ mol-1 (Fig. 7e). This can be explained
by a model system which includes polymerization, as
shown in Fig. 7f, where the energy barrier for the release of
LW in polymerized system is lowered. The ﬁnal steps in
dehydration process create vacancies in the Ni coordination
sphere, followed by the ﬁnal lattice contraction, which
makes Ni centers closer to the neighboring COO group,
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probably followed with decarboxylation. This study has
shown that the application of peak deconvolution is reasonable for the kinetic analysis of TTM complexes.
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Fig. 7 a Calculated centrosymmetric structure of 1 with atomic
numbering scheme (with one exception, hydrogen atoms are not
labeled for the sake of clarity), b calculated energy barriers (relaxed

energy scan) for the step-by-step release of any of SWs and three LW
molecules (c–e), f the energy barrier for the release of the last LW
molecule from an already polymerized system

creating the conditions for their interaction. During this
step, depending on the heating rate, the system can undergo
controlled in-plane polymerization (at low heating rates),
retaining relatively ordered crystalline structure with different lattice dimensions, or undergo random polymerization resulting in an amorphous structure (at high heating
rates) [39].

complex, comprising more than one elementary step.
Dehydration occurs in a narrow temperature interval containing mutually kinetic dependant sub-steps. DFT calculations provided deeper insight into dehydration process,
showing that dehydrated complex is very likely polymeric.
Besides, these calculations conﬁrmed our previously found
enthalpy value of hydrogen bond (per 1 mol of H2O).
Degradation I, attributed to loss of two en, was separated
into two single steps by means of deconvolution with Fraser–Suzuki function. According to Màlek algorithm, it was
discovered that these two single steps can be expressed with
Johnson–Mehl–Avrami and Šesták–Berggren models,
respectively. The obtained kinetic triplets for these individual steps were supported by the use of master plot and
Pérez-Maqueda criteria. Degradation II, as the last decomposition step, is ascribed to the fragmentation of pyr ion

Conclusions
Step-by-step kinetic analysis of the TTM complex 1 containing tetraanion of pyr acid and en as ligands was reported
for the ﬁrst time. Thermal degradation of 1 is a three-step
process involving dehydration and two steps of degradation
labeled as degradation I and degradation II. All of steps are
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organic and inorganic materials of practical interest. J Therm
Anal Calorim. 2000;60:895–908.
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Ni(II) complex with bishydrazone ligand: synthesis,
characterization, DNA binding studies and proapoptotic and pro-diﬀerentiation induction in
human cancerous cell lines†
Nenad R. Filipović,*a Snežana Bjelogrlić,b Tamara R. Todorović,c
Vladimir A. Blagojević,d Christian D. Muller,e Aleksandar Marinković,f Miroslava Vujčić,g
Barbara Janović,g Aleksandar S. Malešević,c Nebojša Begović,h Milan Senćanskii
and Dragica M. Minićj
A new Ni(II) complex, [Ni(L)(H2O)] (1), with diethyl 3,30 -(2,20 -(1,10 -(pyridine-2,6-diyl)bis(ethan-1-yl-1ylidene))bis(hydrazin-1-yl-2-ylidene))bis(3-oxopropanoate) ligand (H2L) was synthesized as a potential
chemotherapeutic agent. Polidentate ligand was coordinated to Ni(II) NNN-tridentately, in dianionic form,
while monodentate water coordination completed square-planar geometry around metal. Structure in
the solution was determined by NMR spectroscopy and the same coordination mode was observed in
the solid state using IR spectroscopy and further veriﬁed by DFT calculations and electrochemical
studies. Thermal stability of 1 was determined in both air and nitrogen atmosphere. Anticancer activity of
1 was investigated on acute monocytic leukemia (THP-1) and pancreatic adenocarcinoma (AsPC-1) cell
lines. On THP-1 cells 1 induced powerful apoptotic response (ED50 ¼ 10 � 3 mM), which was revealed to
be only partially caspase-dependent, with activation of caspase-8 as the dominant course. This
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suggested that experimentally validated covalent binding of 1 to DNA is not the only mechanism
responsible for programmed cell death. This was supported with experiments on AsPC-1 cells. Although
treatment of those cells with 1 resulted in poor apoptotic response, cell cycle changes showed
concentration-dependent shifts indicating a dual mechanism of activity. This study also reviews the
results of preliminary biological screening, which demonstrates that 1 displays a unique pattern of
anticancer activity with at least two mechanisms involved.
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Ni(II) complexes with hydrazone ligands have been a focus of
intense research, due to their application in hydrogen production1 and catalysis,2,3 as well as their magnetic properties,2,4
application for data storage5,6 and as ame retardants.7 Nickel is
an essential micronutrient in many microorganisms, and
enzymes involved in several critical metabolic processes contain
nickel as a co-factor,8 making nickel complexes a subject of
many biological studies.9,10 On the other hand, hydrazone
ligands create the local environment similar to that in the biological systems – coordination through O and N atoms to
a metal center, and their –NH and –CO groups can participate in
hydrogen bonding and represent potential deprotonationprotonation sites.11 Inorganic medicinal chemistry is
a growing eld, investigating use of metal complexes in drug
discovery. Complex formation results in species with novel
structural scaﬀolds and electronic properties that are not
accessible through organic compounds. The important property
of these metal complexes is the ability to undergo ligand
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exchange reaction with biomolecules, making them DNA,
protein and enzyme targeting molecules, which display activity
against diseases such as cancer, diabetes, anti-inammatory
disorders, neurological disorder and infectious diseases. The
structure of these complexes depends on the nature of the
organic ligands and the oxidation state of the metal center.12–14
Hydrazone complexes of Ni exhibit a wide spectrum of biological activity,11 and a number of these complexes have shown
higher anti-cancer activity than the drugs approved for treatment of certain types of cancer.15–29 Ni(II) ion has d8 electronic
conguration, same as Pt(II) – the metal ion in, so far, all of the
approved anti-cancer treatment drugs: cisplatin (CDDP), carboplatin, oxaliplatin, nedaplatin, and lobaplatin.30 Unlike Pt(II),
which only exhibits square-planar geometry (coordination
number four), Ni(II) oen exhibits higher coordination
numbers, oﬀering greater variation in geometry.
A choice of ligand can dictate square-planar geometry of
Ni(II) hydrazone complexes, like dihydrazone ligands obtained
from 2,6-diacetylpyridine (dap) and various hydrazone derivatives which coordinate asymmetrically to Ni(II) building squareplanar complexes.31–36 N-Acylhydrazone (NAH) moiety has been
characterized as a privileged structure in anticancer research.37
Molecules containing NAH moiety can be prepared by
condensation of carbonyl compounds with malonic acid dyhidrazide (dhm), resulting in dyhidrazones and their complexes,
which show promising anticancer activity.38–42 It is well known
that condensation reaction between dap and dhm yields
macrocyclic dyhidrazone, which forms an octahedral complex
with Ni(II). In order to prevent the formation of macrocyclic
dyhidrazone based on dap, we introduced a new N-acylhydrazide, ethyl 3-hydrazino-3-oxopropionate (emh), in anticancer
research by replacing one of hydrazide group in dhm with ester
group. Here we present the synthesis of a new square-planar
Ni(II) complex [Ni(L)(H2O)] (1) with the in situ obtained diethyl
3,30 -(2,20 -(1,10 -(pyridine-2,6-diyl)bis(ethan-1-yl-1-ylidene))bis(hydrazin-1-yl-2-ylidene))bis(3-oxopropanoate) ligand (H2L),
which is a product of condensation of dap with emh and its
characterization in both the solid state and the solution.
Thermal stability of this complex was investigated and its anticancer activity was compared to CDDP, with a study of its
interaction with DNA in order to understand its reaction
mechanism in biological systems. To the best of our knowledge,
this is the rst anti-cancer study of a bishydrazone squareplanar complex of Ni(II) containing dap.

Experimental
General remarks
Hydrazine hydrate (55%) and dap (99%) were obtained from
Acros Organics, while diethyl malonate (98%) was obtained
from Merck. Solvents (ethanol 96% and diethyl ether) were used
without further purication. Elemental analyses (C, H, N) were
performed by the standard micro-methods using the ELEMENTAR Vario ELIII C.H.N.S¼O analyzer. Infra-red (IR) spectra
were recorded on a Thermo Scientic Nicolet 6700 FT-IR spectrophotometer by the Attenuated Total Reection (ATR) technique in the region 4000–400 cm�1. Abbreviations used for the

IR spectra interpretation are: s (strong) and m (medium strong).
Molar conductivity measurements were performed at ambient
temperature on the CrisonMultimeter MM41 in methanol (c ¼ 1
� 103 mol dm3). The ligand coordination mode in the
complex was determined by NMR spectroscopy results: 1D (1H
and 13C), 2D COSY, 2D NOESY and 2D ROESY, as well as 2D
heteronuclear correlation HSQC and HMBC. The NMR spectra
were obtained on BrukerAvance 500 equipped with broad-band
direct probe. All spectra were measured at 298 K in CDCl3.
Chemical shis are given on d scale relative to tetramethylsilane
as an internal standard for 1H and 13C. Abbreviations used for
1
H NMR spectrum: s, singlet; d, doublet; t, triplet; q, quartet.
Electron spray ionization mass spectrum (ESI-MS) was recorded
on LTQ Orbitrap XL spectrometer in a positive ion mode. UV-Vis
spectrum was recorded on Shimadzu PharmaSpec UV-1700
spectrophotometer. Melting points were recorded on Stuart
SMP10 without correction.
Synthesis of emh
Emh was synthesized according to the previously published
method.34 Product was recrystallized from ethanol. Melting
point of the product (69–72 � C) is in good agreement to data
previously published (68–69 � C).43
Synthesis of 1
Into the solution of dap (0.3 g, 1.839 � 103 mol) and emh
(0.54 g, 3.675 � 103 mol) in ethanol (60 mL), Ni(CH3COO)2$4H2O (0.45 g, 1.839 � 103 mol) was added. The reaction
mixture was reuxed for 45 min and cooled to ambient
temperature. Three days later red precipitate was ltered oﬀ,
washed with ethanol and diethyl ether and dried in a desiccator.
Yield: 0.27 g (29.7%). Mp ¼ 180–182 � C. Anal. calcd for
C19H25N5NiO7 (%): C, 46.18; H, 5.10; N, 14.17%. Found: C,
46.18; H, 4.92; N, 14.34%. LM (1 � 103 M, MeOH): 1.20 U1
cm2 mol1. IR (ATR, cm1): 3559 (s) n(O–H); 1733 and 1673 (s)
n(C]O); 1635 (m) n(C]N). 1H NMR (500.26 MHz, CDCl3), d:
8.44 (t, 1H, H–C3, 3J3,2 ¼ 3J3,2 ¼ 7.9 Hz), 7.97 (d, 1H, H–C2, 3J2,3
¼ 7.9 Hz), 7.83 (d, 1H, H–C4, 3J4,3 ¼ 7.9 Hz), 4.25 (q, 2H, H–C11,
3
J11,12 ¼ 7.1 Hz), 4.17 (q, 2H, H–C18, 3J18,19 ¼ 7.1 Hz), 3.72 (s, 2H,
H–C16), 3.44 (s, 2H, H–C9), 2.43 (s, 3H, H–C14), 2.29 (s, 3H, H–
C7), 2.11 (s, 2H, H2O), 1.33 (t, 3H, H–C12, 3J11,12 ¼ 7.1 Hz), 1.29
(t, H–C19, 3H, 3J18,19 ¼ 7.1 Hz); 13C NMR (125.80 MHz, CDCl3), d:
182.10 (C8), 178.04 (C15), 169.76 (C17), 168.60 (C10), 156.23
(C5), 153.08 (C6), 141.60 (C3), 137.80 (C1), 131.57 (C13), 124.64
(C2), 123.19 (C4), 61.29 (C11), 60.58 (C18), 45.48 (C16), 37.96
(C9), 20.98 (C14), 14.18 (C12), 14.11 (C19), 12.06 (C7). ESI-MS:
[M � H2O + H+]+ (C19H24N5NiO6) calcd. m/z 476.1080, found
476.1069.
Thermal analysis
Non-isothermal diﬀerential scanning calorimetry (DSC)
measurements in nitrogen were carried out using DSC Q1000
(TA Instruments) with typical sample weight of 2.0 � 0.2 mg, in
nitrogen atmosphere with gas ow rate of 50 mL min�1, in 25–
300 � C temperature region. Non-isothermal thermal gravimetric
analysis (TG) in air was conducted using PerkinElmer
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PyrisDiamond TG/DTA, which provides simultaneous TG, DTG,
DTA and DSC data. The measurements were conducted with air
ow rate of 150 mL min1, in 25–600 � C range at diﬀerent
heating rates. TG measurement in nitrogen was conducted
using the same instrument in 25–1000 � C range, with nitrogen
ow rate of 150 mL min1. Calibration of thermal analysis
instruments was conducted for each heating rate separately.
Analysis of thermal data was conducted using ThermV soware
package 0.2.44
Cyclic voltammetry (CV)
CV measurements were performed using an electrochemical
system CH Instruments (USA). The electrochemical cell (10 mL)
consisted of a three-electrode system: glassy carbon electrode
(inner diameter of 3 mm; CHI 104), an Ag/AgCl (saturated KCl)
reference electrode and Pt counter electrode. The potential was
swept over the range from 2.5 to +1.5 V (vs. Ag/AgCl) at scan
rate of 100 mV s1. Measurements were performed at room
temperature with deaeration of the solutions by passing
a stream of nitrogen through the solution for 5 min and
maintaining a blanket atmosphere of nitrogen over the solution
during the measurement. The potentials were measured, and
are quoted relative to Ag/AgCl reference electrode.
DFT calculations
DFT calculations on molecular systems were performed using
Gaussian 09 rev. D45 and ORCA v3.0.2 (ref. 46) program packages. Gaussian package was used for structure optimization and
frequency analysis. All structures where fully optimized using CPCM solvation method with Klamt radii.47 In calculations we
used the hybrid HF/DFT method with a combination of the
three-parameter Becke48 exchange functional and the Lee–
Yang–Parr (B3LYP)49 non-local correlation functional and Beck's
exchange functional combined with Perdew's50 (BP86) non-local
correlation functional. ORCA package was employed for
constraint relaxed surface scan at same theoretical level as in
Gaussian 09, using COSMO solvation model. In addition, for
calculations with ORCA package, exchange and correlation
functional of Perdew, Burke and Ernzerhof (PBE)51,52 were used.
For the metal center LANL2DZ basis set was used in Gaussian
and TZVP in ORCA, while 6-31G(d,p) basis set was used for the
rest of the atoms in both Gaussian and ORCA calculations. IR
spectrum was calculated using the molecular system in water
solvent, while TD-DFT calculation of this system was performed, calculating 50 states, to obtain the calculated UV-Vis
spectrum. Elucidation of vibrational spectra of calculated
structures was conducted using potential energy distribution
(PED) analysis implemented in VEDA package.53
Interactions with DNA
Fluorescence displacement experiments. A calf thymus
DNA(CT-DNA; lyophilized, highly polymerized, Serva, Heidelberg) was dissolved in Tris buﬀer (10 mM Tris–HCl pH 7.9)
overnight at 4 � C. This stock solution was stored at 4 � C and was
stable for several days. A solution of CT-DNA in water gave
a ratio of UV absorbance at 260 and 280 nm, A260/A280 of 1.89–

2.01, indicating that DNA was suﬃciently free of protein. The
concentration of DNA (2.86 mg mL1) was determined from the
UV absorbance at 260 nm using the extinction coeﬃcient 3260 ¼
6600 M1 cm1.54 UV-Vis spectrum was recorded on a UV-1800
Shimadzu UV/Visible spectrometer operating from 200 to
800 nm in 1.0 cm quartz cells.
The competitive interactions of 1 and the uorescence
probes, Hoechst 33258 (H) and ethidium bromide (EB) with CTDNA have been studied by measuring the change of uorescence intensity of the probe-DNA solution aer addition of 1.
Reaction mixtures containing 100 mM of CT-DNA (calculated per
phosphate) in 1 mL of 40 mM bicarbonate solution (pH 8.4)
were pretreated with 1 mL of the probe solution (25 mM of EB and
28 mM of H at nal concentrations) for 20 min and the mixture
was analyzed by uorescence measurement. Then the gradually
increasing concentrations of the complex (nal concentrations
2, 4, 6, 8 10, 12, 16, and 20 mM) successively added and the
change in the uorescence intensity was measured using
a Thermo Scientic Lumina Fluorescence spectrometer (Finland) equipped with a 150 W Xenon lamp. The slits on the
excitation and emission beams were xed at 10 nm. All
measurements were performed by excitation at 500 nm in the
range 520–700 nm for EB and by excitation at 350 nm in the
range 390–600 nm for H. The control was the probe–CT-DNA
solution. 1 did not have uorescence under applied conditions.
Thermal denaturation. Thermal denaturation experiments
were carried out by monitoring the absorption intensity of the
CT-DNA at 260 nm varying the temperature from 60 to 100 � C in
the absence and presence of the complex at ratio 2 : 1 with ramp
rate of 1 � C min1 in 10 mM phosphate buﬀer (pH 7.0) in
CINTRA 40 UV-Vis spectrometer equipped with a Peltier
element.
Electrophoretic mobility shi assay. The plasmid pUC19
(2686 bp, Sigma-Aldrich, USA) was prepared by its transformation in chemically competent cells Escherichia coli strain
XL1 blue. Amplication of the clone was done according to the
protocol for growing E. coli culture overnight in LB medium at
37 � C (ref. 55) and purication was performed using Qiagen
Plasmid plus Maxi kit. Finally, DNA was eluted in 10 mM Tris–
HCl buﬀer and stored at 20 � C. The concentration of plasmid
DNA (512 ng mL1) was determined by measuring the absorbance of the DNA-containing solution at 260 nm. One optical
unit corresponds to 50 mg mL1 of double stranded DNA.
Supercoiled pUC19 DNA (512 ng) was subjected to diﬀerent
concentrations of 1 was investigated and incubated in a 20 mL
reaction mixture in 40 mM bicarbonate buﬀer (pH 8.4) at 37 � C,
for 90 min. The reaction mixtures were vortexed from time to
time. The reaction was terminated by short centrifugation at
6708g and the addition of 5 mL of loading buﬀer [0.25% bromophenol blue, 0.25% xylene cyanol FF and 30% glycerol in
TAE buﬀer, pH 8.24 (40 mM Tris–acetate, 1 mM EDTA)].
The samples were subjected to electrophoresis on 1%
agarose gel (Amersham Pharmacia-Biotech, Inc) prepared in
TAE buﬀer (pH 8.24). The electrophoresis was performed at
a constant voltage (80 V) until bromophenol blue had passed
through 75% of the gel. A Submarine Mini-gel Electrophoresis
Unit (Hoeﬀer HE 33) with an EPS 300 power supply was used.
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Aer electrophoresis, the gel was stained for 30 min by soaking
it in an aqueous EB solution (0.5 mg mL1). The stained gel was
illuminated under a UV transilluminator Vilber-Lourmat
(France) at 312 nm and photographed with a Nikon Coolpix
P340 Digital Camera through lter DEEP YELLOW 15 (TIFFEN,
USA).
Cell cultures. Acute monocytic leukemia (THP-1, ATCC® TIB202) and pancreatic adenocarcinoma (AsPC-1, ATCC® CRL1682) cell lines were maintained in RPMI-1640 (Life Technologies, 11875-093) and DMEM high glucose (Sigma-Aldrich,
D5796) cell culture media, respectively. Both media were supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, Cat.
no. 16000-036) and 1% (v/v) penicillin–streptomycin (10 000
units per mL and 10 000 mg mL1, Gibco, Cat. # 15140-130).
Cells were kept at 37 � C in atmosphere containing 5% (v/v) CO2
during their exponential growth and during the course of
experimental treatments.
Investigated compound was initially dissolved in dimethyl
sulfoxide (DMSO) to the stock concentration of 20 mM. Further
dilutions to the experimental concentrations applied on the
cells have been done with RPMI-1640 or DMEM media immediately before each experiment, so that the highest nal DMSO
concentration never exceeded 0.5% (v/v).
Determination of pro-apoptotic activity. THP-1 and AsPC-1
cells were seeded in 96 at bottom well plates (Corning®
Costar®, Cat. no. CLS3596) in a volume 0.1 mL, at a density of
10 000 cells per well. Since the THP-1 cells grow in suspension,
experimental treatments started within 2 h aer cells seeding,
while plates with adherent AsPC-1 cells were le overnight to
settle. Investigated compound was added in a range of six rising
concentrations. As controls, non-treated cells, cells treated with
0.5% DMSO, and cells treated with Celestrol (Enzo Life
Sciences, Cat. no. ALX-350-332-M025) at 50 mM concentration
were present in each 96-well plate.
Aer 24 h of incubation, THP-1 cells were centrifuged on
450g for 10 min, supernatants were discarded, and 0.1 mL of
phosphate buﬀer saline (PBS) was added to each well. Plates
were places on plate shaker for 3 min, aerwards Annexin VFITC (ImmunoTools, Cat. no. 31490013) and propidium
iodide (PI, MiltenylBiotec, Cat. no. 130-093-233) were added in
a volume of 3 mL per well, respectively, and incubated for 15 min
in the dark prior to cytometry. Post incubation manipulation
with AsPC-1 cells included transfer of supernatant medium with
non-adherent cells into another plate. Fresh PBS was added to
remaining adherent cells aerwards the plates were centrifuged
at 450g for 10 min. Supernatant was discarded and 200 mL of
trypsin–EDTA (BioWest, Nuaille, France, Cat. No L0930-100)
was added to each well. Cells were detached in about 15 min
of incubation at 37 � C, aerwards another spinning cycle with
supernatant elimination were performed. Finally, previously
removed supernatant with non-adherent cells were added to
trypsinized cells and stained with Annexin V-FITC and PI in
a volumes of 3 mL. Plate analysis were performed on Guava®
easyCyte 12HT Benchtop ow microcapillary cytometerusing
InCyte® soware package (EMD Millipore, Cat. no. 0500-4120).
Cells were classied according to Annexin V and PI labeling on
viable (non-stained cells), pre-apoptotic cells (stained with

Annexin V only), cells in late phases of apoptosis (double
stained cells), and necrotic cells (stained with PI only).
Calculation of ED50 concentration. Percent of Annexin V
labeled cells for each concentration of investigated compound
were summarized and maximum apoptotic response was
normalized to 100%. Percent of apoptosis read out for other
concentrations were calculated as a proportion of the highest
response. Such scaled apoptotic outcomes were plotted against
concentrations and ED50 concentration was calculated using
asymmetric sigmoidal curve ve-parameter logistic equation
(GraphPad Prism 6 soware). Determined ED50 concentration
was applied in further steps of this investigation.
Cell cycle analysis. Cell cycle was evaluated either aer cells
were treated with ED50 concentration of the investigated
compound for diﬀerent time periods (6, 9, 12 and 24 h), or on
cells already stained by Annexin V/PI readout as described
previously.56 In both cases, treated cells were xed in ethanol
overnight at 4 � C and then labeled by the FxCycle™ PI/RNAse
Staining solution (Molecular Probes, Cat. no. F10797). Analyses were all performed on Guava® easyCyte 12HT Benchtop
Flow microcapillary cytometer.
Inhibition of caspase activity. Cells were treated with investigated compound at ED50 concentration for 6 h with or without
pan-caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp (O–Me)
uoromethyl ketone (Z-VAD-fmk, Promega, Cat. no. G7232). As
controls, non-treated cells, cells treated with Z-VAD-fmk only,
and cells treated with ED50 concentration only were used. Aer
incubation period was ended, treated cells were carried out for
Annexin V/PI staining as described above, and analyzed on
Guava® easyCyte 12HT cytometer. The percent of apoptosis
inhibited by Z-VAD-fmk co-treatment was determined by
following formula:
% of inhibition ¼ [1  (% of apoptosis or necrosis in A/
% of apoptosis or necrosis in B)] � 100%

where A is the sample treated with both ED50 concentration and
Z-VAD-fmk, and B the corresponding sample treated with ED50
concentration only.
Evaluation of caspase-8 and -9 activities. Cells were treated
with investigated compound at ED50 concentration for 6 h
aerwards activity of caspase-8 and -9 were assayed by means
of Guava Caspase 9 SR and Caspase 8 FAM kit (EMD Millipore,
Cat. no. 4500-0640), following instructions of manufacturer. In
acquired data cells were discriminated according to expression of green uorescence (caspase-8), yellow uorescence
(caspase-9), or red uorescence (7-AAD) as the following: live
cells (not stained with either caspase nor 7-AAD); mid stage
apoptotic cells (cells stained with either caspase-8 or -9, but
negative to 7-AAD); late stage apoptotic cells (cells stained with
either of caspase-8 or -9 and with 7-AAD); necrotic cells (cells
not stained with neither caspase-8 nor -9, but positive for 7AAD). Percentages of treated cells that express caspase activity
were calculated relative to non-treated control computed
separately for cells which expressed activated either caspase-8
or -9, and cells that showed activity of both caspases using
formula:
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Relative activity, % ¼ [% of treated cells expressing caspase(s)/
% of non-treated cells expressing caspase(s)]  100%
(2)

Results and discussion
General
Red precipitate of Ni(II) complex was obtained by the template
reaction of dap and emh with Ni(CH3COO)2$4H2O in ethanol
(1 : 2 : 1) (Scheme 1). The product was soluble in methanol,
acetonitrile, chloroform, dimethyl formamide and DMSO,
partially soluble in ethanol and insoluble in diethyl ether and
water. Magnetic measurement indicated that the complex is
diamagnetic, while the value of its molar conductivity in
methanol is 1.20 U1 cm2 mol1, signicantly less than for 1 : 1
electrolytes.57 Elemental analysis showed that the complex
consists of Ni(II) ion, dianionic ligand and one water molecule.
Based on these results, the following general formula can be
written [Ni(L)(H2O)] mass spectrum of the complex recorded in
acetonitrile shows the most intense peak at m/z ¼ 476.1069,
corresponding to the fragment [NiL  H2O + H+]+, with the
appropriate isotope pattern (Fig. S1, ESI†).

22.51 ppm between imine carbonyl atoms C6 (153.1) and C13
(131.6) indicated that imine nitrogen N2 is coordinated to Ni(II),
since electron density of C]N bond is shied towards Ni(II).
Diﬀerence in chemical shis of C8 and C15 atoms is not as large
(Dd ¼ 4.06 ppm), indicating that oxygen atoms O2 and O3 do
not participate in the coordination to the metal.
In the 1H NMR spectrum, H–C16 was shied downeld in
comparison to its analogue H–C9, indicating coordination
through N5. The coordination sphere of Ni(II) in this squareplanar environment is completed by coordination of pyridine
nitrogen which is corroborated by DFT calculations (vide infra).
The coordination of pyridine nitrogen is likely to occur, since it
results in formation of two stable chelate rings. Based on this
information, the proposed structure of 1 is given in Scheme 1.
Proposed geometry around Ni(II) in 1 was further conrmed
by theoretical DFT calculations. Independent of the starting
geometry, the complex was always optimized to the slightly
distorted square-planar geometry as shown in Fig. 1. In the
optimized geometry, all three donor atoms from L2, nickel,
and water oxygen atoms are in the same plane. Angles around
Ni(II) are slightly distorted from ideal square-planar geometry
due to steric hindrances in tridentate L2 ligand (angle N1–Ni–

Structural and electrochemical studies
1D (1H and 13C) and 2D (COSY, NOESY, 1H–13C HSQC and
H–13C HMBC) NMR spectra of 1 in CDCl3 are shown in Fig. S2–
S8 (ESI†), while the atom numbering scheme was given in
Scheme 1. The number of signals observed in 13C NMR spectrum of 1 (total of 19) indicate asymmetric coordination of L2
to Ni(II), since 10 signals of carbon atoms are expected for
symmetrical coordination of the ligand. In 1H NMR spectrum of
1 11 signals were detected. A signal at 2.11 ppm in 1H NMR
spectrum was assigned to the water molecule coordinated to the
Ni(II) ion. This signal is signicantly shied downeld in
comparison to the signal of non-coordinated water in CDCl3
which appears at 1.56 ppm.58 Similar situation, where respective
solvents had similar polarity to the solvents used in our system,
was observed in square-planar nickel(II) complex with contains
diphosphane ligand and coordinated water molecules, where
structure was solved with single crystal X-ray analysis.59 NMR
study in CD2Cl2 solution determined downeld shi of coordinated water (2.30 ppm) in comparison to non-coordinated
water (1.52 ppm).60 The diﬀerence in chemical shis of
1

Scheme 1

Fig. 1

The optimized structure of 1.

Preparation of the complex [Ni(L)(H2O)] (1).
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Table 1

Fig. 2

Electronic spectral data for 1

l (nm)

A

3 (M�1 cm�1)

Assignation

439.50
341.75
296.68
245.18

0.1965
1.0475
0.7143
1.3807

196 500
1 047 500
714 300
1 380 700

1

A2g ) 1A1g
B2g ) 1A1g
1
Eg ) 1A1g
L ) Ni2+
1

Comparison of experimental and calculated UV-Vis spectra of

1.

N2 ¼ 84.4� ; angle N5–Ni–N1 ¼ 96.2� ). Results of the calculated
1
H and 13C NMR spectra of 1 (Tables S1 and S2, ESI†) show good
agreement with experimental data, indicating that the actual
geometry of 1 closely corresponds to the proposed one. The only
signicant deviation comes in the chemical shi of the water
molecule proton, where one of the protons exhibits much
higher chemical shi than observed in the experiment. This can
be explained by the fact that the calculation was performed on
a monomer system in a continuous dielectric, taking no account
of intermolecular interactions. As a consequence, these two
protons exhibit signicantly diﬀerent hydrogen bond lengths
(Fig. 1), and the proton with shorter hydrogen bond exhibits
higher chemical shi.
The experimental spectrum suggests that both water protons
are equivalent, suggesting that the orientation of the molecule
in the solution is most likely such that the hydrogen bonding to
two water protons is achieved either through O6 and O4 oxygen
and not O2 and O3, or through intermolecular hydrogen
bonding, making hydrogen bonds longer. This suggests that the
geometry is probably dictated by intermolecular interactions,
where this orientation would make the entire molecule roughly
planar in the coordination plane of the metal center, providing
better geometry for interactions above and below this plane.
UV-Vis spectrum of 1 in MeOH contains four bands (Fig. 2):
three of them (439.50, 341.75, 296.68 nm) are assigned to
electronic transitions of square-planar Ni(II) complex, and the
fourth (245.18 nm) is assigned to the charge transfer between
the ligand and Ni(II) ion (Table 1). There is a good agreement
between experimental and the normalized calculated UV-Vis
spectrum (with N ¼ 100 calculated transitions) of 1, as shown
in Fig. 2. Since the optimized structure of 1 exhibits squareplanar coordination around the metal center, this represents
another conrmation of the band assignment.
Electrochemical behavior of 1 was investigated using CV on
a glassy carbon working electrode in the potential range from
2.50 to +1.50 V vs. Ag/AgCl electrode in DMSO using [n-Bu4N]

Fig. 3

Experimental and calculated IR spectra of 1.

PF6 as supporting electrolyte. Under these experimental conditions, 1 undergoes irreversible redox processes, giving two
reduction peaks at 1.77 and 2.00 V, and one oxidation peak
at +0.98 V (Fig. S9, ESI†) with the onset of oxidation and
reduction at Eox.onset ¼ +0.68 V and Ered.onset ¼ �1.58 V,
respectively. From these values,61 where ferrocene was used as
an external standard, the energy gap (Eg ¼ ELUMO � EHOMO) was
calculated to be +2.26 eV, which is in good agreement with the
value +2.33 eV, calculated from longest absorption wavelength
lonset (Eg ¼ 1242/lonset)62 and the one obtained by DFT calculations +2.28 eV. However, DFT calculations gave the values of
EHOMO and ELUMO as �5.78 eV and �3.44 eV, compared to the
experimental values obtained from CV63 of �4.93 and �2.67 eV,
respectively. This signicant diﬀerence between electrochemically obtained and calculated values is a consequence of high
irreversibility of the observed electrochemical processes. This
can be expected when irreversible electrochemical processes
include, in addition to electronic transition, other limiting
steps, which were not taken into account by the DFT model and
UV spectra as well.
Experimental and calculated IR spectra for 1 are given in
Fig. 3, with full assignment of the bands in Table 2. DFT
calculations on a molecular system in a continuous water
solvent resulted in good agreement between experimental and
calculated IR spectra (Table 2), allowing assignment of the
vibrations in the experimental IR spectrum using the results of
the calculations.
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Selected experimental and calculated IR spectral data of 1
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Enthalpies of the endothermic peak 1 and the exothermic
peak 2 recorded in air and nitrogen

moieties, while non-covalent interactions include binding to
minor groove, major groove, sugar-phosphate backbone, intercalation between the bases and binding to unique DNA structural motifs such as the three way junction, G-quadruplexes,
cruciforms and hairpins.66 In most cases metal complexes
interact with DNA via minor groove, by intercalation and covalent binding.

Table 3

Vibration

Type

Calculated n
(cm1)

Experimentaln
(cm1)

O–H (water)
C]O
O–H (water)
C]N
C]N
Ring vibration
C–H
C–O–C (ester)
N–N
O–H
Ring vibration
O–H (water)
C–C

sym. stretch
sym. stretch
sym. scissor
sym. stretch
sym. stretch
sym. ring vibr.
sym. def.
asym. stretch
sym. stretch
Rocking
asym. ringvibr.
asym.
sym. stretch

3670, 2930
1729, 1718
1690
1640, 1605
1590, 1560
1559
1350, 1320
1229, 1208
1150
960
860
801
722.5

3559, 2939
1733.5
1673
1634, 1600
1600, 1577
1525
1363, 1313
1232, 1210
1156
955
854.6
807
728

Air
Heating rate
( C min1)

Enthalpy –
peak 1 (kJ mol1)

Enthalpy –
peak 2 (kJ mol1)

2
4
6
10

32.36
42.55
48.59
80.95

5736.76
6425.90
6665.53
7096.12

Fluorescence quenching studies

Nitrogen

Thermal analysis
Thermal stability of 1 was analyzed in both air and nitrogen
atmosphere using TG and DSC. TG thermal degradation curves
of 1 in air and nitrogen reveal a signicant diﬀerence of
degradation processes, following diﬀerent reaction pathways in
diﬀerent atmospheres (Fig. 4). Overall, thermal degradation
starts around 200  C and the step-wise mass loss is continuous
until the end of degradation. 1 exhibits considerably faster mass
loss in air, which is consistent with thermally induced oxidation. The nal mass residue is consistent with the formation of
nickel oxide as the nal product: NiO in air and NiO2 or NiOOH
in nitrogen.
DSC of 1 heated in air exhibits an endothermic peak around
180–190  C and a much larger exothermic peak in the 350–
450  C temperature domain (Fig. S13†), both peaks corresponding complex processes involving multiple overlapping
degradation steps. All peaks exhibit a shi to higher

Fig. 4 TG curves recorded in nitrogen and air.

Paper

Heating rate
( C min1)

Enthalpy –
peak 1 (kJ mol1)

4
5
10
15
20
35

12.56
20.91
29.69
33.30
36.1
33.57

temperatures with increase in heating rate, indicating thermal
activation of degradation processes.
When 1 was heated in nitrogen, it exhibited an endothermic
process in 180–200  C temperature domain, followed by a series
of exothermic processes in 200–300  C temperature domain
(Fig. S14†). At lower heating rates, the endothermic process
around 180  C is not very well dened due to an overlap with an
exothermic process, which follows. This complex region is followed by another exothermic peak around 220  C. However, due
to diﬀerent thermal activation, the endothermic peak is well
dened at higher heating rates (10–35  C min1), with very little
variation in overall enthalpy (Table 3).
Endothermic peak 1 exhibits relatively low values of enthalpy
of the overall process (Table 3), both when recorded in nitrogen
and in air, with higher values in air, and, at a heating rate of
10  C min1, the changes in the observed values of enthalpy and
peak shape (Fig. 5B) indicate increasing signicance of diﬀusion of oxygen into the sample. Exothermic peak 2 exhibits very
high values of enthalpy of the overall process, which is consistent with oxidation reaction at high temperature. The value of
enthalpy and asymmetric peak shape indicate a very complex
process involving a large number of atoms and breaking of
several bonds.
The values of the overall activation energy for peaks in
nitrogen and air were calculated using Kissinger and Ozawa
methods.64,65 The experimental peak 1 in nitrogen exhibits
unusually high value of the overall activation energy, most likely
due to the overlap with subsequent exothermic process (Table
4). The value of overall activation energy in air is much smaller,
likely due to the presence of oxygen, which changes the reaction
mechanism of thermal decomposition, ultimately leading to
formation of diﬀerent nal products observed in TG curves in
air and nitrogen. The overall activation energy of peak 2 in air is
very small for a process occurring in 350–450  C temperature
domain and this, combined with a very high value of enthalpy,
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Fig. 5 Displacement of CT-DNA (100 mM, top line) bound H (25 mM),
panel (A) and EB (28 mM) by 1, panel (B), at increasing ﬁnal concentrations (2, 4, 6, 8 10, 12, 16, and 20 mM, curves from top to bottom).
The arrows show that ﬂuorescence intensity decreased with
increasing concentration of the complex. The insets demonstrate
ﬂuorescence quenching curves of H bound to CT-DNA at 444 nm and
EB bound to CT-DNA at lmax ¼ 600 nm by 1, panels (A) and (B),
respectively; r ¼ 1/[CT-DNA].

Table 4 Overall activation energies for the endothermic peak 1 and

the exothermic peak 2 recorded in air and nitrogen
Overall Ea (kJ mol1)

Air peak 1

Air peak 2

N2 peak 1

Kissinger method
Ozawa method

290 � 30
280 � 30

81 � 5
87 � 4

1120 � 50
1080 � 50

indicates that organic part of the molecule quickly oxidizes,
most likely forming CO2.
Interactions with DNA
Binding of small molecules with DNA and investigation of
structural aspects of such bindings have turned out to be an
emerging topic of interest from the perspective of medicinal
chemistry, including cancer chemotherapy and development of
new and more eﬃcient therapeutic agents targeted to DNA.45
Transition metal complexes can bind to DNA via both covalent
and/or non-covalent interactions. In general, covalent interactions include coordination to DNA base, sugar and phosphate

Fluorescence spectroscopy is a widely used technique for study
of DNA interaction with metal complexes. Fluorescence
quenching of DNA-H dye adduct by the metal complex is an
established method for determination of its propensity to bind
to the DNA minor groove, and uorescent displacement is
widely used for investigation of intercalative properties of metal
complexes. While H is only weakly uorescent, its uorescence
yield increases signicantly in the presence of DNA. In the case
of minor groove binders, the reduction of uorescence was
found to be 55% or more.67,68 However, the addition of 1 to CTDNA caused only 19% reduction in the uorescence intensity of
H-CT-DNA system with maximal applied concentration of the
complex (Fig. 5A), indicating that minor groove is not signicant target for 1.
Fluorescent displacement experiments were carried out with
EB, well known dye which acts as a typical DNA intercalator.69
Binding of EB to CT-DNA was followed by excitation at 500 nm
with uorescence maximum at 600 nm. The emission spectra of
EB bound to CT-DNA in the absence and presence of 1 are given
in Fig. 5B. It was observed that the increase in concentration of
1 causes a continuous decrease in the uorescence intensity of
the band at 600 nm of the EB-CT-DNA system, with the maximal
decrease of 32%. EB uorescence quenching by typical strong
intercalators is almost complete,70–72 while the values lower than
50% indicate mechanisms of uorescence quenching diﬀerent
from intercalation.73–75 Addition of 1 would quench the EB
emission by either replacing the DNA-bound EB (if it binds to
DNA more strongly than EB) or by accepting the excited state
electron from EB. Since metal complexes with no extended
planar rings are not expected to displace the intercalatively
bound EB, small reduction of DNA-EB uorescence intensity
indicates that quenching occurs by photo electron-transfer
mechanism.76–78 Previous investigation on a series of Cu(II)
complexes indicated that the ability of the complexes to quench
the EB emission intensity by photo electron-transfer mechanism depends upon their reducibility: the complex with a more
positive redox potential (0.219 V) had the highest ability to
quench the emission intensity of EB. Redox potential of 1 is
even more positive, which indicates its capability to undergo
photo electron-transfer mechanism.79
Thermal denaturation studies
Thermal behavior of DNA in the presence of metal complexes
can give insight into DNA conformational changes with increase
in temperature and the strength of DNA-complex interactions.
The temperature at which half of the DNA sample is melted is
known as the melting temperature (Tm), and it is strongly
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related to the stability of the double-helical structure. An
increase in melting temperature indicates that the metal
complex has a stabilizing eﬀect, while a decrease in Tm indicates destabilizing eﬀect. High positive DTm (3–8  C) is characteristic for intercalation type of interaction,72,80,81 while
groove-binding interaction of small molecules with DNA leads
to insignicant changes in Tm.80,82–84 Negative values of DTm
indicate covalent binding.85–87 In the case of 1, the diﬀerence in
melting temperatures DTm (DTm ¼ Tm of free DNA – Tm of DNA1) is �4.5  C (Fig. 6), corroborating uorescence quenching
studies which show that 1 does not have a signicant propensity
to minor groove and does not intercalate. Negative value of DTm
indicates that this complex binds covalently to DNA.
Metal complexes which undergo covalent binding to DNA
contain labile ligands which act as good leaving groups, such as
Cl ion,79 water88,89 and solvent molecules.90 Structure of 1
seems suitable for covalent bonding to DNA, since squareplanar Ni complexes are capable to extend their coordination
sphere by coordination of axial ligands, resulting in formation
of octahedral complexes. Also, 1 contains a water molecule
coordinated to Ni(II) ion which is a better leaving group than Cl
ion. It is well known that CDDP, [PtCl2(NH3)2], the most famous
covalent binding anticancer agent, needs to release the chloride
before it binds to DNA. Within the cell, CDDP aquation of one
or both chloride leaving groups occurs and resulting complexes
[Pt(H2O)Cl(NH3)2]+ and [Pt(H2O)2(NH3)2]2+ are the actual
species which react with nucleophilic centers of biomolecules.88
Nitrogen atom N7 in guanine residues has a strong aﬃnity
for Ni(II):91 it is 2.3 times more basic than corresponding
nitrogen atom from adenine, which leads to 10 times larger
binding aﬃnity to metal ions.92 Also, comparative binding
experiments of Ni(II) complex containing solvent molecule
bonded to metal centre to adenosine-50 -monophosphate and
guanosine-50 -monophosphate by ESI-MS and NMR spectroscopy conrmed that binding tendency of nucleotides is higher
for guanosine nucleotide.90

Melting curves of CT-DNA (100 mM) in the absence and presence of Ni(II) complex (50 mM). A0 is the initial absorbance intensity, A is
the absorbance intensity corresponding to its temperature, Af is the
ﬁnal absorbance intensity.

Fig. 6

Gel electrophoretic studies
The interaction of metal complexes with double stranded closed
circular plasmid DNA is usually monitored by agarose gel
electrophoresis. This assay allows assessment of DNA strand
cleavage by monitoring the conversion of untreated form (FI)
plasmid DNA into the nicked form (FII) and linear form (FIII) in
the case of DNA cleavage. Also, retardation of DNA indicates
covalent binding of the investigated compounds. Upon addition
of 1 to the plasmid, no strand scission was observed (Fig. 7,
lanes 2 and 3) at concentrations up to 1.5 mM in comparison to
the control (lane 1), indicating that DNA cleavage does not
present a mode of action of this Ni(II) complex, i.e. the complex
has no nuclease activity. Binding of the higher concentrations
of the complex to the DNA causes the retardation of the plasmid
forms in the gel. The electrophoretic pattern suggests that
changes in conformations of the plasmid were caused by the
binding of 1, and retardation of the migration of DNA through
the gel is observed for molecules which bind covalently to
DNA.93–95
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phases of apoptotic death, which provides information on
concentration-response relationship with preliminary insight
into the span of therapeutic index. Besides these advantages,
the method of our choice presents one limitation: it is not
possible to directly compare activity of 1 to other nickel
complexes that were evaluated with colorimetric assays.
Anticancer activity of 1 can be compared with activity of
CDDP that is widely used for the treatment of broad-spectrum
malignancies. Aside from the fact that both 1 and CDDP are
metal complexes, those also share the same square-planar
geometry with d8 electronic conguration of divalent metal

ions. The mechanism of CDDP anticancer activity has been
studied for a long time, with new surprising discoveries even 30
years aer the main breakthrough in its understanding. Treiber
et al.96 described the relation between DNA crosslinking by
CDDP with high mobility group domain proteins and the
consequently aﬀected processes of transcription, replication
and DNA repair, and their context of “transcription factor
hijacking” is still considered the principal mechanism of CDDP
activity. Nevertheless, it has been proven that CDDP also
induces formation of reactive oxygen species,97,98 chromosomal
structural alterations,99 down-regulation of microRNA

Evaluation of anticancer activity
Nickel hydrazone complexes have been extensively investigated
for anticancer properties15–29 but in general, the literature data
deals with their activity described by IC50 concentrations with
data obtained by mean of colorimetric assays. Such methodology provides only the information on how the applied
compound reduces number of viable cells in the treated population with regard to non-treated control for a specic time of
incubation, therefore, calculated IC50 value gives an indication
on antiproliferative activity of investigated treatment, but not
on how the treatment aﬀected cell proliferation: by triggering
apoptotic or necrotic cell death, due to prolongation of mitotic
cycle with delayed population growth, or by induction of cell
dormancy. In this study, the method employed for assessment
of anticancer activity was Annexin V/PI double staining assay,
which allows accurate qualitative and quantitative discrimination of cell death in terms of apoptosis and necrosis. It also
enables us to observe if the compound concentrationdependently introduces treated cells from initial to advanced

Fig. 7 Results of agarose gel electrophoresis of interaction of pUC19
with 1. Lane 1 – control plasmid pUC19; lane 2, 3, 4, 5 and 6 – plasmid
pUC19 with 1 mM, 1.5 mM, 2 mM, 2.5 mM and 3 mM of the complex,
respectively.

Fig. 8 Types of cell death and cell cycle changes in THP-1 cell line induced by the treatment with 1. Results of Annexin V/PI double staining of
THP-1 cells treated with 1 during 24 h (A), and during 6 h (B). In Annexin V/PI dot plots cells are discriminated as viable (non-stained cells, lower
left quadrant), cells in early phase of apoptotic death (Annexin V single-stained cells, lower right quadrant), cells in advanced phases of apoptotic
death (double-stained cells, upper right quadrant), and necrotic cells (PI single-stained cells, upper left quadrant). Cell cycle changes after
diﬀerent periods of incubation in cells treated with 1 and CDDP applied at their ED50 concentrations (C). Incidences of cells found at the G0/G1, S
and G2/M phases were determined according to non-treated control population. Results of Annexin V/PI staining after 24 h treatment and cell
cycle changes are expressed as the mean  SD of two replicates from independent experiments.
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expression,100 and interferes with intracellular calcium
signaling.101–103 Some of these mechanisms are cell type-specic,
some concentration- and/or time-dependent, however, they
vindicate various cell cycle changes induced by CDDP treatment
in diﬀerent malignant cell lines. We have previously published
results of CDDP activity on both THP-1 and AsPC-1 cell lines,56
and herein we have investigated the activity of 1 in regards to
CDDP.
Activity of 1 was rstly investigated on THP-1 cell line.
Treatment involved 24 h incubation with 1 applied in a range of
six concentrations (1–100 mM). For THP-1 cells 1 induced strong
apoptotic response (Fig. 8A), with evidentially accelerating,
concentration-dependent accumulation of cells from the early
phase (Annexin V single-stained), to the advanced phases of
apoptotic death (Annexin V/PI double-stained cells). At the same
time, percentage of necrotic cells remained at the level of
untreated control throughout the concentration range. Gradual
evolution of apoptotic death was conrmed at 6 h incubation of
THP-1 cells with 1, when Annexin V single-stained cells were the
dominant events in the samples subjected to concentrations
which at 24 h treatment resulted in extensive percentage of late
apoptosis (Fig. 8B). On the other hand, CDDP at 24 h caused
concentration-dependent accumulation of THP-1 cells in the
early phase of apoptotic death while just a small percent of
them transitioned to the execution phase, even in the samples
subjected
to
the
highest
applied
concentration.56
Concentration-response curve that describes activity of 1 is
plotted with lower ED50 concentration (10  3 mM, Fig. S10,
ESI†) than CDDP (17.8  0.2 mM).56
Although 1 and CDDP induce diﬀerent apoptotic responses
in THP-1 cell line, changes in cell cycle progression recorded
within 24 h incubation share some similarities (Fig. 8C). First,
within the rst 12 h, both compounds induced accumulation of
cells in the G0/G1 phase. This eﬀect was notably prominent in
the samples treated with 1, accompanied with reduced
percentage of cells in both S and G2/M phases. Second, at 12 h
incubation both compounds caused accumulation of treated
cells in the S phase, which at this point was markedly more
intensive in the samples treated with CDDP. Nevertheless,
distribution of treated cells at 24 h has nally conrmed the
assumption aer Annexin-V/PI analysis (Fig. 8A): while cells
treated with 1 were still slightly accumulated in the S phase,
those subjected to CDDP ended in the G1-to-S block, which
clearly dened that those two compounds do not share the
same mechanism of activity. Therefore, CDDP at 24 h acts as an
anti-proliferative agent rather than a pro-apoptotic one,
although it is not be possible to designate if AnnexinV singlestained cells in CDDP-treated samples will end up in
apoptosis or necrosis. On the other hand, treatment with 1
easily triggers apoptosis within several hours of incubation, and
more important, eﬃciently drives THP-1 cells through the
process of apoptotic death. Current results are opposite to those
previously published for CDDP using the same biological
models and experimental conditions.56 The prominent characteristic of CDDP activity is its interstrand cross-linking to DNA.
Although interstrand cross-links account for only a few
percentages of all CDDP adducts those are the crucial for DNA

unwinding, activation of complex repair pathways with cell
cycle arrest at the S phase, and nally apoptotic death.104,105
Those reasons explain the delayed onset of apoptosis in cells
treated with CDDP compared to the eﬀect of 1.56 The decisive
issue that conrms distinction between mechanisms of CDDP
and 1 activities is the results of pUC19 electrophoresis, where 1
induced only a retardation of supercoiled form contrary to
massively unwound form seen in the presence of CDDP.106
Previously, we described the activity of caspases in cells
treated with CDDP.56 Briey, co-treatment of THP-1 cells with
CDDP and pan-caspase inhibitor Z-VAD-fmk revealed that
apoptosis induced by CDDP was not exclusively caspasedependent. Also, treatment of THP-1 cells with CDDP for 6 h
did not induce activation of either caspase-8 or caspase-947.
When THP-1 cells were co-incubated with Z-VAD-fmk and 1,
average of 35  3% of apoptotic events were inhibited compared
to the samples treated with 1 only (Fig. 9A). We also calculated
percentages of reduced events in early and late phases of
apoptotic death and that result undoubtedly revealed that the
inhibition of caspases activity primarily prevented initiation of

Role of caspases activation in apoptotic death of THP-1 cells
after 6 h treatment with 1 applied at ED50 concentration. Percentage of
apoptosis inhibition due to co-incubation of treated cells with pancaspase inhibitor Z-VAD-fmk (A), and relative change of caspase-8 and
-9 activity in treated cells computed in regard to non-treated control
(B). Both results are expressed as the mean  SD of two replicated
from independent experiments.
Fig. 9
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apoptotic death in THP-1 cells rather than it hampered its
execution (70  14% of early apoptotic events inhibited vs. 26 
7% late apoptotic events). It is particularly interesting that cotreatment with Z-VAD-fmk did not stimulate incidence of
necrotic death that could be expected due to interrupted chain
of cascade interactions, quite on the contrary necrosis was also
reduced in a high percentage (78  8%). This indicates that
cells, withheld from entering apoptosis due to inhibition of
caspases activity, do not end in necrosis. This further refers to
the mechanism by which 1 triggers apoptotic process, that does
not include substantial damage of cellular integrity, but
involves an initiation of cascade interactions with caspase
activation at the very onset.
Additional evaluation of caspases activity revealed that
treatment with 1 induced activation of caspase-8 in THP-1 cells
(Fig. 9B). In regard to untreated control, 357  40% of treated
cells were expressing activated caspase-8 only, while 78  18%
cells were expressing activated caspase-9. Apparently, due to the
cross-talk activation between two apoptotic pathways, 217 
71% of treated cells displayed activated both caspase-8 and -9.
Prevailing activation of caspase-8 demonstrates the 1 triggered
apoptotic death either by activation of death receptor signaling
cascade107 or by endoplasmic reticulum stress.108 This nding
additionally supports the diﬀerence between mechanisms of
CDDP and 1 activity.
When activation of caspase-8 was identied as mechanism
responsible for triggering of apoptosis in THP-1 cells treated
with 1, we hesitated to evaluate its activity on AsPC-1 cells
since it was previously shown that this cell line is low
expressing Fas ligand that might be involved in the initiation
of apoptotic death.109 CDDP did not show signicant activity
on AsPC-1 cells.56 Even more, while arrest at the S phase was
seen only aer treatment with the lowest applied concentration of CDDP that was not accompanied with apoptotic
response, percentages of cells at the cell cycle phases in
samples treated with higher concentrations barely varied
compared to untreated control. As expected, treatment of
AsPC-1 cells with 1 did not aﬀect their survival (Fig. 10),
however, changes in cell cycle distribution were far more
impressive than those induced by CDDP. It is important to
notice that these cells are poorly diﬀerentiated, referred to as
Cancer Stem Cells (CSCs).110 CSCs, also named as tumorinitiating or tumor-propagating cells, are rare immortal cells
within the tumor bulk that possess a number of biological
properties that distinguish them from remaining tumor cells,
such as resistance to treatment and evasion of cell death by
ability to conceal into the state of dormancy,111 and that was
observed in the samples treated with 1. Contrary to CDDP, 1
evoked accumulation of AsPC-1 cells at the S phase only in the
samples treated with 1 and 10 mM, but higher concentrations
drove them toward G0/G1 block not accompanied with
increase of either apoptotic or necrotic events. While AsPC-1
cells were obviously unaﬀected by the treatment with CDDP,
the same cell line was provoked by 1 and its mechanism of
activity, escaping apoptosis by hiding in the state of dormancy,
at least for the rst 24 h of incubation.

Fig. 10 Types of cell death and cell cycle changes in AsPC-1 cell line
induced by the treatment with 1 during 24 h incubation. In Annexin V/
PI dot plots (left panel) cells are discriminated as viable (non-stained
cells, lower left quadrant), cells in early phase of apoptotic death
(Annexin V single-stained cells, lower right quadrant), cells in advanced
phases of apoptotic death (double-stained cells, upper right quadrant),
and necrotic cells (PI single-stained cells, upper left quadrant). Cell
cycle changes (right panel) were determined as percentage of cells at
the G0/G1, S and G2/M phases of mitotic division according to nontreated control population. All results are expressed as percentages of
one replicate.

Conclusions
Novel nickel(II) square-planar hydrazone complex 1 was
synthesized and characterized, and its geometry was optimized
by DFT calculations. IR spectroscopy results indicate asymmetrical coordination of ligand's arms, which was also found in
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the solution, as evidenced by NMR spectroscopy. Investigation
of thermal stability of 1 showed that it is thermally stable at
temperatures below 160  C, while the initial degradation
processes in air and nitrogen exhibit relatively high values of
overall apparent activation energy of 250–300 and 1150–1200 kJ
mol1, respectively. This property makes the complex suitable
for long-term storage at normal ambient temperatures, with
easier potential medical and biological usage.
Current investigation provided experimental validation for
the ability of 1 to covalently bind to DNA, which is also wellknown feature of CDDP. However, the series of our results
revealed that the mechanism of anticancer activity for these two
compounds is completely diﬀerent. Aer 24 h incubation on
THP-1 cells 1 induces powerful apoptotic response accompanied with slight accumulation of cells at the S phase of mitotic
division. Apoptosis driven by 1 is partially caspase-dependent
with dominantly activated caspase-8. Therefore, the results
presented here strongly indicate that 1 has a diﬀerent, more
eﬃcient mode of anticancer activity than CDDP. Concentrationdependent shi in the cell cycle distribution of AsPC-1 cells,
experimentally conrmed covalent binding to DNA, and activation of caspase-8 strongly indicates that 1 exhibits at least two
mechanisms of anticancer activity. The induced caspase-8
activation by 1 sets it as a primary interest in any further
investigation.
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Abstract The structure of new cis-dichloro[(E)-ethyl-2-(2((8-hydroxyquinolin-2-il)methylene)hidrazinyl)acetate-j2N]palladium(II) complex was determined using a combination
of XRD and IR measurements and DFT calculations.
Inherent ﬂexibility of its structure is evident from the complexity of its IR spectrum, which could only be theoretically
reproduced as a combination of several closely related
structures, involving rotation around C–O bond and changes
in hydrogen interactions of its –OH group. Its thermal stability and decomposition were studied non-isothermally, and
the thermal decomposition mechanism was proposed using
correlation with DFT calculations at the molecular level. It
was determined that the initial degradation step consists of
the release of Cl free radical, which then reacts with both the
initial compound and the degradation products. Besides the
endothermic steps, there are exothermic ones, contributing to
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the complex shape of the DSC curve, consisted of overlapping endothermic and exothermic peaks. Deconvolution of
DTG curve allowed identiﬁcation of primary fragments of
the initial degradation process and, in conjunction with DFT
calculations, construction of the most likely reaction
mechanism.
Keywords Thermal decomposition  Reaction
mechanism  DFT calculation  Reaction kinetics 
Organometallic complex  Thermodynamics

Introduction
Organometallic complexes have been attracting much scientiﬁc attention due to their favorable chemical, physical
and biological properties [1–3]. These make them potentially useful for various applications, where these compounds act as catalysts, biologically active molecules,
precursors for synthesis of different materials, ﬂame
retardants, data storage materials [1–6], etc. Functional
properties of complexes are always connected to their
particular structure, while the changes in environmental
conditions provoke structural transformations, which lead
to changes in the favorable properties, limiting their practical applications. Therefore, stability of organometallic
complexes is very important characteristic for their
potential applications. Although thermal stability, mechanism and kinetics of thermal decomposition of
organometallic complexes have been widely studied in
recent time [7–11], in most cases these studies have been
performed using only experimental techniques, such as TG,
DSC, XRD, FTIR, while attempts to conﬁrm and explain
these results by correlating them with the results of theoretical computational methods have been very rare [12–15].
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Palladium(II) complexes have been recognized as
effective catalysts and pre-catalysts for a number of reactions [16–20], and potential metal-based anticancer drugs
[21–23]. It has been considered that stabilization of palladium(II) complexes, by prevention of possible cis–trans
isomerisation, can be achieved using chelate ligands [24].
Hydrazone complexes have been a focus of intense
research for a number of years owing to the large variety of
potential applications [25, 26]. Thermal stability of palladium(II) complexes has been considered an important issue
[27–29]. The study of the effect of the basicity of the
ligands on the enthalpies and the activation energies of
thermal decomposition of palladium(II) chloride complexes with pyridine [30] has shown that complexes of type
PdL2Cl2 lost two ligands in a single step, resulting in
PdCl2, with no relationship between the enthalpy values of
decomposition and the other properties of the complexes.
In general, trans inﬂuence of one ligand in the squareplanar complexes causes the ﬁrst ligand to be released
easier than the second. This results in an increase in the
calculated values of activation energy and a decrease in the
temperature of the onset of thermal degradation with
increase in basicity of the ligands. It was reported that
thermal decomposition of trans-bis(2-amino pyridine)
dichloro palladium(II) complex, where palladium(II) is
coordinated to two monodentate ligands [31], occurs
through three steps, where two amino-pyridines are
released. The mass loss in TG experiment occurred in two
separate temperature regions: 533–598 K and 598–718 K,
due to the trans inﬂuence strengthening the bond of the
second ligand to the metal center.
This study represents a part of a multidisciplinary
investigation of a series of palladium(II) complexes with
NN bidentate chelate hydrazone ligands derived from ethyl
hydrazino acetate (haOEt) and various N-heteroaromatic
carbonyl compounds. The cis-dichloro[(E)-ethyl-2-(2-((8hydroxyquinolin-2-il)methylene)hidrazinyl)acetate-j2N]palladium(II) complex is examined in terms of thermal
stability and mechanism of thermally induced decomposition. To this end, combination of experimental techniques
(TG, DSC, XRD, FTIR) and theoretical calculations (DFT)
is employed. In addition, this research can serve as a model
for examinations of thermal decomposition mechanism of
other organometallic complex compounds.

Experimental
Synthesis
of
cis-dichloro[(E)-ethyl-2-(2-((8-hydroxyquinolin-2-il)methylene)hidrazinyl)acetate-j2N]-palladium(II) complex was performed using ethylhydrazinoacetate hydrochloride (Aldrich, 97%), 8-hydroxy-2-quinolin-aldehyde (Maybridge, 98%) and
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K2[PdCl4] (Aldrich, min 32.0% Pd). All of the employed
reagents and solvents were of analytical grade and used
without further puriﬁcation. Synthesis was performed by
adding a solution of ethyl-hydrazinoacetate hydrochloride
(0.043 mol L-1) and 8-hydroxy-2-quinoline-aldehyde
(0.043 mol L-1) in acetonitrile (10 mL) to a solution of
K2[PdCl4] (0.143 mol L-1) in water (3.0 mL). The reaction mixture was heated and stirred at 328 K for 30 min.
Yellow microcrystalline product was ﬁltered off and rinsed
consecutively with water, acetonitrile and diethyl ether.
The product was recrystallized from ethanol. Elemental
analysis (C, H, N, S) was performed by the standard
micromethods using the ELEMENTAR Vario EL III
CHNSO analyzer. Thermogravimetric analyses were conducted using a Q500 TGA (TA Instruments) with sample
weights of 10.0 ± 0.5 mg, in nitrogen atmosphere with gas
ﬂow rate of 50 mL min-1, at heating rates of 5, 10 and
20 K min-1 in platinum crucible. DSC measurements were
carried out using DSC Q1000 (TA Instruments) with typical sample weight of 2.0 ± 0.2 mg, in aluminum crucible,
in nitrogen atmosphere with gas ﬂow rate of 50 mL min-1
at constant heating rates of 2–40 K min-1. Peak deconvolution process for both DSC and DTG curves included a
gradual process of deconvoluting the curve to the minimum
possible number of peaks, starting from 2 and working up,
using isoconversional curves as a test.
The X-ray powder diffraction (XRD) spectra were
obtained on Philips PW-1710 automated diffractometer,
using Cu Ka line, operated at 40 kV and 30 mA, in Bragg–
Brentano geometry. The instrument was equipped with
diffracted beam curved graphite monochromator and Xeﬁlled proportional counter. Indexing of powder XRD peaks
and space group determination was performed using
N-TREOR09 [32] as implemented within Expo2014 [33]
program packet. For the ab initio crystal structure solution
from diffraction data, the FOX [34] program was used.
Rietveld analysis of X-ray powder diffraction data was
done using MAUD [35] program, while the calculation of
XRD pattern from cif ﬁle was performed using RIETANFP [36] software. Infrared (IR) spectra were recorded on a
Thermo Scientiﬁc Nicolet 6700 FTIR spectrophotometer
by the attenuated total reﬂection (ATR) technique in the
region 4000–400 cm-1. DFT calculations on molecular
systems were performed using Gaussian 09 [37] and
ORCA version 3.0.3 [38] program package. Gaussian
package was used for structure optimization and frequency
analysis. All structures were fully optimized using C-PCM
solvation method with Klamt [39] radii. Hybrid HF/DFT
method was used for the calculations, with a combination
of the three-parameter Becke [40] exchange functional and
the Lee–Yang–Parr (B3LYP) [41] non-local correlation
functional, and Becke’s exchange functional combined
with Perdew’s [42] (BP86) non-local correlation
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functional. Orca package was employed for constraint
relaxed surface scan at same theoretical level as in Gaussian 09, using COSMO solvation model. In addition, for
calculations with Orca package, exchange and correlation
functionals of Perdew, Burke and Ernzerhof (PBE) [43]
were also used. The topology analysis of wave function
proposed by Bader [44] was used for analyzing electron
density (‘‘atoms in molecules’’ theory (AIM) [44], also
known as ‘‘the quantum theory of atoms in molecules’’
(QTAIM)), by program Multiwfn [45]. The same program
was used for calculations of Fukui [46] and dual descriptor
[47] functions which allowed us to predict the most reactive sites in molecule. The natural bond orbital analysis
(NBO) [48] was performed with NBO program version
5.G. The localized molecular orbital energy decomposition
analysis (LMOEDA) [49] of covalent bonds was performed
with the quantum chemistry program package GAMESS
[50, 51] in which the LMOEDA method was implemented
by the authors. The LMOEDA program uses existing
programs in GAMESS to perform DFT calculations at the
same basis sets and theoretical levels as used with Gaussian
09 programs package during molecule optimization stage.
Elucidation of vibrational spectra of calculated structures
was conducted using potential energy distribution (PED)
analysis implemented in VEDA package [52].

Results and discussion
Structural characterization of the complex
After recrystallization of product from ethanol, the reaction
yield was 89%. Elemental analysis has shown that the
stoichiometric formula of the product is C14H15Cl2N3O3Pd
(MW = 450.61). Experimentally determined composition
was 37.43% C (calculated 37.32%), 3.39% H (calculated
3.36%), 9.51% N (calculated 9.33%). Structural characterization of complex was performed using powder XRD,
Fig. 1, in combination with IR, Fig. 4. Complex crystallizes into triclinic lattice within P1 space group, with
preferential orientation along b-axis and asymmetrical
needle-shaped crystallites. Detailed results of Rietveld
analysis are shown in Table 1.
Figure 2a, b shows detailed structure of the complex
obtained from XRD analysis and optimized in a quantum
chemical calculation. Palladium center is coordinated with
a quinoline nitrogen (N7), hydrazone nitrogen (N14) and
two chlorine atoms (Cl12 and Cl20) in a slightly distorted
square-planar geometry. Because of the presence of OH
group in the vicinity of the metal center, the chlorine atom
Cl20 is in an out-of-the-plane conﬁguration, with dihedral
angle (Cl20–Pd11–N7–N14) of 165. Generally speaking,

the molecule can be divided into two parts, aromatic and
aliphatic. The aromatic part is relatively rigid, with pstacking between the aromatic parts of neighboring molecules, while the aliphatic part is quite ﬂexible. This structure allows for the formation of intra- and intermolecular
hydrogen bonds (Fig. 2b) between hydrogen and chlorine
atoms. Intramolecular hydrogen bond can be formed
between O19-H38 and Cl20 and between N15-H27 and
Cl12. Intermolecular hydrogen bonds can be formed
between hydrazone H27a from one molecule and Cl20b
from the neighboring molecule, as shown in Fig. 2b. This
shows that the distances between H27a and the two chlorines Cl12a (same molecule) and Cl20b (neighboring
molecule) are 2.78 and 2.63 Å, respectively. Due to this
difference in distances, the interaction of H27a with chlorine Cl20b is stronger than with chlorine Cl12a creating
favorable conditions for intermolecular reaction between
two neighboring molecules.
More insight into the interactions in palladium coordination sphere was gained using natural bond order (NBO)
analysis (Fig. 3) and localized molecular orbital energy
decomposition analysis (LMOEDA). Optimized structure
of the complex shows that the length of Pd11–Cl20 and
Pd11–Cl12 bonds is 2.372 and 2.352 Å, respectively, both
longer than Pd–Cl bond in PdCl2 (2.31 Å). This is a consequence of nN ! r�Pd11Cl interaction, which leads to
increased population in the anti-bonding orbital, reducing
its bond order. Observed hydrogen bonds between the
chlorine atoms and the adjacent hydrogen atoms reduce the
natural charge on chlorine atoms to -0.244 on Cl12 and
-0.240 on Cl20. NBO analysis also shows that the strength
of donor–acceptor interaction is 12.24 kJ/mol for nCl20 !
r�H38O19 and 4.61 kJ mol-1 for nCl12 ! r�H27N15 . Based on
their bond lengths, the character of Pd–Cl bonds can be
described as predominantly ionic [48]. This reduction in
the natural charge on Cl atoms also leads to the weakening
of the Pd–Cl bond.
LMOEDA calculations also give information on the
interactions of PdCl2 group and the rest of the complex
(Table 2), through Pd–N interactions. It was calculated that
the overall interaction of PdCl2 and the rest of the molecule
is -315.6 kJ mol-1, which equals to an average of
-157.8 kJ mol-1 per each Pd–N bond. Relative contributions of different effects on this interaction indicate the
presence of both ionic and covalent character of the bond,
typical of donor–acceptor/coordinative bonding to the
metal center [48].
In order to compare Pd–Cl and Pd–N bonds, Bader
analysis was performed (Table 1S Supplement). The values of electron density and Laplacian indicate that Pd–N
bonds are considerably stronger than Pd-Cl. In addition,
two Pd-Cl bonds exhibit markedly different values of
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Fig. 1 Experimental XRD
pattern of the complex and
pattern calculated from cif ﬁle
using RIETAN-FP software
package, Rietveld analysis
shown in inset
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Table 1 Chemical formula and results of Rietveld analysis

C10

O18

C9

Complex in powder form

Molecular formula

(C14H15Cl2N3O3Pd)

Formula weight

450.61

Crystal system
Space group

Triclinic
P1

Z

2

Average crystal size/nm

[10,000

Microstrain/%

0.025 ± 0.001 (a-axis)

a/Å

14.711 (2)

C1 C2
C6

C8
N7

N14

8.479 (2)
7.998 (2)

a/

64.50 (1)

b/

106.53 (1)

c/

112.24 (1)

V/Å3

824.61

q/g cm-3

1.815

Wavelength/Å

1.54056

a*

0.831

b*

-0.111

c*

0.544

N15

C3
C4
Cl20

C5
O19

C22
O21

H27
Cl12

C23

H38
O

N

N

N

Energy per interaction/
kJ mol-1

Electrostatic energy (es)

-145.48

Exchange energy (ex)

-99.48

Repulsion energy (rep)

306.18

Polarization energy (pol)

H27a

2.78
Cl12a

Interaction

Cl

Cl

(b)
Pd11a

Table 2 Results of LMOEDA calculation for PdCl2 group and the
rest of the complex

H

Pd
OH

O

Fig. 3 Results of NBO analysis, where the orbital wave functions are
positive in the blue regions and negative in the yellow. (Color
ﬁgure online)

2.63
Cl20b

H38a

-22.05

Total interaction energy hf or dft (e)

-75.40

O19b

O19a

Cl12b

H38b

Cl20a

2.78
2.63
Pd11b
H27b

1.56
Fig. 2 a Optimized structure of the complex; b intermolecular
bonding of two asymmetrical units of complex; hydrogen bonds are
presented by dotted lines

ellipticity, which can be correlated with much stronger
donor–acceptor interactions of Cl20 with adjacent H38
than that of Cl12 with its adjacent H27. This indicates that
Cl20 would be the ﬁrst one released from the complex
molecule.

Vibrational analysis yielded more details on O–H and
N–H interactions (Fig. 4). Individual vibrations in IR
spectra were assigned through correlation with DFT calculations and potential energy distribution (PED) using

0
20
40

experimental

60
80
0
20

calculated

40
60
80
100
500

1000

1500

2000

2500

VEDA software package and GaussView software for
visual veriﬁcation of vibrational modes (Table 2S). There
are two regions of characteristic vibrations, 3400–3700 and
1000–1800 cm-1. Vibrations in 3400-3700 cm-1 region
can be assigned to O–H and N–H stretching vibrations,
while vibrations in 1000–1800 cm-1 region can be
assigned to C=O, C–C and N–C vibrations. The calculated
spectra have shown that a single structure could not
entirely reproduce the experimental form of IR spectrum,
due to ﬂexibility of OH group in the molecule. It was found
that the features in the spectrum can only be reproduced
through several different structures resulting from rotation
around C3–C4–O19–H38 dihedral angle in the range
0–66 (Fig. 5). Relaxed scan on the dihedral angle
C3–C4–O19–H38 (Fig. 1S) shows that the energy barrier
for rotation around C4–O19 bond is around 5 kJ mol-1.
This suggests that the ﬂexibility of the structure would
allow hydrogen H38 to assume any orientation within this
range of angles, resulting in the broad peak of OH
stretching vibration in IR spectrum. The minima of energy
proﬁle for rotation around dihedral angle C3–C6–O1–H15
are at 66.1 and 170, with most stable structure corresponding to the angle of 66.1, which corresponds to the
structure where H38 forms hydrogen bond with Cl20, as
found by NBO and Bader analysis, Table 1S. This indicates that the hydroxyl group proton H38 could form
hydrogen bonds not only to Cl20, but also to N7 and most
likely also coordinates toward Pd center. Taking into
consideration a combination of these structures, containing
relatively minor structural differences, a good agreement
with experimental IR spectrum was achieved.
Thermal stability

-114.57

DFT dispersion energy (dis)

Transmittance

R0

C17

Pd11

0.095 ± 0.001 (c-axis)
b/Å
c/Å

C16

C13

Transmittance

Property

3000

3500

Wavelength/cm–1

Fig. 4 Experimental (top) and calculated (bottom) IR spectra

The fully reproducible TG and DSC curves were used for
detailed thermal analysis of the complex. Non-isothermal
measurements of the complex show that it is thermally
stable up to 460 K, after which it undergoes complex
thermal decomposition (Fig. 6). In the non-isothermal DSC
curves, this manifests as a complex asymmetric exothermic
peak preceded by another structural transformation around
330 K, which originates from structural reorganization of
the ligand in the crystal structure, and it was also observed
in other Pd complexes with similar ligands [31]. DFT
calculations of the rotation around C16–C17 bond show
that the energy barrier for this process is only around
14 kJ mol-1, while calculated energy barriers for rotation
around the other bonds are signiﬁcantly higher. This indicates that the rotation around C16–C17 bond together with
the rotation around C4–O19 bond is the most likely cause
of the observed structural transformation.
The pattern of DSC curve changes from two clearly
visible overlapping peaks at lower heating rates (2–10) to a
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Fig. 6 Thermal analysis in
temperature range 290–520 K

Fig. 5 Region of calculated IR
spectra corresponding to C=O,
C–C and C–N vibrations.
Vertical line indicates the
position of O–H bending
vibration(top). Part of
calculated IR spectra which
represent N–H and O–H
stretching vibration (bottom).
Spectra in black represent the
averaged spectra over all
calculated values of dihedral
angle
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single asymmetric complex peak at higher heating rates (20
and above). Full DSC data are available in the Supplement.
This indicates different thermal activations of the individual steps of the process of thermal degradation. The overall
values of the apparent activation energies were determined
using the position of the global maxima of the experimental
peaks (Fig. 6). The overall values of the apparent activation energy corresponding to lower heating rates are
(810 ± 50) kJ mol-1 and only (270 ± 10) kJ mol-1 for
higher heating rates. In addition, the shape of the curve of
the effective values of the apparent activation energies at
different reaction conversion degrees (Fig. 7), calculated
using the integral isoconversional KAS method [53, 54],
indicates that the process of thermal degradation is not a
single-step process, but occurs with a change in the limiting step during the thermal degradation. The effective
values of the apparent activation energies at different
reaction conversion degrees are presented without errors,
considering that these curves are used only to illustrate the
complexity of the degradation process.
DSC curves contain overlapping endothermic and
exothermic processes which could not be separated to a
satisfactory degree at low heating rates. At higher heating

rates, DSC data were deconvoluted into three peaks, where
the values of activation energies of peaks 2 and 3 in DSC
curve indicate that these correspond to peaks 1 and 2 in
DTG curves (Supplement). Taking into account that DTG
curves could be deconvoluted for both low and high
heating rates, these data were used for further discussion of
the mechanism of individual decomposition steps. The
onset of the thermal decomposition in TG is around 460 K
and occurs with a rapid mass loss. The mass loss slows
down a bit after 490, and at 515 K, the sample loses around
19 mass%. Considering that TG curve recorded up to
620 K shows continual mass loss above 500 K, our analysis of thermal degradation data was restricted to the region
up to 515 K. In order to propose which fragments are
released during each step of the complex decomposition
process, DTG curves were deconvoluted using Fraser–
Suzuki function (Fig. 8). The data at different heating rates
were deconvoluted to a different number of peaks, due to
the fact that isoconversional Ea curves from DTG data
indicate that peaks 1 and 2 represent the same individual
processes at different heating rates. Since the high heating
rate data could not be deconvoluted with addition of only
one peak (Peak 3), Peak 4 was added to account for

0.1
0.0

70

–0.1
300

350

400

450

500

550

600

Temperature/K

difference between the low heating rate and high heating
rate curves. These data were correlated with DFT calculations and previously published results of TG-MS measurements of related compounds [24] to identify most
likely products. This shows that the loss of mass during
decomposition can be separated into three distinct contributions at lowers heating rates and four at higher heating
rates, as a consequence of the change in mechanism and the
limiting step. A broad deconvoluted peak, observed at both
low and high heating rates, corresponds to a fragment of
relatively large mass, which diffuses slower than the other
lighter fragments. The release of this fragment from the
system was incomplete at the end of TG measurement, as
can be seen in Fig. 8. This would lead to discrepancy in
observed and calculated mass loss. The remaining two
deconvoluted peaks at lower heating rates were assigned to
the release of HCl and water molecules, while the

remaining three deconvoluted peaks at higher heating rates
were assigned to the release of HCl, C2H5 and water,
respectively. This suggests that higher heating rates lead to
faster fragmentation of the aliphatic part of the complex.
Molecular masses and assigned fragments corresponding to
individual deconvoluted DTG peaks at three different
heating rates are given in Table 3.
Besides the release of different degradation products, the
mechanism of thermal degradation involves several steps of
intra- and intermolecular reactions. In order to discuss
potential reaction sites in the initial complex, topological
analysis of the Fukui functions f-(r) and f?(r) [46] and dual
descriptor for chemical reactivity [47] were calculated
(Fig. 9). These analyses (Fig. 9) show that chlorine atoms
are the preferred sites for an electrophilic attack, excluding
the aromatic system which is generally stable, while carboxylic oxygen and amino group represent preferred sites for
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(a)

Summ
Peak 3
Peak 2
Peak 1
Exp. peak

0.6
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Ea=(270 ± 10) kJ mol–1
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Low heating rate
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0.5
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In/β T–2

High heating rate

0.4
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0.2

Fig. 9 Fukui functions f-(r) (left), f?(r) (middle) and dual descriptor function (right), for initial complex. Blue color represents the sufﬁcient
sites, while the yellow color represents the deﬁcient sites
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0.7

500
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Pd11–Cl12 bond (Fig. 4S) becomes even higher (around
150 kJ mol-1). Using the correlation of the experimental
results with thermodynamic and kinetic aspects of these
reaction steps from DFT calculations, two sets of potential
equations (RA1-RA4 and RB1-RB5) describing reaction
paths of thermal degradation of complex, at different
heating rates, were proposed.

heating rates, into lighter fragments observed in DTG
measurements, Fig. 8. Taking into consideration all of this,
the mechanism of further degradation can be presented as:

Intermolecular pathway at low heating rates
Cl ? KOMP ? HClKOMP-1A

RA-1,

DH0r = -11.9 kJ mol-1

HClKOMP1A ? HCl ? KOMP-1A

RA-2,

DH0r = -4.6 kJ mol-1

HCl ? KOMP1A ? HOHKOMP-2A

RA-3,

DH0r = ?61.9 kJ mol-1

HOHKOMP2A ? HOH ? KOMP-2A

RA-4,

DH0r = ?3.8 kJ mol-1
P

Temperature/K

0.8

DHr0 ¼ þ49:2kJ mol�1

α

Fig. 7 Overall values of apparent activation energy determined using
Kissinger [53] method (top); isoconversional Kissinger–Akahira–
Sunose (KAS) [53, 54] method for experimental peaks (heating rates:
low 2–10, high 20–40 K min-1) (bottom)

a nucleophilic attack. Dual descriptor analysis also shows
that, excluding the aromatic system, chlorine atoms for
electrophilic, and hydrazone nitrogen and carboxylic group
for nucleophilic attack, represent the most reactive sites.
Considering all the evidence indicating that chlorine
represents the likely reaction site, as well as the appearance
of HCl during the early stage of thermal decomposition of
complex, we considered dissociation of Pd-Cl bonds as the
initial step of thermal degradation. These bonds are relatively long and weak, and potential energy curves of bond
dissociation (Supplement) show that Pd–Cl20 (energy
barrier of 35 kJ mol-1) dissociates much easier than Pd–
Cl12 (120 kJ mol-1). This would result in the formation of
Cl radical and the transformed form of 1, KOMP-1. This
Cl radical can react further through two different reaction
mechanisms (RA- and RB-path): with the initial complex
(intermolecular reaction, Step RA-1), as well as with
KOMP-1 (intramolecular reaction Step RB-2). Based on
the unit cell structure (Fig. 2a), only one half of molecules
of the complex possess the necessary conformation for the
intermolecular reaction (RA-path) to form HCl (the

Fig. 8 DTG curves for thermal decomposition at 5 (a) and 20
(b) K min-1. (Color ﬁgure online)

Intramolecular pathway at high heating rates

Cl KOMP1B ? HCl���KOMP-2B

RB-2,

DH0r = ?7.4 kJ mol-1
DH0r = ?114.7 kJ mol-1

HCl���KOMP2B ? HCl ? KOMP-2B

RB-3,

DH0r = ?15.1 kJ mol-1

HCl���KOMP2B ? HOH���KOMP-3B
HOH���KOMP3B ? HOH ? KOMP-3B

RB-4,

DH0r = ?23.8 kJ mol-1

RB-5,

DH0r = ?17.5 kJ mol-1

KOMP ? Cl���KOMP-1B
Table 3 Molecular masses corresponding to individual fragments
Peak

Heating rate/K min-1
5

10

20

First

36.96 (HCl)

35.03 (HCl)

31.10 (HCl)

Second

21.49 (H2O)

21.91 (H2O)

25.61 (C2H4)

Third

90.56 (OCOC2H5)

81.41 (ClC2H5)

20.45 (H2O)

Fourth

79.96 (ClC2H5)

enthalpy of this reaction is -1.72 kJ mol-1). The other
half of molecules can react intramolecularly (RB-path),
forming the Cl radical with enthalpy of reaction 7.39 kJ mol-1. Subsequently, formed HCl leaves the
system or, through a condensation reaction (steps RB-4 and
RA-3), forms a water molecule, which is then released
from the system, as found in TG. Potential energy curve,
Fig. 3S, shows that this reaction step would occur relatively easily in both reaction pathways. Due to a shorter
reaction path of the chlorine radical in the intramolecular
pathway, it should occur with a lower activation energy.
After the loss of Cl20, the energy barrier for dissociation of

���

RB-1,

P

DHr0 ¼ þ169:5kJ mol�1

Analysis of DTG results (Table 3) indicates that, in
addition to HCl and H2O, a heavier fragment appeared,
with a mass around 90 at lower heating rates, and around
80 at higher heating rates. This is in good accordance with
DFT calculations which have shown that Cl radical could
provoke further fragmentation of formed intermediary
complexes through breaking of C11–N3 bond (fragment
mass around 90) and the creation of an aliphatic fragment
ClCH2COOC2H5. This occurs with an energy barrier of
160–200 kJ mol-1, which is higher than that for the formation of molecules HCl and H2O. In both cases, this
fragmentation starts at the same site, resulting in the same
aliphatic fragment, which decomposes further, at higher

KOMP-2A ? Cl ? Ar-1 ? ClCH2COOC2H5

RC-1

HOHKOMP-3A ? Cl ? HOHAr-2 ? ClCH2COOC2H5

RC-2

HOHKOMP-2B ? Cl ? HOHAr-3 ? ClCH2COOC2H5

RC-3

KOMP-2B ? Cl ? Ar-3 ? ClCH2COOC2H5

RC-4

According to deconvoluted curves, Fig. 8, it could be
expected that the formation of the heavier fragment would
occur during the initial step of thermal degradation of the
complex, in parallel with the release of HCl and H2O,
however, with signiﬁcantly lower reaction rates, due to
higher energy barriers. After the release of HCl and H2O,
the energy barrier for fragmentation decreases further,
which can be correlated with the gradual mass loss in the
temperature region above 500 K. Formed aliphatic fragment ClCH2COOC2H5 would, according to the Barton
mechanism [55], react with H2O to produce an alcohol
fragment of the mass of 103 and HCl:

ClCH2COOC2H5 ? HOH ? HOCH2COOC2H5 ? HCl

Conclusions
Thermal stability and mechanism of thermal degradation of
the new cis-dichloro[(E)-ethyl-2-(2-((8-hydroxyquinolin-2il)methylene)hidrazinyl)acetate-j2N]-palladium(II) complex were investigated using a combination of experimental and theoretical methods. Complex was thermally
stable up to the temperature of 460 K, after which it
undergoes a process of thermal degradation through multiple overlapping endothermic and exothermic steps. The
overall enthalpy of the observed portion of thermal
degradation is in the range 20–25 kJ mol-1, depending on
the heating rate. DTG curves at different heating rates were
deconvoluted to determine the approximate masses of
fragments released in the initial stages of thermal degradation. The entire process of thermal degradation is very
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complex and occurs through either inter- or intramolecular
pathway, and diffusion of released fragments, where the
mechanism and the kinetics depend on the heating rate.
The intermolecular mechanism exhibits signiﬁcantly lower
values of activation energies and enthalpies, leading to its
higher probability at lower heating rates, as observed
experimentally. The intramolecular mechanism exhibits
higher values of activation energies and enthalpies, making
it more prevalent at higher heating rates. The fragmentation
of the aliphatic part of the ligand can occur only through
the attack of Cl radical at C11, leading to gradual degradation of the ligand in DTG due to limited availability of
Cl radical. At higher heating rates (20 K min-1), it is likely
that the fragment created through this reaction decomposes
further through reaction with H2O according to Barton
mechanism, leading to the appearance of two smaller
fragments at higher heating rates, compared to one larger
fragment at lower heating rates.
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dehydration–rehydration processes lead us to investigate them in more
details as a possible candidates for H2 adsorption.
So far, there are only a few detailed studies dealing with thermal
behavior of TM complexes [23] during dehydration from the view point
of structural changes, while the research related to dehydration of
heterometallic complexes is mainly restricted to the structural features
[12–17]. The studies concerning thermal stability of heterometallic
complexes which incorporate, at the same time, transition and alkali
metals, with water molecules bonded to alkaline cations, are even less
common. In order to provide deeper insight into dehydration mechanism and kinetics, both compounds were analyzed under non-isothermal conditions in a nitrogen atmosphere.
In addition, considering the inﬂuence of water on adsorption
properties of CPs along with their attractiveness as gas storage systems
[2,3], the sorption properties of anhydrous complexes were examined.
Detailed characterization of their structures in conjunction with MD
calculations has been performed, and the predicted diﬀerences in gas
adsorption capability are discussed.

For TG/MS measurements the thermobalance was coupled online
with Hiden HAL RC 301 quadrupole mass spectrometer. Here the
sample mass was ∼3 mg and the heating rate of 20 K min−1. The experiments were carried out in ﬂowing argon gas carrier (ﬂow rate
50 cm3 min−1). Selected ions with m/z = 1–143 were monitored in
multiple ion detection mode (MID).
2.3. Dehydration − hydration experiments
Dehydrated complexes were obtained by heating at 443 K for
90 min (1a) and at 423 K for 60 min (2a), followed by cooling in a
desiccator and weighting. After standing at ambient conditions for 48 h,
dehydrated complex 1a absorbs back atmospheric moisture and reverts
to 1. For a complete rehydration of 2a it was necessary to keep it under
saturated water vapor in a sealed vessel for 4 h. Mass loss during dehydration for 1 was 7.6 % (calc. 7.60 %), while for 2 it was 7.2 % (calc.
7.12 %). Mass gains after rehydration were 7.8 % for 1 and 6.9 % for 2.

b
c

A R T I C L E I N F O

A B S T R A C T

Keywords:
Heterometallic complexes
Mechanism and kinetics of dehydration
Deconvolution
Phthalate ion

Thermal dehydration of two heterometallic complexes containing dianion of phthalic acid, pht, Na2[Cu
(pht)2] · 2H2O, 1, and K2[Cu(pht)2] · 2H2O, 2, was investigated under non-isothermal conditions. Mechanism
and kinetics of dehydration were analyzed in detail using TG/DSC/MS measurements, XRPD analysis and FT-IR
spectroscopy. The reversibility of dehydration processes was identiﬁed. According to XRPD, dehydrated product
of 1 maintains original structure, but dehydration of 2 undergoes structural transformation giving a dehydrated
product of diﬀerent crystal structure. In both cases dehydration process involves more than one elementary step,
which was conﬁrmed using isoconversional methods Deconvolution of this process using Fraiser-Suzuki function
yielded two single step processes for 1 and 2. Subsequent kinetic analysis was performed using Màlek algorithm,
resulting in the determination of kinetic triplets (Ea, A and f(α)) for each individual step. In addition, the dehydrated complexes were investigated as possible candidates for H2 adsorption, using molecular simulations.

1. Introduction

or metal cluster bonded to organic linkers [19,20]. Although not directly stated in this deﬁnition, the existence open pores are assumed,
because MOFs are often considered as materials for gas storage and
separations [21]. In many CPs and MOFs water or some other solvent
acts as a ligand or exist as uncoordinated solvent of crystallization.
Since it is necessary to eliminate solvents for adsorption application [2],
it is desirable to avoid pores collapse upon solvent removal. Therefore,
the manner in which the structure changes during desolvation is of high
importance.
During our research on TM complexes with anions of phthalic,
isophtalic and terephthalic acid [11,18], reversibility of dehydration–rehydration process has been observed at least two times
[14,22]. Bearing in mind the fact that copper(II)-sodium complex
Na2[Cu(pht)2] · 2H2O (pht = dianion of phthalic acid), 1, exhibits
complete reversibility during dehydration–rehydration process [22],
we also prepared an analogous copper(II)-potassium complex K2[Cu
(pht)2]·2H2O, 2. Contrary to 1, which structure remains intact upon
dehydration, dehydration of 2 undergoes structural transformation.
Although 1 and 2 cannot be classiﬁed as MOFs, but as CPs with 2D and
1D
structure,
respectively,
reversibility
of
their

For the last decade, design and preparation of transition metal (TM)
complexes [1–18] resulted in an extremely wide range of discrete zerodimensional (0D) compounds, and coordination polymers (CPs) with
inﬁnite one- (1D), two- (2D) or three-dimensional (3D) frameworks and
very diverse structural features. Besides their remarkable architecture,
constantly growing interest for these materials is related to their potential application in the ﬁelds of separation, heterogeneous catalysis,
gas storage, and drug delivery [1,2]. Due to their ability to interact with
biological systems, antibacterial [4], antifungal [5] and anticancer activity [6,7], copper(II) complexes are of special interest.
Design and synthesis of CPs principally include application of
polycarboxylate ligands, which exhibits high aﬃnity toward metal ions
and wide variety of coordination modes [8,9]. Introduction of a new
metal center may contribute to the diversity of structure and topology,
inﬂuencing the functional properties of the materials, particularly their
catalytic, photoluminescent and magnetic properties [15–17].
A special class of CPs are metal−organic frameworks (MOFs),
which can be deﬁned as crystalline materials containing a metal atom
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2.4. Computational details
2. Methods and materials
Possible gas adsorption capacity was calculated using molecular
dynamics (MD) and Grand Canonical Monte Carlo (GCMC) simulations.
MD calculations were used to simulate crystal lattice expansion with
introduction of gas molecules and performed using simulated annealing, followed by cell geometry optimization, in a 4 × 4 × 4 supercell with GULP software package [24]. GCMC calculations, performed using Music software [25], were used to calculate gas
adsorption isotherms and corresponding binding energies on a ﬁxed
crystal lattice in a 4 × 4 × 4 supercell for calculations at 77 K and
8 × 8 × 8 supercell for calculations at 298 K. All calculations were
conducted using Universal Force Field (UFF) [26] with 5 · 106 iterations
and 0.4 probability for insertion and deletion and 0.1 probability for
rotation and translation of the adsorbate molecule, respectively (See
Supplement, Figs. S1–S4). Solvent accessible surface area (SASA) was
obtained by calculating the Connolly surface for water molecules as a
recommended solvent (radius of 1.4 Å) [27] and then repeating the
same process on the resulting surface for a hydrogen molecule (radius
of 1.485 Å) (See Supplement, Fig. S5).

Crystal structures of 1 and 2 were already reported [12], but
without experimental details related to the synthesis. For that reason,
the complete procedure for their synthesis is presented in the Experimental section. All the reagents were commercially available and used
as received without further puriﬁcation.
2.1. Synthesis of 1 and 2
1: To a solution prepared by vigorous mixing of NaOH (0.100 mol)
and H2pht (0.0500 mol) in 33 cm3 of water, 50 cm3 of Cu(NO3)2
(0.0100 mol) was added drop-wise at room temperature. The instantly
formed microcrystalline precipitate was ﬁltered oﬀ after being left
overnight, washed several times with small portions of Et2O and dried
at room temperature (yield 88.2%). The prepared compound is soluble
in water.
2: H2pht (0.0250 mol) and K2CO3 (0.0250 mol) were dissolved in
100 cm3 of water and reaction is, as expected, accompanied with CO2
evolution. Later, 5 cm3 of 1 mol dm−3 Cu(NO3)2 solution (0.005 mol)
was added drop-wise. After the addition of Cu(NO3)2 solution, the
mixture was boiled and ﬁltered, giving clear blue solution. This solution
was allowed to evaporate slowly at room temperature. After 24 h, the
formation of blue rod-like crystals was observed (yield 48.4%). The
prepared compound is soluble in water.

3. Results and discussion
3.1. Thermal behavior of 1 and 2
Detailed thermal analysis in order to compare the dehydration-rehydration process of 1 and 2 has been done having in mind previous
results concerning 1 [22].
Thermal stability and degradation of both complexes were studied
by TG/DSC/MS measurements. DSC curves of 1 and 2 (Fig. 1) up to
1200 K, show that their decompositions occur in multistep processes
involving series of endo- and exothermal-steps including dehydration,
decarboxylation, oxidation, further fragmentation and probably evaporation of some formed products. The onset temperature for thermal
degradation of 1 is higher for about 30 K compared to that of 2, emphasizing the diﬀerence in their thermal stability.
According to analysis of TG/MS curves, the ﬁrst mass loss in temperature range, 400–460 K for 1 and 370–450 K for 2, is associated with
the release of two water molecules per formula units. This statement is
supported by very good agreement between calculated and experimental values (found 7.6 %; calc. 7.60 % for 1 and found 7.2 %; calc.
7.12 % for 2). The continuous mass loss in 2 shows that the water
evaporation practically starts at room temperature (inset in Fig. 1b),
while in 1 it begins at higher temperature (TG onset 400 K). In both
complexes there is only one crystallographically independent H2O
molecule. In 1, H2O is very close to the Na+ ion (2.29 Å), while in 2,
H2O is shared between two K+ ions with the corresponding distances of
2.62 and 3.19 Å. This can explain their diﬀerent behavior during

2.2. Experimental equipment and conditions
Fourier-transform infrared (FT-IR) spectra were recorded in the
transmission mode between 600 and 4000 cm−1 using a BOMEM
(Hartmann & Braun) spectrophotometer with the resolution of 4 cm−1
using KBr pellets. The X-ray powder diﬀraction (XRPD) data were obtained on Philips PW-1710 automated diﬀractometer, using Cu Kα radiation, at 40 kV and 30 mA, in Bragg–Brentano geometry. Diﬀraction
data were collected in the range 4° < 2θ < 50° (step scan: 10 s, step
width: 0.02° 2θ) at room temperature. The comparison of experimental
and calculated XRPD patterns [12] conﬁrmed the phase purity of the
prepared samples.
Thermal data were recorded from room temperature to 1200 K
using TA Instrument Q600 SDT Thermal Analyzer. For non-isothermal
degradation kinetics data were collected at 5, 10, 15 and 20 K min−1
heating rates. Measuring parameters: sample mass ∼8 mg, open alumina crucible (sample/reference), nitrogen atmosphere (ﬂow rate
100 cm3 min−1). The calibration of the instrument was conducted for
each heating rate. All measurements were repeated at selected heating
rates, assuring their reproducibility. Linear baseline was used in the
simulation of the thermo-kinetic background.
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Fig. 3. TG curves of dehydration process of: a) 1 b) 2 (Corresponding DSC curves are presented in Supplement in Fig. S7).

OeH⋯O distances in hydrogen bonds. The larger separation between
positions of the OH vibrations in 2 comparing to 1, is a consequence of
their dissimilarity in bond lengths, and thus the strength. As expected,
C]O and CeO stretching vibrations in the spectrum of H2pht at
1687 cm−1 and 1280 cm−1, respectively [29], appeared as asymmetric
(νas) and symmetric (νs) COO bands, in FT-IR spectra of complexes 1
and 2. The obtained Δν [= νas(COO) − νs(COO)] value (218 cm−1) for
1, and (183 cm−1) for 2 are higher than Δν ( = 146 cm−1) for the pure
ionic K2pht salt [30] indicating monodentate coordination [31], because one of CueO bonds in each chelately coordinated COO group is
very long (2.755 for 1, and 2.533 Å for 2).
Due to their high aﬃnity towards water molecules during the
sample preparation, it was not possible to obtain FT-IR spectra of
completely dehydrated complexes. However, in the FT-IR spectra of
partially dehydrated samples, the changes in COO coordination modes
were not observed.
The complete reversibility of dehydration–rehydration process was
also conﬁrmed by XRPD (Fig. 5). For 1, reversibility of dehydration–rehydration process was reported previously [22], where the
dehydration–hydration cycles were repeated up to 5 times on the same
sample. After standing in air at room temperature for 48 h dehydrated
samples easily absorb the atmospheric moisture. At the same time, no
signiﬁcant changes of unit cell parameters were observed for dehydrated and rehydrated samples (Table 1). However, several new and
weak XRPD peaks were detected for anhydrous complex, 2a (Fig. 5b).
These could be ascribed to the appearance of a new minor phase or to a
decrease in crystallographic symmetry. 2a does not regain its original

Fig. 1. Simultaneous TG-DSC-DTG plots at β = 20 K min−1 in an nitrogen atmosphere of: a) 1 b) 2.

dehydration.
The dehydrated compounds are stable in about 440–500 K temperature range (Fig. 1). The decomposition starts above 500 K with CO2
release in both compounds as a consequence of decarboxylation. The
signal intensity of m/z = 44 peak in 2 is about six times higher than in
1. On the contrary, the peak height of m/z = 28 signal for CO evolution
is about ten times higher in 1 than in 2 (Fig. 2), suggesting that decarboxylation process in 2 mostly consists of CO2 release. In both complexes, CO2 release proceeds practically in the whole temperature range
along with H2O and CO evolution due to high hydrogen and oxygen
content. Other fragments with a higher m/z ratio (m/z = 50, 77, 78)
are also observed around 600 K but with a signiﬁcantly lower relative
intensity. Fragment with m/z = 50 most probably belongs to C4H2+ ion
from the benzene ring, while the relative intensity of the fragments with
m/z = 77, 78 corresponding to the benzene ring departure, is even
lower. In inert atmospheres (N2, Ar) the decomposition is completed
around 1200 K. According to the shape of TG curves (Fig. 1), mass loss
is continuous above about 930 K for 1, while it is abrupt above about
1070 K for 2. This can be correlated to the stability of alkali metal
carbonates as very possible intermediates during degradation. In addition to the metallic Cu in 2, CuO and Cu2O are also found in 1. No
phases indicating the presence of alkali metals were present (See Supplement, Fig. S6). This can be attributed to the appearance of alkali
oxides in amorphous phase or to their evaporation in ﬁnal stages of
degradation. Similar results were already obtained for the ﬁnal decomposition products in inert atmosphere [28].
Thermal analysis showed that the water content loss during dehydration was completely recovered during rehydration (Fig. 3). DSC

curves (See Supplement, Fig. S7) of rehydrated complexes have the
same shapes as starting materials, indicating process reversibility. Small
shift toward lower temperatures (for about 15 K) of thermal curves,
during dehydration of rehydrated complexes, is a consequence of applied heterogenic rehydration reactions.
3.2. Structural characterization of 1 and 2
The diﬀerence in thermal behavior of 1 and 2 upon dehydration–rehydration process can be correlated to their structure. Since
crystal structures of 1 and 2 are known [12], in this section only the
main structural features will be presented.
In both complexes, pht ions acts as an overall bridge, with one COO
group coordinated as a chelate and other as a monodentate ligand.
Thus, in 2, zigzag polymeric chains are formed by linking through pht
bridges. These polymeric chains are oriented along the [101] direction.
Unlike 2, which exhibits a chain structure with potassium cations located between the chains, 1 further exhibits a layered structure, where
pht also bridges two adjacent Cu atoms, but due to diﬀerent orientation
of the aromatic rings and conformation of COO groups, the resulting
structure consists of layers parallel to the (100) plane [12]. The only
non-molecular interactions among chains in 1 are van der Waals forces.
In 2, however, there are additional π-π stacking interactions between
the aromatic rings of pht ions.
The diﬀerence in size of sodium and potassium cations has a great
impact on crystal structures, and, thus, on their thermal properties.
Sodium cations are small enough to intercalate in between the polymeric layers, while potassium cations interpose between chains.

Fig. 4. FT-IR spectra of 1 and 2.

Sodium cation in 1 is surrounded by six O atoms, where ﬁve of them
belong to pht anions and one is from water molecule, while potassium
cation in 2 is enclosed with seven O atoms, ﬁve from pht anions and
two from water molecules.
FT-IR spectra of 1 and 2, are shown in Fig. 4. Two strong, well
deﬁned bands at 3510 and 3465 cm−1 in 1, 3540 and 3393 cm−1 in 2
are ascribed to the stretching OH vibrations (Fig. 4). The position of the
OH stretching vibrations in 1 indicates similar OeH bond lengths and

Fig. 2. TG/MS data for dehydration and decarboxylation in argon atmosphere of: a) 1 b) 2.

Fig. 5. XRPD patterns of: a) 1 b) 2.
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Table 1
Unit cell parameters and crystallite size of hydrated and dehydrated complexes.
Sample

a (Å)

b (Å)

c (Å)

β (°)

V (Å3)

< D > (nm)

Single crystal data, 1
Powder diﬀraction data, 1
Dehydrated, 1a
Rehydrated, 1
Single crystal data, 2
Powder diﬀraction data, 2
Dehydrated, 2a
Rehydrated, 2

11.070(10)
11.079(1)
11.142(3)
11.091(2)
12.065(15)
12.063(1)
12.083(3)
12.072(1)

6.650(8)
6.657(6)
6.669(1)
6.697(1)
21.327(16)
21.298(2)
21.017(3)
21.278(2)

12.143(11)
12.218(2)
12.162(4)
12.167(2)
7.825(9)
7.823(1)
7.773(1)
7.824(5)

101.6(1)
101.7(8)
101.6(1)
102.1(1)
113.9(1)
113.6(2)
114.1(4)
113.5(2)

875(2)
882(1)
885(2)
884(2)
1841(3)
1842(4)
1802(4)
1843(2)

–
92(9)
45(2)
80(9)
–
64(8)
32(3)
59(9)

a

a

Calculated by Scherrer’s formula.

3.3. Mechanism and kinetics of dehydration

Table 2
Thermodynamic (for β = 20 K min−1) and overall kinetic parameters (Ea and A) for dehydration process of 1 and 2.
Complex

1

2

DSC peak temperature (K)
Formula weight (g mol−1)
Fragment loss
ΔH (kJ mol−1)

452.1
473.82
2 H2O
153.9

439.1
506.01
2 H2O
98.2

Ea (kJ mol−1)

Kissinger
Ozawa

95.93 ± 9.4
98.4 ± 9.2

82.26 ± 5.1
84.8 ± 5.0

lnA (min−1)

Kissinger
Ozawa

26.26 ± 12.5
27.12 ± 11.4

22.96 ± 10.2
23.94 ± 9.4

−64.1

−91.3

ΔS# (J mol−1 K−1)

Dehydration of 1 is manifested by the appearance of one compounded asymmetric peak in DTG curves between 400 and 460 K, while
for 2 it is followed with two highly overlapped peaks in the range of
370–450 K. The kinetics of dehydration was studied based on the shift
of well shaped DTG maxima with the heating rate (See Supplement, Fig.
S8).
The shift of DTG maxima, indicates the thermally activated process,
therefore the overall kinetic parameters for dehydration of 1 and 2 have
been determined using Kissinger and Ozawa equations [35,36]
(Table 2), with results that are in close agreement.
High correlation factors from Kissinger and Ozawa methods conﬁrmed that the mechanism of dehydration for both complexes is independent on the heating rate in investigated heating ranges.
Therefore, in order to provide deeper insight into the mechanism of
dehydration for 1 and 2, isoconversional methods, the integral
Kissinger-Akahira-Sunose (KAS) [35,37] and the diﬀerential Ortega
[38], were used. These methods are a valuable indicator of process
complexity and present a basis for further discussion of the reaction
mechanism [39]. The results (Fig. 6) clearly suggest that dehydration
for both compounds is a multistep process, involving more than one
elementary step [40]. The diﬀerences in curves are expected because
Ortega method is free of the approximations used in KAS method.
For dehydration of 1, the Ea,α on α dependences (Fig. 6a) exhibit
decreasing, convex/concave character in the whole range of α. This can
be ascribed to the transition of the limiting step from the breaking of
chemical and hydrogen bonds to the diﬀusion step of released molecules. Initially decreasing convex character of curves is related to the
presence of a reversible step during dehydration of 1 [41]. Process
complexity for dehydration of 2 is particularly obvious from the existence of three maxima in the corresponding curve for Ortega method
(Fig. 6b). At the beginning, the increasing nature of both curves

structure (2) by standing in air at room temperature during 48 h, or
even after 10 days. Therefore, 2a was exposed to saturated water vapor
for 4 h. Under these conditions, 2a quickly regenerated by adsorption of
water vapor and regained its original structure (Fig. 5b). Similar behavior was previously observed for some Cu(II) compounds [32,33],
where dehydrated complexes reverted to their initial structures by exposing to the saturated water vapor pressure for 12 or 20 h. In some
cases it was necessary to put dehydrated sample into water for 6 days to
recover its original structure [34].
After removal of water molecules from both complexes, a broadening of the diﬀraction peaks was observed (Fig. 5), as a consequence of
a signiﬁcant reduction in crystallite size (Table 1). As already stated,
the transition from 2 to 2a involves a structural change, yielding a
slightly diﬀerent structure (Fig. 5b). The XRPD pattern of 2a suggests
that the dehydrated compound is crystalline in nature and similar to the
starting material. Dehydrated products are less crystalline in both cases,
whereas the unit cell of 2a shrinks around 2.2%.

Fig. 6. Plot of the eﬀective values of the apparent activation energy Ea,α as a dependence on the conversion degree α for thermal degradation obtained using KAS and Ortega method of: a)
1 b) 2.
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Fig. 7. Deconvolution of complex dehydration process at β = 20 K min−1: a) for 1 b) for 2.

indicates a process that involves parallel reactions, while for α > 0.6
diﬀusion becomes predominant, reﬂecting a transition to a diﬀusioncontrolled step [41].
Taking into consideration the complex nature of dehydration processes, to gain more information, the peak deconvolution was applied
using several mathematical functions recommended for this type of
processes [42]. The best results were obtained using asymmetric Fraser–Suzuki function (Fig. 7).
The peaks 1 and 2 for 1 and peaks 2 and 3 for 2 are ascribed to
stepwise release of two water molecules from the structure of complexes (Table 3). The presence of continuous mass loss starting at room
temperature in 2 (Fig. 1b) could be related to the adsorbed moisture

Table 3
The kinetic parameters of deconvoluted peaks for dehydration of 1 and 2 determined by
Kissinger and Ozawa methods.
Complex

1
2

Peak
Peak
Peak
Peak

Kissinger

1
2
2
3

Ozawa

Ea (kJ mol−1)

ln A (min−1)

Ea (kJ mol−1)

ln A (min−1)

76.2
88.2
64.2
79.2

21.2
24.0
18.3
22.0

79.1
90.7
67.4
81.9

22.4
24.9
19.7
23.1

±
±
±
±

2.8
6.3
2.1
3.7

±
±
±
±

11.1
10.5
9.6
10.2

±
±
±
±

2.2
5.8
1.9
3.5

±
±
±
±

10.8
9.9
6.6
8.8

Fig. 8. Values of activation energies at diﬀerent conversion degree determined using KAS and Ortega isoconversional methods for deconvoluted dehydration peaks of: a) 1 b) 2.



257

4USBOB

J.D. Zdravković et al.

-RXUQDORI$QDO\WLFDODQG$SSOLHG3\URO\VLV  ²

J.D. Zdravković et al.

-RXUQDORI$QDO\WLFDODQG$SSOLHG3\URO\VLV  ²

Fig. 10. Calculated adsorption isotherms at 77 K for: a) H2 (100–5000 kPa) and b) N2 (10–100 kPa).

f (α ) = α M (1 − α ) N

Fig. 9. Màlek curves y(α) and z(α) at diﬀerent heating rates, determined for dehydration: a) 1 b) 2.
Table 4
The average position of the maxima of y(α) and z(α) functions and the average values of
M and N in Šesták-Berrgren model, given for single step processes.
Complex

1

2

Dehydration

Peak 1

Peak 2

Peak 2

Peak 3

αy max
αz max
M
N

0.27
0.52
0.41
1.1

0.50
0.68
0.63
0.63

0.27
0.60
0.36
0.97

0.48
0.66
0.65
0.71

showed as a long left peak tale in DTG curve, corresponding to peak 1 of
2 (Fig. 7b). It additionally emphasizes its asymmetric shape and was not
subjected to kinetic analysis.
The ratio of the areas of separated peaks for 1 is close to 1:1,
pointing that equal masses of components leave the system.
Deconvoluted peaks of both complexes were analyzed using KAS and
Ortega isoconversional methods in order to determine the mechanism
of dehydration (Fig. 8).

According to the results of isoconversional methods can be concluded that all deconvoluted peaks correspond to single-step processes
(Fig. 8). The closeness of the values of activation energies for the water
molecules release, especially in the case of 1 is the reason for the existence of one wide endo peak in DSC curves.
Conversion functions for single step processes were determined
from the experimental data, according to Màlek algorithm based on the
application of characteristic kinetic functions y(α) and z(α) expressed
as [43]:

dα
E
y (α ) = ⎛ ⎞ exp ⎛ a ⎞ = Af (α )
⎝ RT ⎠
⎝ dt ⎠

(1)

dα
z (α ) = ⎛ ⎞ T 2
⎝ dt ⎠

(2)

The concave shape of obtained y(α) and z(α) functions suggests the
same mechanism of degradation for all applied heating rates, Fig. 9.
Considering the shapes and the positions of maxima of these functions (Table 4), all single steps correspond to the empirically derived
Šesták–Berggren model [44] which is expressed as:

Table 5
Simulated lattice expansion data for introducing of H2 into the crystal structures of dehydrated complexes.
1a

2a

Amount of H2,
(wt.%)

Relative volume,
(%)

Solvent Accessible Surface
Area, (m2 g−1)

Average binding energy for
H2 (kJ mol−1)

Relative
volume, (%)

Solvent Accessible Surface
Area, (m2 g−1)

Average binding energy for
H2 (kJ mol−1)

0
0.4
0.8
1.2
2.0
2.5
3.2
4.0

100.00
103.93
110.97
108.51
114.53
121.87
129.62
142.55

0.00
0.00
1.08
2.08
26.67
79.37
197.73
868.60

–
−10.99
−9.76
−7.74
−8.04
−7.98
−7.29
−6.69

100.00
101.83
99.85
101.39
102.74

0.00
0.00
0.00
0.00
0.00

–
−8.91
−8.47
−8.82
−6.09
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amount of H2 inserted into 1a is higher than for MOF UiO66 [50] that
have similar SASA value. However, 2a has shown that it was possible to
introduce only 2 wt.% of H2, which results in lattice expansion of less
than 3 %. The addition of more amount of H2 could not be physically
accommodated by the lattice, indicating that the limit of lattice ﬂexibility in 2a has been reached. This shows that there is a huge diﬀerence
in lattice ﬂexibility between two investigated complexes, allowing 1a to
accommodate signiﬁcantly higher amounts of adsorbed gas. In addition, the average binding energies for hydrogen are generally higher in
1a than in 2a.
The calculated gas adsorption isotherms for 1a and 2a for H2 and N2
at 77 K are given in Fig. 10. These results show that 2a could adsorb
only around 1.7 wt.%, while 1a system would adsorb 3.5 wt.% of H2 at
77 K and pressures up to 5000 kPa.
The diﬀerence between 1a and 2a systems is much more pronounced for N2 adsorption, where 1a exhibits up to 15 times higher
adsorption. The superiority of 1a above 2a is additionally conﬁrmed for
adsorption of CO2, NO and CH4, at 298 K (See Supplement, Fig. S3),
while calculations of 2a system showed negligible adsorption of these
gasses (See Supplement, Fig. S4).
In summary, these calculations are performed on dehydrated complexes 1a and 2a. As shown in Table 1, no signiﬁcant structural changes
were observed during dehydration-rehydration of 1. Thus adsorption of
H2 and other gases in layered structure of 1a is quite possible. On the
other hand, there is a signiﬁcant shrinkage of the unit cell along b-axis
of 2a (Table 1) that additionally promotes the inﬂuence of π-π (see
above) stacking interactions between the aromatic rings bringing chains
mutually closer. Therefore, adsorption of gases is possible only on the
material surface.

(3)

where M and N (Table 4) are kinetic parameters (See Supplement, Fig.
S9).
The validity of the proposed kinetic triplets (Ea, A and f(α)) for all
single step processes of dehydration was conﬁrmed using Master–plot
[45] and Pérez–Maqueda [46] criteria. The full accordance between
experimental and theoretical master curves (See Supplement, Fig. S10)
was observed. The same is true for Pérez–Maqueda criterion as shown
by high linearity with correlation coeﬃcients, R2 higher than 0.995, for
all individual steps (See Supplement, Fig. S11).
3.4. theoretical investigation of adsorption properties of dehydrated
complexes
The design of MOF-based materials with high gas storage capacity
needs to have a molecular-level understanding of the interactions.
Therefore, several investigations dealing with ab inito quantum mechanical studies on the ﬁnite structure of MOFs have been performed
[47]. The most comprehensive calculation analysis of gas sorption
properties for selected coordination compounds from CSD [48] was
performed by Goldshmith et al. [19]. These calculations are very useful
for predictions of adsorption capacity and subsequently for further tune
the chemistry of the framework [49].
In this contribution, gas adsorption for H2 and N2 in both dehydrated complexes was calculated using molecular simulations, and the
obtained results are presented in a comparative manner. Various
amounts of hydrogen molecules were inserted into both structures
using simulated annealing to investigate lattice expansion due to the
presence of hydrogen in the lattice. Successive structures were then
created by gradually increasing the amount of hydrogen using previously optimized crystal structure as the initial guess. The cut-oﬀ value
of hydrogen binding energy, beyond which further adsorption was not
considered, was 6 kJ mol−1.
The results for simulated lattice expansion of both complexes are
summarized in Table 5. There is no Solvent Accessible Surface Area
(SASA) observed in 2a at any point, suggesting that this complex would
only adsorb gas on the surface of crystalline grains. 1a shows diﬀerent
behavior, where SASA is observed after lattice expansion of around 10
% and it increases with increase in relative lattice volume. This suggests
that 1a could adsorb gas if gas molecules could intercalate between the
layers in the crystal structure. In addition, the average binding energies
for hydrogen are generally higher in 1a than in 2a, further reinforcing
superiority of 1a for hydrogen adsorption.
Layered structure of 1a allows the introduction of up to 4 wt.% of
H2 into the lattice, resulting in lattice expansion of over 40 %. This

4. Conclusions
The investigated complexes, due to diﬀerent crystal structures, show
certain diﬀerences in their thermal behaviour. The change of co-cation
has a great impact on the crystal structure and thus on the thermal
properties. The size of co-cation causes the dimensionality of polymeric
phthalatocuprates(II). In layered structure of 1, the sodium cations are
small enough to insert in the hollows of the polymeric layers, while in
chained structure of 2 the potassium cations interpose between adjacent chains. Both complexes show complete reversibility of dehydration-rehydration process, in spite of structural transformation of 2,
during dehydration. The lower rate of rehydration of 2 could be related
to its structural transformation occurring during dehydration.
Thermal degradation process of complexes follows similar pattern
involving steps of dehydration, decarboxylation, oxidation, further
fragmentation and evaporation of formed products. The dehydration
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processes for both complexes follow the same mechanism, close kinetics
but diﬀerent thermodynamics implying better stability of 1. Kinetics
similarity is especially evident in their conversion functions presented
by Šesták–Berggren model. Higher values of kinetic parameters (Ea, M
and N) as well as higher enthalpy for 1 are related to its better thermal
stability.
The calculation of gas adsorption for H2 in both dehydrated complexes, 1a and 2a, showed that 1a is a better candidate with the ability
to accommodate up to 4 wt.% of H2 into the lattice, resulting in lattice
expansion of over 40 %. This showed that layered structures, although
not as rigid as MOFs, could also be good candidates for H2 adsorption. It
seems that in our case key for a possible application is the absence of
structural changes during dehydration.
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isosteric heats of hydrogen adsorption. Volumetric measurements of hydrogen adsorption
at room temperature show up to 0.3 wt.% hydrogen absorbed at 303 K and 2.63 bar of

Keywords:

hydrogen pressure, with isosteric heats of adsorption of about 12.5 kJ mol1. Predicted
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performance at room temperature is 1.8 wt.% at 48 bar and 3.5 wt.% at 100 bar, better than
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both MOF-5 and NU-100, with calculated values of isosteric heats for adsorption of
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hydrogen in 8e13 kJ mol1 range at both 77 K and 303 K. Grand canonical Monte Carlo

Molecular simulations

calculations show that this material, at 77 K, exhibits gravimetric hydrogen densities of

DFT calculations

more than 10 wt.% (up to 8.3 wt.% excess) with the corresponding volumetric density of at
least 66 gL1, which is comparable to MOF-5, but achieved with considerably smaller
surface area of about 2500 m2 g1. This study shows that layered two-dimensional MOFs
could be a step towards MOF systems with signiﬁcantly higher isosteric heats of adsorption, which could provide better room temperature hydrogen storage capabilities.
© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction
Due to high cost and technical requirements, conventional
storage of large amounts of hydrogen in its molecular form has
proven to be difﬁcult [1,2]. In recent times, a lot of effort has
been expended on development of new materials to store
hydrogen with sufﬁcient efﬁciency to allow use in both stationary and mobile applications [3,4]. The U. S. Department of

Energy has set performance goals for 2015 for on-board automobile storage systems to have densities of 60 mg H2/g (6 wt.%,
gravimetric) and 45 g H2/L (volumetric), with ultimate goals of
80 mg H2/g (8 wt.%) and 75 g H2/L [5,6]. Given these system
goals, a material for practical application would need to have
higher capacity when the weight of the tank and associated
cooling or regeneration system is considered, and the size and
weight of these components will vary substantially depending
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on whether the material operates by a chemisorption or
physisorption mechanism. In the latter case, one of the indicators for promising hydrogen storage materials is the value
of physisorption enthalpy for hydrogen: ideally, it should be in
15e25 kJ mol1 range [7e9]. A wide variety of materials has
been investigated for their hydrogen storage properties, such
as different carbon materials and carbon-metal nanocomposites [10e15], covalent organic frameworks [16,17] and
porous organic polymers [18,19]. However, none of them has
been able to achieve the performance required for on-board
vehicle application, typically providing 5e6 wt.% excess
hydrogen capacity at 77 K and 20e50 bar. Coordination polymers or metal-organic frameworks (MOFs) have been identiﬁed
as promising adsorbents for gas and H2 storage where viable
volumetric densities can still be achieved in highly porous
structures [20e25]. In this sense, benzene polycarboxylates are
a very common group of organic ligands used for synthesis of
different MOFs, due to their ability to build high dimensional
coordination polymers [26e29].
Ab-initio studies of hydrogen binding to metal-organic
frameworks have reported a variety of values for hydrogen
binding energies, most of them in 4e12 kJ mol1 range [30e33].
Grand canonical Monte Carlo (GCMC) simulations have been
used to predict, with some accuracy, the hydrogen storage
capacity of various MOFs at pressures of up to 100 bar [34], and
it has been shown that molecular simulation could be a suitable method for high-throughput computational screening of
MOFs [35e38]. The combination of quantum chemical calculations and molecular simulations offers the most complete
information about hydrogen adsorption in a MOF material,
giving the best chance of predicting hydrogen adsorption and
storage properties of these materials [39e43].
It has been accepted that hydrogen storage capacity of
MOFs is chieﬂy governed by two factors: structure (adsorbent
surface area and free volume) and hydrogen binding energy
[7e9,44]. In most MOFs their high surface area is offset by
relatively small values of hydrogen binding energy. So far,
most of the effort has been directed at creating materials with
very high surface areas, like NU-100 and MOF-210, with surface areas of 6150 and 6230 m2 g1 and total hydrogen capacities of 16.4 wt.% at 77 K (9.9 wt.% excess) and 70 bar and
17.6 wt.% at 77 K and 80 bar, respectively, while large scale
screening of MOFs has revealed a number of promising candidates with potential hydrogen storage capacities in
14e20 wt.% range [45]. However, as with all of 3-dimensional
rigid MOFs, these can be expected to require low, or even
cryogenic, temperatures to achieve high hydrogen uptake,
mainly due to relatively low hydrogen binding energies. MOFs
typically exhibit hydrogen storage capacities of less than
2 wt.% at room temperature and high pressure (50e100 bar)
[46,47]. Two-dimensional MOF systems have typically
exhibited inferior hydrogen storage properties due to relatively low surface area of 200e1600 m2 g1, where hydrogen is
stored in the pores of the two-dimensional structure, while
the inter-layer space remains inaccessible [48e50].
Herein we report hydrogen adsorption performance of
ﬂexible coordination polymer [Ni2(btc)(en)2]n [51] at room
temperature and normal pressure complemented with molecular simulation of hydrogen adsorption. It is shown that its
structural features: two-dimensional layers with weak inter-

layer interactions, provide tremendous adaptability to the
introduction of hydrogen into the lattice and allow hydrogen
adsorption performance comparable and, in some aspects,
superior to that of 3-dimensional MOFs with signiﬁcantly
higher surface area. This structure provides access to the interlayer space, unlike typical two-dimensional MOFs, allowing it
to achieve higher available surface for adsorption. Its room
temperature performance is 0.3 wt.% at 2.6 bar with isosteric
heat of adsorption of 12e13 kJ mol1, and predicted to be about
1.8 wt.% at 48 bar and 3.5 wt.% at 100 bar with isosteric heat of
around 8.5 kJ mol1. While its low pressure performance is
inferior to some other room temperature hydrogen storage
materials (0.3e0.7 wt.% at 1 bar and 298 K) [10e12], its high
pressure predicted performance is superior or comparable to
even the best of the available systems, like graphene foam
decorated with Pt nanoparticles (3.19 wt.% at 100 bar) [52]. Its
predicted high pressure performance at room temperature is
also superior to well known MOFs like MOF-5 and NU-100
(1.65 wt.% at 48 bar and 1.19 wt.% at 90 bar, respectively).

Experimental
Materials and methods
[Ni2(btc)(en)2]n coordination polymer was synthesized by
dehydration of [Ni2(en)2(H2O)6(btc)]$4H2O (btc ¼ tetraion of
benzene tetracarboxylic acid; en ¼ ethylene diamine).
[Ni2(en)2(H2O)6(btc)]$4H2O was synthesized according to the
procedure used in Ref. [53,54]. The resulting blue powder was
then dried at 175 � C for 30 min. Dehydration causes a change
in color from light blue to light green [51]. X-ray powder
diffraction (XRD) patterns were obtained using Philips
PW1710 automated diffractometer, using Cu Ka line, operated at 40 kV and 30 mA, in Bragg-Brentano geometry. The
instrument was equipped with diffracted beam curved
graphite monochromator and Xe ﬁlled proportional counter.
Diffraction data were collected in 2q ranges of 4e35� (counting
for 5 s for routine identiﬁcation) and 8e80� , (counting for 12.5 s
for Rietveld reﬁnement), at 0.02� steps. Fixed 1� divergence
and 0.1 mm receiving slits were used and silicon powder was
used as a standard for calibration of the diffractometer. XRD
measurements were performed on a sample that was additionally dried at 60 � C under reduced pressure of 0.05 bar for
30 min to remove any residual water.
TG measurements of gravimetric argon adsorption were
conducted on TA SDT 2960 instrument using 99.999% argon
gas additionally puriﬁed using molecular sieves. Cycle 1 represents the measurement of the sample dried at 60 � C under
reduced pressure of 0.05 bar for 30 min, while Cycle 2 represents the repeated subsequent measurement of the sample
loaded with argon during Cycle 1, without removal from the
instrument and argon atmosphere. Heating rate was constant
at 5 K min1 on heating and 2 K min1 on cooling. Volumetric
hydrogen storage capacity measurements were conducted in
a sealed chamber with a volume of 120.53 ml. Sample with a
mass of 0.3341 mg was dried and placed in the chamber,
which was then purged with hydrogen and sealed. The sample was then kept at 1.01 bar (1 atm) of hydrogen pressure for
18 h. Measurements at different pressures (1.01e2.63 bar;
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1e2.6 atm) were performed on the same sample, consecutively by gradually increasing the hydrogen pressure in the
chamber, without removing the sample or decreasing pressure. Each measurement was performed at a constant volume, by heating the chamber from 30 to 180  C at a constant
heating rate of 6  C min1, and then cooling the chamber to
30  C at a rate of 2  C. Changes in pressure during both heating
and cooling were recorded at 5  C intervals. Hydrogen storage
capacity at each pressure was calculated from desorption
curve, using the difference in observed pressure in the
chamber at 180  C with and without the sample (baseline). The
pressure difference was recalculated to mass using the Van
der Waals equation of state.

Computational details
Since Ni in [Ni2(btc)(en)2]n coordination polymer can exhibit
two types of coordination: octahedral and square-planar, each
of which would result in a somewhat different layered structure, DFT calculations were performed on model systems of
[Ni2(btc)(en)2]n coordination polymer representing each of
these structures to determine the average binding energy per
hydrogen molecule, as well as whether the changes in coordination sphere of Ni would have a signiﬁcant effect on
hydrogen adsorption of [Ni2(btc)(en)2]n coordination polymer.
The calculations were performed using Gaussian [55] and
ORCA software packages [56]. Gaussian package was used for
structure optimization and frequency analysis, using the
hybrid HF/DFT method using a combination of the threeparameter Becke [57] exchange functional with the Lee-YangParr (B3LYP) [58] non-local correlation functional. Orca calculations used the hybrid HF/DFT method with a combination of
the three-parameter Becke exchange functional combined
with Perdew's [59] (BP86) non-local correlation functional. The
basis set used was split valence with polarization functions
(SV(P)), except for Ni atoms and the adsorbed hydrogen molecules, where triple-zeta valence basis set with polarization
functions (TZVP) was applied [60]. Each model system consists
of four interconnected Ni(btc)(en) units, creating a single layer,
with the second Ni(en) group omitted from each unit.
Molecular simulations were performed using GULP v4.3
[61,62] and Grand Canonical Monte Carlo (GCMC) calculations
were performed using Music [63] software packages, both utilizing Universal Force Field [64]. Supercells of [Ni2(btc)(en)2]n
with dimensions of 4  4  4 were used for the calculations at
77 K and 8  8  8 for the calculations at 303 K. For calculations
with MOF-5, supercells with dimensions of 2  2  2 and
4  4  4 were used, which provided similar system volume to
the supercells of [Ni2(btc)(en)2]n. GCMC calculations were performed on a rigid cell with 5&middot106 iterations and 0.4
probability for insertion and deletion and 0.1 probability for
rotation and translation of a hydrogen molecule, respectively.
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450 K for 30 min. Its structure can be best described as twodimensional laminar structure with weak hydrogen-bond
connectivity between the individual layers. The basic twodimensional framework consists of Ni atoms with chelately
coordinated 1,2,4,5e benzenetetracarboxylic acid (BTCA) anions, where each Ni atom is connected to two BTCA molecules, while each BTCA is connected to four Ni atoms.
Ethylene diamine is coordinated to Ni in a plane roughly
perpendicular to the plane of the basic framework, providing
hydrogen bonding in the third dimension and completing the
octahedral coordination sphere around Ni. Calculated density
of the coordination polymer is 1.7 gcm3. BET measurement of
Ni coordination polymer indicates negligible accessible surface area (1.6e2 m2 g1) for nitrogen adsorption at 77 K (Fig. S1,
Supplement) and zero effective porosity.
Gas adsorption of the coordination polymer was tested
using TG measurements of adsorption of argon (Fig. 2). Coordination polymer exhibits relatively high reversible adsorption of argon gas in 300e470 K temperature region of around
4 wt. %, corresponding to around 26 cm3 g1 or 0.5 molecules
of argon adsorbed per monomer unit of the coordination
polymer. By simply taking into account the molar mass difference between Ar and H2 (about 20:1), it could be expected
that the coordination polymer sample exhibits around
0.2 wt.% hydrogen adsorption at 1.01 bar (1 atm) and room
temperature. This suggests that the lattice at room temperature likely exhibits larger volume compared to the lattice at
77 K, allowing argon to enter and be absorbed in the interior of
the crystal grains. Volumetric hydrogen desorption measurements (Fig. 3) of the sample loaded under 1.01 bar (1 atm) of
hydrogen pressure shows that, in a dynamic experiment, on
heating to 454 K, the sample releases about 0.1 wt.% hydrogen.
Hydrogen desorption measurement at 2.63 bar (2.6 atm)
pressure shows that the sample releases about 0.3 wt.% of
hydrogen on heating to 453 K. On cooling, the sample takes
the hydrogen back in, showing that desorption of 0.3 wt.% of
hydrogen is fully reversible.
Table 1 shows hydrogen capacity at different pressures
calculated from adsorption/desorption experiments shown in
the Supplement. Signiﬁcantly lower hydrogen capacity at
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Table 1 e Hydrogen capacity on desorption at 303 K and
different initial hydrogen pressures.
Pressure (bar)
1.01
1.82
2.23
2.63

Fig. 2 e Argon adsorption in TG for [Ni2(pyr)(en)2]n
coordination polymer sample during two heating cycles.

Hydrogen capacity (wt. %)
0.103
0.234
0.268
0.297

1.01 bar (1 atm) and the shape of the adsorption curve on
cooling indicate that the sample was not fully loaded before
hydrogen desorption measurement. Assuming linear dependence of hydrogen capacity, expected in this region of temperature and pressure, and using the other three points,
approximate capacity at 1.01 bar (1 atm) would be 0.17 wt.%,
and the rate of increase of capacity with pressure 0.079 wt.%
per bar. Using ClausiuseClapeyron equation, isosteric heats of
hydrogen adsorption and desorption were calculated for
different initial pressures (Supplement). The average values
were: 13 ± 2 kJ mol1 for desorption and 12 ± 2 kJ mol1
for adsorption, measured on heating and cooling cycles,

Results and discussion
Fig. 1 shows XRD pattern of [Ni2(btc)(en)2]n coordination
polymer sample that was prepared from [Ni2(en)2(H2O)6(btc)]$
4H2O complex by thermal treatment in ﬂowing nitrogen gas at

Fig. 1 e XRD diffraction pattern of [Ni2(pyr)(en)2]n
coordination polymer, with structure shown as inset.

Fig. 3 e Hydrogen adsorption and desorption during cooling/heating of [Ni2(pyr)(en)2]n coordination polymer at different
initial hydrogen pressures.
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respectively. This is on the high end of isosteric heats achieved
in MOF materials and about double the typical room temperature isosteric heats observed in most well known MOFs [8,9].
When the coordination polymer sample was heated to
388 K at 2.63 bar (2.6 atm) initial hydrogen pressure, and
then equilibrated at that temperature for 30 min at a constant hydrogen pressure of around 3.14 bar (3.1 atm), it
showed increased hydrogen uptake on cooling (Fig. 4) of
around 0.09 wt.%. Since hydrogen pressure in the chamber
showed no anomalous behavior during the experiment (that
would indicate a leak), this suggests that the observed
hydrogen uptake comes from the expansion of the crystal
lattice of the coordination polymer. This is also in line with
the detected crystal lattice contraction at 77 K during BET
measurement, which showed no appreciable free surface
area or volume, highlighting the ﬂexible nature of the coordination polymer's layered structure. Multiple experiments have been performed on the same sample, which was
then analyzed again, and it can be reported that there was
no observable loss in crystallinity or hydrogen storage performance after 30 cycles.

DFT calculations
In order to investigate hydrogen adsorption properties of
[Ni2(btc)(en)2]n in more detail, DFT calculations were used to
determine the binding energy of hydrogen molecules to the
structure of the coordination polymer. Since Ni atom exhibits
two possible spin states: quintuplet and singlet, both of these
were examined regarding hydrogen binding (Fig. 5), with the
more stable quintuplet system [51] exhibits much more
favorable hydrogen binding properties. A truncated tetramer
model system was constructed to investigate its hydrogen
binding properties in more detail, and hydrogen molecules
were sequentially added to one surface of the system, which
was then optimized (Supplement). A combination of BP86 and
MP2 calculations using ORCA software package shows an
average binding energy of around 9 kJ mol1 (Table S1 in Supplement), for interaction with a single layer, corresponding to a
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hydrogen adsorption on lattice expansion. Therefore, simulated annealing and geometry optimization was used to
obtain structures with different relative lattice volumes, while
GCMC calculations were used to calculate hydrogen adsorption isotherms and adsorption energy distributions at both 77
and 303 K for each of these individual structures (Fig. 6). Molecular simulations show that the structure of the coordination polymer in aeb plane is quite rigid, with minimal changes
in bond lengths and angles (Supplement). However, since
there are no covalent of coordination bonds along c-axis, the
coordination polymer is able to adapt completely to hydrogen
addition to the system by expanding along this axis. The
consequence is that the two-dimensional polymer layers
gradually separate depending on the amount of hydrogen in
the system, which leads to an increase in solvent accessible

H2 adsorption at 77 K

Fig. 5 e Optimized model tetramer structures in different
electronic states, with six adsorbed hydrogen molecules
(structural hydrogen atoms are omitted for clarity).

double hydrogen layer in the real system. B3LYP calculations
performed using Gaussian 09 software yielded slightly higher
values: an average binding energy of 12.1 kJ mol1, corresponding to a hydrogen capacity of about 4.5 wt.%. The values
of binding energies in these calculations correspond to the
physical system where each layer of the coordination polymer
is saturated with hydrogen molecules, i.e. there is a double
hydrogen layer between two neighboring coordination polymer layers. At lower hydrogen content, it is possible to have a
single layer of hydrogen molecules interacting simultaneously
with both neighboring coordination polymer layers, with
potentially higher values of binding energy.

Molecular simulations
In order to investigate in more depth the effect of the ﬂexible
structure of the coordination polymer on hydrogen adsorption
properties, molecular simulation was used to simulate
lattice expansion on hydrogen uptake and the dependence of

Fig. 4 e Hydrogen desorption and subsequent adsorption after equilibration at 388 K for 30 min.

surface area (SA) and free volume (FV). The experimental
crystal structure from XRD measurements, which was obtained after drying under reduced pressure, exhibits both zero
surface area and zero free volume, just like the coordination
polymer at 77 K in BET measurement. However, lattice
expansion due to introduction of gas molecules into the lattice
increases both SA and FV, allowing gas adsorption. Fig. 7
shows that both SA and FV for hydrogen increase rapidly
after lattice expands by around 30%. SA reaches a plateau at
relative lattice volume of around 175%, and an inter-planar
distance of around 9 Å, the point where the structure is able
to accommodate a double hydrogen layer, with a value of
around 2500 m2 g1. Naturally, further lattice expansion only
contributes to the increase of FV.

Fig. 6 e A perspective view of three polymer lattices with
different relative lattice volumes (a: 160%; b: 195%; c: 235%).

Fig. 8 shows adsorption energy distributions for structures
with different lattice expansion and hydrogen content and the
corresponding average adsorption energy. For lattice expansion of 125% and hydrogen content of 2.5 wt.%, the average
adsorption energy is around 11 kJ mol1, which is consistent
with the results of DFT calculations. However, this indicates
that the strength of the interaction of hydrogen with the MOF
matrix is underestimated by the molecular simulation,
because DFT calculations correspond to signiﬁcantly higher
hydrogen content and double hydrogen layer conﬁguration.
This can also be correlated with the previously observed underestimation of hydrogen adsorption at 303 K. The average
adsorption energy then drops to about 9.4 at 4.3 wt.% of
hydrogen and 8.4 at 5.9 wt.%, after which the decline slows
down considerably (MOF-5 exhibits adsorption energies
around 8 kJ mol1 in the calculation at 77 K). This occurs
because, at lower hydrogen content, hydrogen molecules can
interact with two polymer layers, while at higher hydrogen
content, double hydrogen layer is gradually formed, where
each hydrogen molecule can interact only with one polymer
layer, resulting in lower adsorption energy. After the formation
of the full double layer, at around 6 wt.% of hydrogen, further
addition of hydrogen only creates local reorganization and

Fig. 7 e Change in solvent accessible surface area and free volume for hydrogen on lattice expansion (the volume of the
experimentally obtained structure is taken as 100%).
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Fig. 8 e Adsorption energy distribution from GCMC calculations for hydrogen adsorption (left); Dependence of the average
adsorption energy and isosteric heat on hydrogen content (right).
Fig. 10 e Calculated excess hydrogen capacity at 77 K for
structures with different lattice volumes.

disruption of the double layer, leading to relatively slow decline
in the value of the average adsorption energy with addition of
hydrogen into the lattice. Fig. 9 shows calculated adsorption
isotherms at 77 K for selected structures with different lattice
volume, while Fig. 10 shows excess hydrogen capacity for
selected structures. This shows how hydrogen capacity
changes dramatically with increase in relative lattice volume:
from 2.5 wt.% at 125% to 10.2 wt.% at 295% relative lattice
volume. Additional calculations compared the performance of
[Ni2(btc)(en)2]n system at 295% relative lattice volume to MOF-5
calculated with similar system size (Supplement). These
showed similar performance at 77 K, and since MOF-5 exhibits
a surface area of more than 4000 m2 g1 [65], compared to about
2500 m2 g1 for [Ni2(btc)(en)2]n, this indicates considerably
stronger hydrogen sorption in [Ni2(btc)(en)2]n.

H2 adsorption at 303 K
Fig. 11 shows simulated isotherms for hydrogen adsorption at
303 K and 1e50 bar pressure, for systems with different relative lattice volumes. The calculations signiﬁcantly underestimate performance of the experimental system, shown in
Table 1, of 0.2e0.3 wt.% in 1e3 bar region of hydrogen pressures. At the highest relative lattice volume of 295%, the slope
of the line is 0.012 wt.% per bar, while the experimental system exhibits 0.079 wt.% per bar. The isotherms for argon
adsorption at 303 K and 0.1e1 bar pressure show the impact of
the ﬂexibility of the structure on adsorption (Fig. 8). Argon
adsorption increases with lattice expansion and reaches a
maximum at around 150% relative lattice volume, after which,
argon adsorption decreases. This is due to creation of an
optimal single layer of argon gas in the interlayer space of the
coordination polymer, where each argon atom interacts with
two layers. Further lattice expansion disrupts argon interaction with one of the layers, leading to a signiﬁcant decrease in
binding energy and a corresponding decrease in argon
adsorption (Supplement). This shows that this coordination
polymer would adapt to the amount of adsorbed gas through
lattice expansion to achieve optimal level of interaction with
the gas. However, it is worth noting that the maximum

Fig. 9 e Hydrogen adsorption isotherms from GCMC
calculations (top); Calculated gravimetric and volumetric
hydrogen density at 77 K and 50 bar for structures with
different relative lattice volumes (bottom).

Fig. 11 e GCMC simulation isotherms for hydrogen (top)
and argon (bottom) adsorption at 303 K for systems with
different relative crystal lattice volume.

simulated argon adsorption is 1.4 wt.%, compared to a
reversible adsorption of around 4 wt.% obtained gravimetrically in the experiment. This means that molecular simulations signiﬁcantly underestimate argon adsorption in the
coordination polymer system around room temperature.
Fig. 12 shows the results of NVT molecular simulations at
303 K for different hydrogen contents, in systems with
different relative lattice volumes. These show that the
adsorption enthalpy decreases from around 13 to around
8.5 kJ mol1 with increase in relative lattice volume from 116
to 175%, while maximum hydrogen content (estimated from
the point of sharp decrease in adsorption enthalpy) increases
from around 2 to around 7 wt.%. At 175% lattice expansion, the
system achieved maximum surface area. The corresponding
isosteric heats for hydrogen adsorption (from GCMC calculations) are in 8e12 kJ mol1 range. In comparison, MOF-5 system exhibits isosteric heats of around 5 kJ mol1 [45]. This
demonstrates the main advantage of a layered twodimensional coordination polymer over the rigid threedimensional structure: ﬂexibility of the layered structure results in signiﬁcantly higher isosteric heats for hydrogen
adsorption at room temperature, allowing the system to ﬁnd
the optimal balance of heat of adsorption and surface area.
Since all of the simulated systems and, generally, other
MOF systems in the literature, exhibit linear increase in
hydrogen adsorption with pressure in 1e50 bar region [44e47],
depending mainly on the value of the isosteric heat of
adsorption and surface area. Using the equation of Firlej et al.
[7], we can estimate the performance of [Ni2(btc)(en)2]n coordination polymer to be around 3.5 wt.% at 100 bar and 298 K
(with surface area of 2520 m2 g1 and isosteric heat of
adsorption of 8.5 kJ mol1). This compares favorably to
0.5 wt.% at 10 bar and 1.65 wt.% at 48 bar for MOF-5 or
1.19 wt.% at 90 bar for SNU-77H [44,45]. Using the volumetric
density data in Fig. 9 as a guide, we could estimate that the
corresponding volumetric density would probably be 25 gL1.
This suggests that this type of coordination polymer could

Fig. 12 e Adsorption energy as a dependence on hydrogen
content, calculated from NVT molecular simulations at
303 K, for structures with different relative lattice volumes.
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exhibit superior hydrogen storage properties at temperatures
near the room temperature, where its ﬂexible structure could
enhance its performance and remedy one of the main ﬂaws of
rigid MOFs: low heat of adsorption.
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Appendix A. Supplementary data

Conclusions
[Ni2(btc)(en)2]n coordination polymer exhibits relatively good
hydrogen adsorption capability of 0.3 wt.% at room temperature and pressure of 2.63 bar (2.6 atm). Its structure compares favorably to typical two-dimensional MOFs [48e50],
because it provides access to the inter-layer space, signiﬁcantly increasing the available surface area for adsorption. In
addition, ﬂexible structure that expands on adsorption and
contracts on desorption would reduce the amount of unused
hydrogen during charge/discharge cycle. Using molecular
simulation and experimental results at low pressures of
1.01e2.63 bar (1e2.6 atm) and room temperature for a projection of behavior at high pressures, suggests that the projected hydrogen storage capacity at room temperature and
100 bar is around 3.5 wt.% and 25 gL1. Its projected performance at room temperature is signiﬁcantly better than that
of MOF-5 and NU-100 (1.65 wt.% at 48 bar and 1.19 wt.% at
90 bar, respectively) [44,45] and comparable to graphene
foam decorated with Pt nanoparticles (3.19 wt.% at 100 bar)
[52]. This can be attributed to signiﬁcantly higher values of
isosteric heats (8e12 kJ mol1 compared to 5e6 kJ mol1 in
MOF-5 and NU-100), due to the ﬂexibility of the system,
which provides stronger latticeehydrogen interactions. The
calculated total hydrogen capacity of around 10.2 wt.% at
77 K and 53 bar, and maximum calculated excess hydrogen
capacity of around 8.3 wt.% at 77 K and 14 bar, compare well
to the excess hydrogen adsorption of NU-100 of around
9.9 wt.% [45], even though [Ni2(btc)(en)2]n exhibits considerably lower surface area (around 2500 compared to
>6100 m2 g1). Molecular simulations and DFT calculations
suggest that the isosteric heats for hydrogen adsorption are
in region of 8e13 kJ mol1 for a wide range of hydrogen
content (up to around 8 wt.%) at 77 K, comparable or superior
to most MOFs. The main focus of development of MOF materials in the past decade has been an increase in available
surface area for adsorption, with relatively little progress
being made in increasing the isosteric heats for hydrogen
adsorption. This study of [Ni2(btc)(en)2]n shows that a new
approach, using ﬂexible layered 2-dimensional instead of
rigid 3-dimensional structures, could provide a new step towards producing systems with signiﬁcantly higher isosteric
heats of adsorption, while achieving relatively high surface
area. This would be a signiﬁcant step forward in achieving
MOF materials capable of signiﬁcant room temperature
hydrogen storage capacities.
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9Push-pull alkenes
Synthesis, characterization, thermal stability structural
transformations
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Abstract: Application of dynamic 1H-NMR spectroscopy added to the understanding of the hydrogen bonds existing in the structurally related 5-substituted-2-alkylidene-4-oxothiazolidines in
polar and apolar solvents. The equilibrated mixtures of these typical push-pull alkenes in CDCl3
consist of the intramolecularly H-bonded (E)-isomer and intermolecularly H-bonded (Z)-isomer
in varying proportions which depend on the solvent polarity. For the representative of the series,
(Z)-2-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-1-phenylethanone, a concentration
effect on the degree of intermolecular hydrogen bonding in apolar CDCl3 has been studied.
Keywords: push-pull alkenes, hydrogen bonding, 1H-NMR spectroscopy.
INTRODUCTION

papers1,2

In previous
we reported the regioselective preparation of the stereodefined
5-substituted thiazolidinone derivatives 1–5 which represent a class of push-pull alkenes.These
compounds and new derivatives thereof3,4 have attracted our attention due to (i) their possible
biological activity5,6 and (ii) utility as organic intermediates for the synthesis of push-pull
polyenes7 whose potential application in electronic and optical devices is promising.8
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We also found that the equilibrated mixtures of thiazolidinone derivatives in various
solvents, enriched in one of the two configurational isomers, revert in the solid state upon
the solvent evaporation almost completely to the more stable (Z)-isomer.9 While the different Z/E proportions in the above examples are apparent result of the different solvent polarity as found for other push-pull alkenes,10 the origin and the degree of favoring the (Z)- or
(E)-isomer are compatible with the type of hydrogen bonding.11 In this paper we now describe 1H-NMR spectroscopic study as a method to distinguish between the intramolecular
and intermolecular hydrogen bonding in (Z)-2-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-1-phenylethanone (1), being an example of the thiazolidinone series.
Furthermore, important aspect of this study emphasizes the concentration effect of the
(Z)-1 isomer on the extent of intermolecular hydrogen bonding in apolar solvent.
RESULTS AND DISCUSSION

Thiazolidinone derivatives 1–5, possessing the exocyclic C=C bond inserted between
the two electon-donor substituents (–NH–, –S–) and one electron-acceptor, i.e., COR (derivatives 1–4), or CN (derivative 5) as a common structural unit, are susceptible to the extended n,-conjugation.12,13 The -bond character of C=C bond is therefore drastically reduced, enabling Z/E isomerization to occur, with the population of (Z)- and (E)-isomers being dependent on (i) the medium polarity2 and (ii) the nature of the substituents.11
Starting with the pure (Z)-isomer of the model substrate 1, the Z/E process in lipophilic
CDCl3 was monitored at 25 ºC during the 15 hour-period in regular time intervals (60 minutes)
by 1H-NMR spectroscopy (300 MHz) via integration of the characteristic signals of both isomers (Fig. 1). The relevant 1H-NMR data for thiazolidinones (Z)-1 and (E)-1 and other derivatives 2–4 are given in Table I. As illustrated in Fig. 1 the isomerization of (Z)-1 isomer to its
(E)-counterpart was followed by progressive disappearance of a singlet at  6.85 and simultaneous growth of the signal at  6.32, ascribed to the (E)-isomer. The olefinic proton of the (Z)-1
isomer resonates at considerably lower field due to the deshielding effect of the syn-lactam nitrogen, relative to the E-analog having this proton in syn postion to less electronegative sulfur
atom. Thus, proper configurational assignment, based on the consideration of this effect, magnetic anisotropy and mesomeric effects as well, was possible, not only for the whole series 1–5,
but for numerous derivatives thereof.4
Another diagnostic signal of the (Z)-1 is that of the lactam proton which appears at 
8.88. The 1H-NMR spectrum of (Z)-1 recorded almost immediately upon its dissolution in
CDCl3 (designated as the 0 time in Fig. 1) contains, as expected, nearly a perfect set of signals belonging due to the sole isomer.
However, small signals in this spectrum at  6.32 and 12.06 were ascribed respectively, to the olefinic and lactam protons of the (E)-1 isomer. The presence of (E)-1 isomer,
regardless of its low abundance (< 5 %), indicates that the Z/E isomerization begins in time
just needed to prepare sample and record its spectrum. The enhanced and clear splitting of
signals of the diastereotopic CH2 protons at C(5’), in addition to the signals mentioned
above, was already noticed in the spectrum 1.
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Fig. 1. 1H-NMR spectra of Z/E mixture of 4-oxothiazolidine push-pull derivative 1, recorded in CDCl3 at
room temperature, in regular 1 hour-time intervals.
TABLE I. Selected 1H-NMR chemical shifts of configurational isomers 1–5
Isomer

R

Solvent

Vinyl H

Lactam H

Z/E ratio

(Z)-1

Ph

DMSO-d6

6.78

11.93

100/0

(Z)-2

NHPh

DMSO-d6

5.79

11.57

100/0

(Z)-3

NHCH2CH2Ph

DMSO-d6

5.55

11.30

94.6a

(E)-3

NHCH2CH2Ph

DMSO-d6

5.15

11.49

(Z)-3

NHCH2CH2Ph

CDCl3

5.54

9.44

(E)-3

NHCH2CH2Ph

CDCl3

4.90

11.43

(Z)-4

OEt

CDCl3

5.59

9.35b

> 99
43/57a
10/90a

22/78a
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with time, which converged after 15 h to the ratio of 13/87. The 1H-NMR chemical shifts
for the lactam proton at 12.06 ppm and 8.88 ppm assigned to (E)-1 and (Z)-1 isomer respectively, provide evidence of hydrogen bonding. In the case of the (E)-1 isomer prevailing contribution of the neutral structure, depicted as IV, to the ground state should be expected in apolar CDCl3.10
Structure of that type is stabilized by intramolecular H-bonding.13 Extensive n, 
delocalization in the starting (Z)-1 isomer can be described in terms of the neutral structure
I and charge-separated dipolar resonance forms II and III. Polar solvents (EtOH, DMSO,
acetone) enhance sulfur or nitrogen participation in the ground-state polarization, making
the forms II and III particularly dominant. In fact, they increase the stability of the
Z-configurated structure 1 via intermolecular H-bonding and strong electrostatic interactions, respectively.14,15 Consistent with this, the stereospecific formation of the thiazolidinone derivative (Z)-1 in ethanol is understandable and also the fact that the 1H-NMR
spectrum of (Z)-1 in DMSO-d6 does not change with time. However, strong intermolecular
H-bonding, present in the original (Z)-isomer in solid state and polar solvents is suppressed
in nonpolar solvent, inducing the isomerization around the double bond and formation of
the intramolecularly H-bonded E-isomer. The Z/E mixture becomes progressively enriched in more stable E-isomer (Table II) during the course of relatively slow isomerization
process ( 15 h). Accordingly, two sets of signals observed in the 1H-NMR spectrum in
CDCl3 are compatible with the presence of both configurational isomers.
TABLE II. 1H-NMR chemical shifts (ppm) of the NH proton in the (Z)-1 isomer in CDCl3 in function of concentrationa
(E)-1 (%)

(Z)-1 (%)

NHo

Spectrum 0

4.49

95.51

8.880

10.63

Spectrum 1

17.94

4.93

12.06

Spectrum 2

4.87

12.06

NHx

Chem. shift diff. ( = NHo - NHx)

82.06

8.802

0.0783

29.88

70.12

8.729

0.1514

Spectrum 3

38.27

61.73

8.671

0.2088

a Determined for the equilibrated Z/E mixture.

Spectrum 4

44.12

55.88

8.619

0.2610

b A decrease of the extent of intermolecular hydrogen bonding in (Z)-4, which depends on concentration de-

Spectrum 5

49.39

50.61

8.577

0.3028

crease, moves this proton upfield.

Spectrum 6

55.03

44.97

8.535

0.3445

This is consistent with the dynamic behavior of the model substrate 1, i.e., the presence of both isomers.2,6 Furthermore, that reflects the progressive decrease of the Z/E ratio

Spectrum 7

59.64

40.36

8.504

0.3758

Spectrum 8

64.96

35.04

8.473

0.4072

(Z)-4

OEt

CDCl3

5.59

8.70b

(Z)-4

OEt

CDCl3

5.59

8.28b

(E)-4

OEt

CDCl3

5.12

(Z)-5

DMSO-d6

(E)-5

DMSO-d6
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TABLE II. Continued

Spectrum 9
Spectrum 10
Spectrum 11
Spectrum 12
Spectrum 13
Spectrum 14
Spectrum 15

(E)-1 (%)

(Z)-1 (%)

69.26
73.66
77.66
81.75
83.50
86.42
87.10

30.74
26.34
22.34
18.25
16.50
13.58
12.90

NHo

NHx

Chem. shift diff. ( = NHo - NHx)

8.447
8.421
8.400
8.379
8.379
8.337
8.327

0.4333
0.4594
0.4802
0.5011
0.5220
0.5429
0.5533

aNH value spectrum 0 (recorded immediately upon dissolution);
o

NHx values from spectra 1 to 15 recorded in 1 h intervals (Fig. 1).

At this point attention should be drawn to the experimental fact that the addition of
trifluoroacetic acid to a chloroform solution of the structurally similar (Z)-4 isomer initiates
an immediate Z/E isomerization, giving rise to a mixture in a 29/71 ratio of the Z- and
E-isomers. As the ratio remains pretty much the same after 75 min, it is likely that the isomer equilibration under these conditions is instantaneous, or in other words equally fast as
the isomerization itself. That is the reason why CDCl3, used for the 1H-NMR spectroscopy, was passed through the neutral alumina to neutralize eventually the traces of DCl.
Obviously, the key factor which determines the Z/E ratio in CDCl3 is the strength of
the hydrogen-bonding interactions. The high chemical shift of the lactam NH proton in the
(E)-1 isomer ( 12.06), involved in the intramolecular NH. - -O=C bond formation, indicates strong deshielding effect of C=O group. The unchanged position of this signal and its
growth, being quantitatively proportional to the simultaneous concentration increase of the
(E)-isomer are in agreement with the internal hydrogen bonding.16 Following this reasoning, the intramolecular hydrogen bonding in the major (E)-1 isomer is stronger than the
intermolecular hydrogen bonding in the (Z)-1, as evidenced by the appearance of the
lactam NH proton at higher field ( 8.88).
Contrary to the strong ionic-type intermolecular hydrogen bonds formed between the
solvents such as DMSO or ethanol and (Z)-1 isomer (dominant structures II and III), the
solute-solvent electrostatic interactions are negligible in CDCl3.4,14 That reflects the difference in the NH chemical shift of the (Z)-1 isomer in DMSO ( 11.93) relative to CDCl3 (
8.88). As a result, apolar solvents will weaken the intermolecular hydrogen bond as it is
formed by neutral donor and acceptor groups, i.e., N–H and O=C. The data in Table II
(taken from Fig. 1) indicate a progressive upfield direction of chemical shift of the NH proton with decreasing concentration of the (Z)-1 isomer. This is attributed to the decrease in
degree of intermolecular hydrogen bonding with decreasing concentration. Accordingly,
the 1H-NMR chemical shift values show that the decrease in the formation of intermolecular hydrogen bonds, accompanying a decrease in concentration of the (Z)-1 isomer, results in a shielding of the hydrogen-bonded NH proton. Finally, as depicted in Fig. 2, there
is a good linear relationship between the chemical shifts of the lactam hydrogen in (Z)-1
isomer and its concentration.
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Fig. 2. Plot of the NH chemical shift difference versus concentration of (Z)-1 at room temperature (data
taken from Table II).

Investigation of the temperature effect on rates of double bond isomerisation in
push-pull thiazolidinone derivatives 1–5 in order to derive thermodynamic parameters,
such as the entropy of activation S, the enthalpy of activation H and activation energy
of Z/E process, is in progress.
EXPERIMENTAL
General procedure for the preparation of push-pull 4-oxothiazolidine derivatives 1–52
To a stirred suspension of activated -oxonitrile (3 mmol), prepared by standard procedure, and diethyl
2-mercaptosuccinic acid ester ( 1 % molar excess) in 5–10 ml of absolute ethanol, a catalytic amount of
K2CO3 was added. The mixture was brought to reflux and reaction mixture was stirred for 3–7.5 h. The reaction mixture was cooled down to rt and separated solid was filtered, washed with ethanol and recrystallized
from 96 % ethanol to provide the final product in 42–70 % yield. The structural assignments of all isolated
products 1–5 were made on the basis of spectroscopic data (IR, 1H- and 13C-NMR, MS, UV) and elemental
analysis. Melting points were determined on a Micro-Heiztisch Boetius PHMK apparatus and Büchi apparatus and are uncorrected. The IR spectra were recorded on a Perkin-Elmer FT-IR spectrophotometer 1725X
and are reported as wave numbers (cm–1). Samples for IR spectral measurements were prepared as KBr disks.
The NMR spectra were obtained using a Varian Gemini 2000 instrument and Bruker AMX-300 (1H at 200
MHz and 300 MHz and 13C at 50.3 MHz). Chemical shifts are reported in parts per million (ppm) on the 
scale from TMS as an internal standard in the solvents specified. Low-resolution mass spectra were recorded
using a Finnigan MAT 8230 BE spectrometer. Isobutane was used as the ionizing gas for the chemical ionization (CI) mass spectra. The UV spectra were measured on a Beckman DU-50 spectrophotometer. Analytical
thin-layer chromatography (TLC) was carried out on Kieselgel G nach Stahl, and the spots were visualized by
iodine. Column chromatography was carried out on SiO2 (silica gel 60 A, 12-26, ICN biomedicals). Elemental analyses were performed at the microanalysis laboratory at the Department of Chemistry, University of
Belgrade.
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VODONI^NA VEZA U PUSH-PULL 5-SUPSTITUISANIM
2-ALKILIDEN-4-OKSOTIAZOLIDINIMA: 1H-NMR SPEKTROSKOPSKO
PROU^AVAWE
R. MARKOVI]a,b, A. SHIRAZIc, Z. YAMBASKIb, M. BARANACa,b i D. MINI]d
aHemijski fakultet, Univerzitet u Beogradu, Studentski trg 16, p. pr. 158, 11001 Beograd, E-mail: markovic@helix.chem.bg.ac.yu, bCentar za hemiju IHTM, p. pr. 815, 11000 Beograd, cHemijski odsek, Univerzitet u Kaliforniji,
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Conﬁgurational isomerization of push–pull
thiazolidinone derivatives controlled by intermolecular
and intramolecular RAHB: 1H NMR dynamic investigation
of concentration and temperature effects
Rade Marković,1,2* Ata Shirazi,3 Zdravko Džambaski,2 Marija Baranac1,2 and Dragica Minić4
1

Primenom dinami~ke 1H-NMR spektroskopije do{lo se do boqeg razumevawa o vrsti vodoni~nih veza koje postoje u strukturno sli~nim 5-supstituisanim 2-alkiliden-4-oksotiazolidinima u polarnim i apolarnim rastvara~ima. Uravnote`ene smese ovih tipi~nih push-pull
alkena u CDCl3 sadr`e (E)-izomer vezan intramolekulskom vodoni~nom vezom kao i intermolekulski vodoni~nom vezom vezan (Z)-izomer u razli~itim odnosima, koji zavise od polarnosti
rastvara~a. U slu~aju tipi~nog predstavnika serije, (Z)-2-(5-etoksikarbonilmetil-4-oksotiazolidin-2-iliden)-1-feniletanona, uticaj koncentracije na stepen stvarawa intermolekulske
vodoni~ne veze u apolarnom CDCl3 je tako|e prou~avan.
(Primqeno 7. marta, revidirano 24. septembra 2002)

REFERENCES
1. R. Markovi}, M. Baranac, J. Serb. Chem. Soc. 63 (1998) 165
2. R. Markovi}, M. Baranac, Heterocycles 48 (1998) 893
3. R. Markovi}, M. Baranac, Synlett (2000) 607
4. R. Markovi}, Z. D`ambaski, M. Baranac, Tetrahedron 57 (2001) 5833
5. S. Rajappa, Tetrahedron 55 (1999) 7065
6. S. P. Singh, S. S. Parmar, K. Raman, V. I. Stenberg, Chem. Rev. 81 (1981) 175
7. J. Sandström, J. Top. Stereochem. 14 (1983) 83
8. J-M. Lehn, Angew. Chem. Int. Ed. Engl. 29 (1990) 1304 and references therein
9. Manuscript in preparation
10. O. Ceder, U. Stenhede, K.-I. Dahlquist, J. M. Waisvisz, M. G. van der Hoeven, Acta Chem. Scand. 27
(1973) 1914
11. L. Forlani, E. Mezzina, C. Boga, M. Forconi, Eur. J. Org. Chem. (2001) 2779
12. E. Kleinpeter, A. Koch, M. Heydenreich, S. K. Chatterjee, W.-D. Rudorf, J. Mol. Sruct. 356 (1995) 25
13. A. Gómez-Sánchez, R. Paredes-León, J. Cámpora, Magn. Reson. Chem. 36 (1998) 154
14. J.-C. Zhuo, Magn. Reson. Chem. 35 (1997) 311
15. J. L. Chiara, A. Gómez-Sánchez, J. Bellanato, J. Chem. Soc. Perkin Trans. 2 (1998) 1797
16. E. Sánchez Marcos, J. J. Maraver, J. L. Chiara, A. Gómez-Sánchez, J. Chem. Soc. Perkin Trans. 2 (1998)
2059
17. E. M. Schulman, D. W. Dwyer, D. C. Doetschman, J. Phys. Chem. 94 (1990) 7308.

Faculty of Chemistry, University of Belgrade, Studentski trg 16, 11001 Belgrade, Yugoslavia
Center for Chemistry ICTM, 11000 Belgrade, Yugoslavia
3
Department of Chemistry and Biochemistry, University of California, Santa Barbara, Santa Barbara, California 93106, USA
4
Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12–16, 11001 Belgrade, Yugoslavia
2

Received 10 December 2002; revised 4 July 2003; accepted 18 July 2003

epoc

ABSTRACT: 1H NMR spectroscopy was used to investigate hydrogen bonding in the structurally related (Z)- and (E)5-substituted-2-alkylidene-4-oxothiazolidines in polar and apolar solvents. The equilibrated mixtures of these typical
push–pull alkenes consist of the intramolecularly H-bonded E-isomer and intermolecularly H-bonded Z-isomer in
varying proportions which depend on the solvent polarity. For a representative of the series, (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-1-phenylethanone (1), the lack of a concentration and temperature dependence of the large chemical NH shift ( 12.06 ppm) in CDCl3 indicates strong intramolecular resonance-assisted
hydrogen-bond formation (RAHB). The upﬁeld chemical shifts of the NH proton of the (Z)-1 isomer as a function
of temperature increase and the large 1H NMR /T value (11.82 ppb � C1, Z/E ¼ 60 : 40, or 10.33 ppb � C1,
Z/E ¼ 20 : 80) in CDCl3 are explained in terms of a decrease in intermolecular H-bonding resulting in a greater
amount of free or unassociated Z-isomer. Copyright # 2004 John Wiley & Sons, Ltd.
Additional material for this paper is available in Wiley Interscience
KEYWORDS: push–pull alkenes; Z/E isomerization; hydrogen bonding; temperature effect; 1H NMR spectroscopy

INTRODUCTION

process in apolar CDCl3, to discriminate and determine
the degree of intra- and intermolecular hydrogen bonding
interactions.

There is ample evidence in the literature regarding the
ability of hydrogen bonding to inﬂuence structure or
intermolecular association of organic compounds in the
solid state and in solution.1–7 Stereodeﬁned (Z)-5-substituted thiazolidinones 1–4 (Scheme 1) and new derivatives thereof,8–10 which have attracted our attention
owing to their possible biological activity11,12 and utility
as organic intermediates, represent an excellent model to
study speciﬁc hydrogen bonding interactions in solution.
One of the most often employed methods to investigate
this type of weak non-covalent interaction, present not
only in small molecules but also in nucleic acids, peptides
and proteins as well, is NMR spectroscopy.1,13–18
We report here the ﬁrst 1H NMR dynamic study of the
concentration and temperature dependence of the lactam
proton chemical shift for a representative of the series, (Z)(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-1phenylethanone (1),8 undergoing the well-deﬁned Z/E

EXPERIMENTAL
The NMR spectra for characterization were obtained
using a Varian Gemini 2000 instrument (1H at
200 MHz, 13C at 50.3 MHz). Chemical shifts are reported
in parts per million (ppm) on the  scale from TMS as an
internal standard in the solvents speciﬁed. Variable-temperature 1H NMR measurements in the temperature range
273–333 K were carried out on a Bruker AC-300 spectrometer using CDCl3 as a solvent, which was dried over
activated molecular sieves (4 Å) for 1 day. The concentrations of CDCl3 solutions were 0.011 or 0.016 M unless
indicated otherwise. The variable temperature was computer controlled employing a BVT 2000 unit. The internal temperature was calibrated with methanol and
ethylene glycol using the Bruker Batman program. Caution was taken to increase the temperature slowly, especially when approaching 333 K, to avoid solvent
evaporation. The sample was equilibrated at the given

*Correspondence to: R. Marković, Faculty of Chemistry, University of
Belgrade, Studentski trg 16, 11001 Belgrade, Yugoslavia.
E-mail: markovic@helix.chem.bg.ac.yu
Contract/grant sponsor: Ministry of Science, Republic of Serbia.
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Table 1. Synthesis of (Z)-5-substituted-4-oxothiazolidines
1–4

temperature and a 128-scan spectrum was recorded with
0.5 Hz per point digital resolution. All chemical shifts
were referenced to the signal for residual CHCl3. A onedimensional NOE experiment was run on a Varian Inova
500 MHz spectrometer. Typical parameters were acquisition time 1.892 s, spectral width 7997.6 Hz with 256
repetitions and 32 K data points. Melting-points were
determined on a Micro-Heiztisch Boetius PHMK apparatus and Büchi apparatus and are uncorrected. The IR
spectra were recorded on a Perkin-Elmer FT-IR 1725X
spectrophotometer and are reported as wavenumbers
(cm1). Samples for IR spectral measurements were
prepared as KBr disks. Low-resolution mass spectra
were recorded using a Finnigan MAT 8230 BE spectrometer. Isobutane was used as the ionizing gas for the
chemical ionization (CI) mass spectra. The UV spectra
were measured on a Beckman DU-50 spectrophotometer.
Analytical thin-layer chromatography (TLC) was carried
out on Kieselgel G nach Stahl, and the spots were
visualized with iodine. Column chromatography was
carried out on SiO2 (silica gel 60 Å, 12–26 mm, ICN
Biomedicals). Elemental analyses were performed at
the microanalysis laboratory at the Department of Chemistry, University of Belgrade.
Push–pull (Z)-5-substituted-4-oxothiazolidines 1–4
listed in Table 1 were obtained according to the following
general procedure reported previously.8 To a stirred
suspension of the corresponding -oxonitrile19 (3 mmol)
(Scheme 1) and diethyl mercaptosuccinate (�1% molar
excess) in 5–10 ml of ethanol, a catalytic amount of
K2CO3 was added. CAUTION: All reactions involving
diethyl mercaptosuccinate, owing to the unpleasant odor,
should be carried out in a well-ventilated hood. The
mixture was brought to reﬂux and the reaction mixture

Entry
1
2
3
4

Product

R

M.p. ( � C)

Yield (%)a

(Z)-1
(Z)-2
(Z)-3
(Z)-4

Ph
NHPh
NHCH2CH2Ph
OEt

126–127
183–185
152–153
106–108

52
24
29
54

a
Yields of isolated pure compounds obtained by crystallization; the use of a
large molar excess of diethyl mercaptosuccinate relative to the -oxonitrile
derivative (molar ratio -oxonitrile : mercapto derivative ¼ 1.73 : 1.00)
greatly improved the yields of cyclization products to 60–85%.

was stirred for 3–7.5 h. The reaction mixture was cooled
to room temperature and the separated solid was ﬁltered,
washed with ethanol and recrystallized from 96% ethanol
to provide the ﬁnal product (Z)-1–4 (Table 1). The
structural assignments of all isolated products were
made on the basis of spectroscopic data (IR, 1H and
13
C NMR, MS, UV) and elemental analysis.8
For conﬁgurational isomers of the sample 1 used in the
variable-temperature (VT) 1H NMR experiment, the
following 1H NMR data are pertinent.
(Z)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)1-phenylethanone [(Z)-1]. 1H NMR (CDCl3):  1.26 (t,
3H, CH3, J 7.2 Hz), 3.00 (dd, 1H, CHAHBCHXS, JAB
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17.5 Hz, JAX 8.2 Hz), 3.15 (dd, 1H, CHAHBCHXS, JAB
17.5 Hz, JBX 4.3 Hz), 4.19 (q, 2H, CH2O, J 7.2 Hz),
4.22 (dd, 1H, CHXS, JAX 8.2 Hz, JBX 4.3 Hz), 6.85 (s,
1H, —
—CH), 7.39–7.53 (m, 3H, m- and p-Ph), 7.88–7.93
(m, 2H, o-Ph), 8.88 (s, 1H, NH). 13C NMR (DMSO-d6): 
14.5 (CH3), 36.4 (CH2COO), 42.5 (CHS), 61.2 (CH2O),
94.9 ( —
—CH), 127.5 (o-Ph), 129.3 (m-Ph), 132.6 (p-Ph),
138.7 (C-1 Ph), 161.6 [ —
—C(2)], 170.7 (C4), 176.3
(COester), 187.7 (COexo).
(E)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)1-phenylethanone [(E)-1]. 1H NMR (CDCl3):  1.29 (t,
3H, CH3, J 7.2 Hz), 2.91 (dd, 1H, CHAHBCHXS, JAB

Figure 1. 1H NMR spectra of Z/E mixture of derivative 1,
recorded in CDCl3 at room temperature, at regular 1 h
intervals

17.6 Hz, JAX 10.1 Hz), 3.28 (dd, 1H, CHAHBCHXS, JAB
17.6 Hz, JBX 3.7 Hz), 4.22 (q, 2H, CH2O, J 7.2 Hz), 4.29
(dd, 1H, CHXS, JAX 10.1 Hz, JBX 3.7 Hz), 6.32 (s, 1H, —
—
CH), 7.41–7.59 (m, 3H, m- and p-Ph), 7.88–7.93 (m, 2H,
o-Ph), 12.06 (s, 1H, NH). 13C NMR (CDCl3):  14.0
(CH3), 37.5 (CH2COO), 42.3 (CHS), 61.7 (CH2O), 94.5
(—
—CH), 127.8 (o-Ph), 128.6 (m-Ph), 132.6 (p-Ph), 138.0
(C-1 Ph), 158.4 [ —
—C(2)], 170.1 (C4), 174.6 (COester),
188.29 (COexo).
An analytical sample was obtained by column chromatographic puriﬁcation of the crude (Z)-1 on silica gel,
eluting with a gradient of toluene–ethyl acetate (100 : 0 to
50 : 50, v/v), followed by concentration of the fractions
containing the desired compound 1. Anal. Calcd for
C15H15NO4S: C, 59.00; H, 4.95; N, 4.59; S, 10.50.
Found: C, 58.76; H, 5.02; N, 4.68; S, 10.54%.

upon its dissolution in CDCl3 (designated as zero time in
Fig. 1) contains, as expected, a nearly perfect set of
signals belonging to the single isomer.
The oleﬁnic proton of the (Z)-1 isomer resonates at
considerably higher frequency owing to the deshielding
effect of the syn-lactam nitrogen, relative to the Eanalogue having this proton in a syn position to the less
electronegative sulfur atom. Proper conﬁgurational assignment, based on the consideration of this effect,
magnetic anisotropy and mesomeric effects, was possible, not only for the whole series 1–4, but also for
numerous derivatives thereof.9,10 One-dimensional nuclear Overhauser effect (NOE) experiments showed that
the irradiation of the singlet at  6.85 ppm of the (Z)-1
isomer gave an enhancement of 4.4% to the aromatic
region and an enhancement of 1.7% to the lactam proton
singlet at  8.88 ppm. This is in agreement with the Zconﬁguration as the correct assignment. Subsequently,
the NOE experiment was conducted on a solution of the
Z/E mixture, containing about 85% of the (E)-1 isomer
after 24 h. Irradiation of the vinyl singlet at  6.32 ppm
showed an NOE on the aromatic region, but not on the
singlet at  12.06 ppm assigned to the lactam proton of
the (E)-1 isomer. The conﬁgurational isomerization of
1 is an intrinsic structural property, based on electronic
n– interactions of the two electron-donor substituents
(—NH—,—S—) and one electron-acceptor, i.e. the
COPh substituent, via the C —
—C bond, as found for other
push-pull alkenes.20–27 The key factor controlling the Z/E
ratio is the strength of inter- and intramolecular hydrogen
bonds which depends on, among other factors, the polarity of the medium28,29 (Table 2).

RESULTS AND DISCUSSION
Starting with the pure (Z)-1 isomer (0.011 M), the Z/E
process in CDCl3, at 0.011 M concentration, was monitored at 25  C during a 15 h period at regular time
intervals (1 h) by 1H NMR spectroscopy (Fig. 1).
The progressive decrease in the Z/E ratio with time,
which reached 13 : 87 after 15 h, was based on the
observation of the signals assigned to the (Z)- and (E)-1
lactam protons which initially appear at  8.88 and
12.06 ppm, respectively. The isomerization of (Z)-1 to
its counterpart was also followed by the gradual disappearance of the vinylic proton at  6.85 ppm and the
simultaneous growth of the signal at  6.32 ppm. The 1H
NMR spectrum of (Z)-1 recorded almost immediately

Scheme 1
J. Phys. Org. Chem. 2004; 17: 118–123
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Table 2. Effects of medium polarity and solute concentration on selected H NMR chemical shifts of configurational isomers
1–4
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13

Compound
(Z)-1
(Z)-1
(Z)-1
(Z)-1
(Z)-2
(Z)-3
(E)-3
(Z)-3
(E)-3
(Z)-4
(Z)-4
(Z)-4
(E)-4

—
—CH

Solvent
CDCl3 (0.011 M)
CDCl3 (0.050 M)
CDCl3 (0.050 M)
DMSO-d6 (0.011 M)
DMSO-d6
DMSO-d6
DMSO-d6
CDCl3
CDCl3
CDCl3 (0.050 M)
CDCl3 (0.050 M)
CDCl3 (0.050 M)
CDCl3

NH(ring)
a

6.85
6.85
6.85
6.78
5.79
5.55
5.15
5.54
4.90
5.59
5.59
5.59
5.12

8.88
9.88a
8.96a
11.93
11.57
11.30
11.49
9.44
11.43
9.35a
8.70a
8.28a
10.63

It is noteworthy that higher values of the NH chemical
shifts were obtained for the Z/E process of 0.016 M (Z)-1
conducted at 45 � C as indicated by the points off the lines
over the whole Z/E range. The downﬁeld shift of the NH
proton from 0.10 ppm (Z/E ratio 60 : 40) to 0.06 ppm (Z/E
ratio 30 : 70) at 45 � C as a result of a concentration
increase from 0.011 to 0.016 M evidently implies the
enhancement of intermolecular interactions. The magnitude of these interactions is reﬂected by the value of the
downﬁeld shift that is proportional to the population of
the Z-isomer in a Z/E mixture. This is reasonable since
both the (Z)-1 isomer of higher initial concentration and
Z/E mixtures enriched in this isomer will increase its
tendency to form intermolecular self-association (see also
Table 2, entries 1–3 and 10–12).
In summary, this VT 1H NMR dynamic spectroscopic
study provides clear evidence of an intrinsic interplay
between the structural properties of the (Z)- and (E)-1
thiazolidinone isomers and concentration and temperature effects on the lactam proton chemical shift. In
principle, the competition between (a) the strong intramolecular H-bonds within the (E)-1 isomer formed in the
apolar CDCl3 solvent and (b) intermolecular hydrogen
bonds in the (Z)-1 isomer is reﬂected by the unchanged
downﬁeld chemical shift of the NH proton and its consistent upﬁeld trend, respectively. The large NH values of
(E)-1–4 in a non-polar solvent, which depend on the
strength of the hydrogen bond, indicate that the intramolecular RAHB contribute to the stabilization of the Eform. The larger temperature dependence of the NH
chemical shift variation for the (Z)-1 isomer, expressed
as NH/T, is in agreement with the formation of a
greater amount of an unassociated (Z)-1 species for which
the lactam proton is shielded in CDCl3. We hope that the
push–pull thiazolidinone derivatives 1–4, bearing structural and functional similarities to peptides, may serve as
a good system to study and mimic weak non-covalent
interactions.

Z/E ratio
96 : 4 (after a few minutes)
97 : 3 (after a few minutes)
11 : 89 (after 10 days)
100 : 0
100 : 0
94 : 6b
22 : 78b
96 : 4 (after a few minutes)
43 : 57 (after 2 days)
10 : 90b(after 6 days)

a

An enhancement of intermolecular hydrogen bonding in the (Z)-1 and (Z)-4 isomers, which depends on their initial concentration (entries 1 and 2), or in the
Z/E mixture (greater Z/E ratio; entries 10–12) moves the lactam proton downﬁeld.
Determined for equilibrated Z/E mixture.

Figure 2. Lactam proton NMR chemical shifts for the (Z)-1
isomer against temperature. *Initial concentration of (Z)-1 in
CDCl3: 0.011 M, except at 45 � C when it was 0.016 M

b

Thus, the data in Table 3 show a gradual upﬁeld shift of
the NH chemical shift of (Z)-1, from  8.88 (Z/E ratio
96 : 4) to 8.32 ppm (Z/E ratio 13 : 87) with decreasing
concentration of (Z)-1 (see also Table 2, footnote a). This
case is typical for intermolecular H-bonds. Accordingly,
the shielding of the NH proton accompanying the concentration decrease of the (Z)-1 isomer reﬂects the
decrease in the population of the form with intermolecular H-bonds.13–15, 32–34
In contrast to the strong ionic-type intermolecular
hydrogen bond interactions between the solvent, such
as DMSO or ethanol, and (Z)-1, the solute–solvent interactions are negligible in CDCl3 (see below). Thus, the

Polar solvents (EtOH, DMSO, acetone) enhance sulfur
or nitrogen participation in the ground-state polarization,
favoring the resonance forms A and B (Scheme 1). In
fact, A and B increase the stability of the Z-isomers via
intermolecular H-bonding. The conﬁgurational stability
of Z-isomers 1–4 should be also attributed to the strong
electrostatic oxygen–sulfur interactions (structure A).10
Ángyán and co-workers30 have reported that in a large
number of sulfur-containing heterocycles, the interactions of non-bonded S and O may inﬂuence the physicochemical properties and chemical reactivity of these
compounds. Consistent with this, the stereospeciﬁc formation of the (Z)-thiazolidinone derivatives 1–4 in ethanol is understandable. In line with the postulated solvent
stabilization is also the fact that the 1H NMR spectrum of
the Z-isomers in DMSO-d6 does not change with time
(Table 2, entries 4 and 5). In the case of the E-isomers, the
dominant thermodynamic species in a non-polar solvent,
e.g. in CDCl3, is the neutral, intramolecularly H-bonded
structure. In other words, the intermolecular H-bonding,
present in the original Z-isomer, is suppressed in a nonpolar solvent, inducing the rearrangement around the
double bond. As depicted in Scheme 1, a fast exchange
process (Z-associated Ð Z-free) precedes the rearrangement around the double bond. Worth noting is the
experimental fact that the equilibrated mixtures of thiazolidinone derivatives 1–4 in non-polar solvents (CHCl3
or toluene), enriched in the E-isomer, revert in the solid
state, upon solvent evaporation, almost completely to the
conﬁgurationally more stable Z-isomer. The high chemical shift of the NH proton for (E)-1 ( 12.06 ppm), the
unchanged frequency and the intensity enhancement of
its signal, being proportional to the simultaneous concentration increase of the E-isomer, are typical of strong
intramolecular resonance-assisted   HN—C —
—C—C —
—
O   hydrogen bonding (RAHB).1,31 Conversely, the
effects of a change in concentration of (Z)-1 on the
chemical shift of the NH chemical shift were apparent.

Table 3. 1H NMR chemical shifts (ppm) of the NH proton of
(Z)-1 in CDCl3 as a function of concentration at room
temperaturea
Time (h)
0b
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

(Z)-1 (%)

NHx

96
82
70
62
56
51
45
40
35
31
26
22
18
17
14
13

8.88
8.80
8.73
8.67
8.62
8.58
8.54
8.50
8.47
8.45
8.42
8.40
8.38
8.38
8.34
8.33

Chemical shift difference
( ¼ NH0 � NHx)
—
0.08
0.15
0.21
0.26
0.30
0.34
0.38
0.41
0.43
0.46
0.48
0.50
0.50
0.54
0.55

a

NH0 value from spectrum 0 at 298 K (recorded immediately upon sample
dissolution); selected NHx values from spectra 1–15 (Fig. 1).
b
Low abundance of the (E)-1 isomer (<5%) at time 0 indicates that the Z/E
isomerization of the Z-isomer in CDCl3 begins in time enough to prepare
sample and record the spectrum.

J. Phys. Org. Chem. 2004; 17: 118–123
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NH resonance of (Z)-1 is shifted downﬁeld by 3.05 ppm
in DMSO ( 11.93 ppm; Table 2, entry 4) relative to 
8.88 ppm in CDCl3 (entry 1). The chelate-type H-bonding
of major (E)-1 isomer is stronger in CDCl3 than intermolecular hydrogen bonding in (Z)-1. Following this
reasoning, an apolar solvent would weaken the intermolecular H-bonds to the beneﬁt of the formation of intramolecular bonds. Short and obviously strong
intramolecular RAHB are formed as the conﬁguration
of the molecule brings the neutral donor and acceptor
groups involved, i.e. N—H and O —
—C, into close contact.
The signals corresponding to the lactam proton in the
(Z)-1 and (E)-1 isomers were used to follow the stereodynamic of push–pull derivative 1. The temperature
dependence of the NH chemical shifts based on the VT
1
H NMR technique1,4,8 permits further discrimination to
be made between the inter- and intramolecular hydrogen
bonding in model substrate 1 (Fig. 2). A lack of temperature dependence of the NH chemical shift (
12.06 ppm), assigned to intramolecularly H-bonded isomer (E)-1 experiencing the same electronic environment,
was expected. In the case of the (Z)-1 isomer, NH
chemical shifts in CDCl3 were plotted against temperature over a range of Z/E ratios of 60 : 40 to 20 : 80. Large
temperature coefﬁcients were observed (NH/
T ¼ �11.8 ppb � C�1, Z/E ¼ 60 : 40, or �10.3 ppb � C�1,
Z/E ¼ 20 : 80) in agreement with a solvent-free or unassociated Z-isomer. The consistent upﬁeld shift of the
lactam proton as a function of temperature increase
appears to be due to the disruption of the intermolecular
hydrogen bonds, leading to a shielding of the lactam
proton. We assume that the large value of the /T
coefﬁcients reﬂects the decrease in the solute–solute
interaction in CDCl3, rather than relatively weak solute–CDCl3 interactions. This is consistent with the
conclusion of Stevens et al.13 that the NH group of linear
peptides exposed to CDCl3 has a low value of /T ,
implying weak hydrogen bonds in CDCl3.
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Abstract
The rotational barriers between the conﬁgurational isomers of two structurally related push–pull 4-oxothiazolidines, diﬀering in the
number of exocyclic C@C bonds, have been determined by dynamic 1H NMR spectroscopy. The equilibrium mixture of (5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)-1-phenylethanone (1a) in CDCl3 at room temperature to 333 K consists of the E- and
Z-isomers which are separated by an energy barrier DG# 98.5 kJ/mol (at 298 K). The variable-temperature 1H NMR data for the
isomerization of ethyl (5-ethoxycarbonylmethylidene-4-oxothiazolidin-2-ylidene)ethanoate (2b) in DMSO-d6, possessing the two
exocyclic C@C bonds at the C(2)- and C(5)-positions, indicate that the rotational barrier DG# separating the (2E,5Z)-2b and
(2Z,5Z)-2b isomers is 100.2 kJ/mol (at 298 K). In a polar solvent-dependent equilibrium the major (2Z,5Z)-form (>90%) is stabilized
by the intermolecular resonance-assisted hydrogen bonding and strong 1,5-type S Æ Æ Æ O interactions within the SAC@CAC@O entity.
The 13C NMR DdC(2)C(2 0 ) values, ranging from 58 to 69 ppm in 1a–d and 49-58 ppm in 2a–d, correlate with the degree of the push-pull
character of the exocyclic C(2)@C(2 0 ) bond, which increases with the electron withdrawing ability of the substituents at the vinylic
C(2 0 ) position in the following order: COPh � COEt > CONHPh > CONHCH2CH2Ph. The decrease of the DdC(2)C(2 0 ) values in
2a–d has been discussed for the ﬁrst time in terms of an estimation of the electron donor capacity of the ASA fragment on the
polarization of the C@C bonds.
 2006 Elsevier B.V. All rights reserved.
Keywords: 4-Oxothiazolidines; Z/E-isomerization; Rotational barrier; 1H NMR spectroscopy

1. Introduction
Since the concept of push–pull alkenes was reviewed by
Sandström [1], the physicochemical properties and chemical reactivity of numerous functionalized compounds of
that type have been extensively studied [2–7]. 5-Substituted 4-oxothiazolidines 1 and 2 with one and two exocyclic
double bonds attached to thiazolidine ring, respectively,
*
Corresponding author. Tel.: +381 11 3282 111x741; fax: +381 11 636
061.
E-mail address: markovic@helix.chem.bg.ac.yu (R. Marković).

exemplify typical push-pull compounds which can exist
in diﬀerent conﬁgurational and conformational forms.
Stereodeﬁned 4-oxothiazolidines 1 and 4, synthesized
according to procedures reported by us [8,9], attracted
our attention due to their potential biological activity
[10,11]. In addition, they exhibit interesting chemical
properties related, for example, to regiospeciﬁc bromination-rearrangement process of selected 4-oxothiazolidines
1 [12] and pyridine-assisted bromine transfer from the
C@C bond to the C(5) position, followed by the formation of the pyridinium salts via nucleophilic substitution
[13].

doi:10.1016/j.molstruc.2006.03.075
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They also represent an excellent model for investigation
of the eﬀects of weak noncovalent interactions on structure–reactivity relationship in solution and in the solid
state [14–20]. The equilibrated mixtures of structurally
related 4-oxothiazolidines 1a–d consist of the intramolecularly H-bonded (E)-isomer and intermolecularly H-bonded
(Z)-isomer in varying proportions which depend on the solvent polarity [21,22]. The upﬁeld chemical shift of the NH
proton of the (Z)-1a isomer, observed during the Z/E process in CDCl3 as a function of temperature increase, is
explained in terms of a decrease of intermolecular H-bonding, resulting in a greater amount of a free or unassociated
Z-isomer [23,24]. During the course of the Z/E isomerization of (Z)-1a in nonpolar CDCl3 an equilibrated mixture
is formed, enriched in the E-isomer (Z/E ratio  10/90 at
room temperature). Additionally, temperature-dependent
chemical shift diﬀerences expressed as Dd/DT coeﬃcients
serve as a parameter for distinction between the intermolecularly hydrogen-bonded (Z)-1a isomer and free NH groups
in derivative 1a. In principle, the variable-temperature
NMR data of that type provide information regarding the
hydrogen bonding patterns (inter- vs intra-) in our model
system and also in related amides and peptides [23–26]. In
light of these results, we wish to report here (i) detailed
NMR spectroscopic investigation of the stereodynamic
behavior of 4-oxothiazolidines 1 and 2 associated with the
kinetics of the conﬁgurational isomerization of the stereodeﬁned (Z)-1a in CDCl3 and (2E,5Z)-2b in DMSO-d6 and (ii)
determination of the energy barriers separating the conﬁgurational isomers of substrates 1a and 2b. In order to obtain
additional structural information regarding the push-pull
nature of the 4-oxothiazolidine derivatives, the IR data for
selected compounds 1–4 were also analyzed in terms of vibrational interactions between the electron-donor(s), electronacceptor and intervening exocyclic C@C bond.
2. Experimental
The NMR spectra for characterization were obtained
using a Varian Gemini 2000 instrument (1H at 200 MHz,
13
C at 50.3 MHz). Chemical shifts are reported in parts
per million (ppm) on the d scale from TMS as an internal
standard in the solvents speciﬁed. Variable-temperature
1
H NMR measurements in the temperature range 273–
343 K were carried out on a Bruker AC-300 spectrometer
using CDCl3 as a solvent which was dried over activated
molecular sieves (4 Å) for one day. In the case of deuterated

DMSO, the solvent was distilled from CaH2 prior to use.
The concentrations of CDCl3 solutions were 0.011 or
0.016 M in the case of (Z)-1a and 0.010 M for (2E,5Z)-2b
in DMSO, unless otherwise indicated. The variable temperature was computer controlled employing the BVT 2000
unit. The internal temperature was calibrated with methanol and ethylene glycol using the Bruker Batman program.
Caution was taken to increase the temperature slowly when
using CDCl3, especially at 333 K to avoid solvent evaporation. The sample was equilibrated at the given temperature
and a 128-scan spectrum was recorded with 0.5 Hz per
point digital resolution. All chemical shifts were referenced
to the solvent residual signal. Typical parameters were:
acquisition time 1.892 s, spectral width 7997.6 Hz with
256 repetitions and 32 k data points. Melting points were
determined on a Micro-Heiztisch Boetius PHMK apparatus and Büchi apparatus and are uncorrected. The IR spectra were recorded on a Perkin-Elmer FT-IR 1725·
spectrophotometer and are reported as wave numbers
(cm1). Samples for IR spectral measurements were prepared as KBr disks. Low-resolution mass spectra were
recorded using a Finnigan MAT 8230 BE spectrometer.
Isobutane was used as the ionizing gas for the chemical ionization (CI) mass spectra. The UV spectra were measured
on a Beckman DU-50 spectrophotometer. Analytical
thin-layer chromatography (TLC) was carried out on Kieselgel G nach Stahl, and the spots were visualized by
iodine. Column chromatography was carried out on SiO2
(silica gel 60 Å, 12–26, ICN Biomedicals). Elemental analyses were performed at the microanalysis laboratory at the
Faculty of Chemistry, University of Belgrade.
The structural assignments of all isolated products were
made on the basis of spectroscopic data (IR, 1H and 13C
NMR, MS, UV) and elemental analysis [8,9]. For the conﬁgurational isomers of derivatives 1a and 2b, used in the
variable-temperature (VT) 1H NMR experiments, the following 1H NMR data are pertinent to the discussion.
2.1. (Z)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2ylidene)-1-phenylethanone (1a)
1

based on a lowering of the rotational barrier of the C@C
bond at the C(2)-position as a consequence of the electronic n,p-interactions between the two electron-donors (-NH
and -S-) and one electron-acceptor (the COPh group for
1a and CO2Et for 2b) through the p-conjugated bond
(Scheme 1).
We have recently shown that the push-pull eﬀect, i.e., the
extent of the donor-acceptor interactions, has in combination with other electronic and steric eﬀects, decisive inﬂuence on the chemical properties and reactivity of these
heterocyclic compounds [12,20]. The ground-state structure
of push–pull thiazolidines can be represented as a combination of the neutral resonance forms 1a and 2b and chargeseparated dipolar resonance forms A–C. The push-pull
character of thiazolidines 1 and 2, explained in terms of
the resonance structures, reﬂects the extended delocalization in the molecule [15,27]. In this sense the 13C chemical
shift diﬀerence (DdC2, C2 0 ) between the two oleﬁnic carbons
provides an assessment of the degree of n,p-conjugation
encompassing the NAC@CAC@O and SAC@CAC@O
entities of derivatives 1a–d and 2a–d (Table 1) [29].
In all thiazolidines 1a–d and 2a–d the high ﬁeld 13C
chemical shifts (88.9–97.3 ppm) for the acceptor-substituted C(2 0 ) atoms, and low ﬁeld shifts (145.0–161.6 ppm) for
the donor-substituted C(2) atoms are typical [9]. The 13C
NMR DdC(2)C(2 0 ) values, ranging from 57.6 to 68.9 ppm
in 1a–d and 48.5 to 58.0 ppm in 2a–d, indicate that the
degree of the push-pull character of the exocyclic
C(2)@C(2 0 ) bond increases with the electron accepting
ability of the substituents at the vinylic C(2 0 ) position in
the following order: COPh � COEt > CONHPh >
CONHCH2CH2Ph. The larger numerical values of DdC2,C2 0
in 1a–d, relative to the corresponding DdC2,C2 0 values in
2a–d, correlate with a decrease of the charge polarization
of the C(2)@C(2 0 ) bond of the push–pull thiazolidines
2a–d [4,30]. A drop of the DdC2,C2 0 values in compounds
2 for � 5–10 ppm reﬂects the inﬂuence of the C(5)@C(5 0 )
bond in thiazolidines 2 on the lowering of the push-pull

2.2. (E)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2ylidene)-1-phenylethanone (1a)

CO2Et

5'

H NMR (CDCl3): d 1.26 (t, 3H, CH3, J = 7.2 Hz), 3.00
(dd, 1H, CHAHBCHXS, JAB = 17.5 Hz, JAX = 8.2 Hz),
3.15 (dd, 1H, CHAHBCHXS, JAB = 17.5 Hz, JBX = 4.3 Hz),
4.19 (q, 2H, CH2O,J = 7.2 Hz), 4.22 (dd, 1H, CHXS, JAX =
8.2 Hz, JBX = 4.3 Hz), 6.85 (s, 1H, = CH), 7.39–7.53 (m, 3H,
m- and p-Ph), 7.88–7.93 (m, 2H, o-Ph), 8.88 (s, 1H, NH).

1
H NMR (CDCl3): d 1.29 (t, 3H, CH3, J = 7.2 Hz), 2.91
(dd, 1H, CHAHBCHXS, JAB = 17.6 Hz, JAX = 10.1 Hz), 3.28
dd, 1H, CHAHBCHXS, JAB = 17.6 Hz, JBX = 3.7 Hz), 4.22
(q, 2H, CH2O, J = 7.2 Hz), 4.29 (dd, 1H, CHXS,
JAX = 10.1 Hz, JBX = 3.7 Hz), 6.32 (s, 1H, = CH), 7.41–7.59
(m, 3H, m- and p-Ph), 7.88–7.93 (m, 2H, o-Ph), 12.06 (s, 1H,
NH). Anal. Calcd for C15H15NO4S: C, 59.00; H, 4.95;
N, 4.59; S, 10.50. Found: C, 58.76; H, 5.02; N, 4.68; S, 10.54.

2.3. (2E,5Z)-Ethyl (5-ethoxycarbonylmethylidene-4oxothiazolidin-2-ylidene)ethanoate (2b)
1

H NMR (CDCl3): 1.30 (t, 3H, CH3, J = 7.1 Hz), 1.35 (t,
3H, CH3, J = 7.1 Hz), 4.22 (q, 2H, CH2O, J = 7.1 Hz), 4.31
(q, 2H, CH2O, J = 7.1 Hz), 5.35 [s, 1H, = CH (C2)], 6.88 [s,
1H, = CH (C5)], 10.82 (s, 1H, NH).
2.4. (2Z,5Z)-Ethyl (5-ethoxycarbonylmethylidene-4oxothiazolidin-2-ylidene)ethanoate (2b)
1

H NMR (CDCl3): 1.32 (t, 3H, CH3, J = 7.0 Hz), 1.35 (s,
3H, CH3, J = 7.0 Hz), 4.25 (q, 2H, CH2O, J = 7.0 Hz), 4.32
(q, 2H, CH2O, J = 7.0 Hz), 5.83 [s, 1H, = CH (C2)], 6.80 [s,
1H, = CH (C5)], 10.54 (s, 1H, NH). Anal. Calcd for
C11H13NO5S: C, 48.73; H, 4.79; N, 5.16. Found: C, 48.61;
H, 4.84; N, 5.27.
3. Results and discussion
3.1. Stereodynamic behavior of push-pull thiazolidine
derivatives 1a and 2b
The conﬁgurational isomerization of the stereodeﬁned
(Z)-1a in nonpolar CDCl3 and (2E,5Z)-2b in DMSO-d6 is
characteristic process for push-pull alkenes [1,27,28]. It is
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Table 1
13
C NMR Chemical shifts (r in ppm) of oleﬁnic carbon atoms in 1a–d and 2a–da
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
a
b

Compoundb
(Z)-1a
(E)-1a
(Z)-1b
(E)-1b
(Z)-1b
(Z)-1c
(Z)-1d
(E)-1d
(2E,5Z)-2a
(2Z,5Z)-2b
(2E,5Z)-2b
(2Z,5Z)-2c
(2E,5Z)-2c
(2Z,5Z)-2d
(2E,5Z)-2d

Solvent
DMSO-d6
CDCl3
CDCl3
CDCl3
DMSO-d6
DMSO-d6
DMSO-d6
CDCl3
CDCl3
CDCl3
CDCl3
DMSO-d6
DMSO-d6
DMSO-d6
DMSO-d6

C-2
161.6
158.4
154.8
154.4
157.8
153.5
150.8
150.8
153.5
150.7
150.6
148.0
148.0
145.8
145.0

C-2 0
94.9
94.5
91.6
89.0
88.9
93.3
93.2
91.1
97.0
95.3
92.6
97.3
96.7
97.2
96.5
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Table 2
Principal bands in the IR spectra of 2-alkylidene-4-oxothiazolidine derivatives 1–6 (KBr pellet)

DdC2,C2 0
66.7
63.9
63.2
65.4
68.9
60.2
57.6
59.7
56.5
55.4
58.0
50.7
51.3
48.6
48.5

C-5

C-5 0

DdC5,

C5 0

Entry

m(NAH)

m(C2@C2 0 )a

m(C@O)ring

m(C@O)exo

m(C@O)ester

Ph

3239

1515

1729

1618

1729

Ph

3165

1536

1689

1641

1689

Ph

–

1515

1706

1627

1731

Ph

3254

1522

1708

1627

–

OEt

3184

1604

1710

1690

1726

3256

1606

1696

1686

1696

3210

1504

1728

1618

–

3240

1568

1724

1665

–

Compound
CO 2Et
O

S

1

O

N
H

H

(Z)-1a
CO 2Et
S

2
139.5
142.5
140.2
145.2
145.3
145.8
145.0

117.3
116.7
116.2
113.6
114.0
113.0
113.7

22.2
25.8
24.0
31.6
31.3
32.8
31.3

Relative to the solvent residual signal.
See structures 1a–d and 2a–d for the numbering of carbon atoms.

O

N
H

O

H
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O

S

3

O

N
Me

H

(Z)-3a
Me
O

S
O

4

eﬀect of the C(2)@C(2 0 ) bond. The push-pull character of
the C(5)@C(5 0 ) bond, with just one donor and one acceptor, is signiﬁcantly reduced in comparison to the
C(2)@C(2 0 ) bond, as demonstrated by DdC5,C5 0 values,
ranging from 22.2 to 32.8 ppm (Table 1, entries 9–15). In
addition, the donor capacity of the ASA fragment in the
thiazolidine series 2 – in contrast to series 1 – is being
now dissipated between the two exocyclic C@C bonds.
Accordingly, the decrease of the DdC2,C2 0 values of �5–
10 ppm in derivatives 2 with respect to these of the counterparts 1 must be roughly equal to the half of the total donor
capacity of the sulfur atom. For example, the calculated
DdC2,C2 0 values in CDCl3 for the isomers (E)-1b and
(2E,5Z)-2b with identical acceptor, the CO2Et group,
attached to the C@C bonds at the C(2) and C(5) positions,
are 65.4 and 58.0 ppm, respectively (Table 1, entries 4 and
11). The two compounds show characteristic drop in
DdC2,C2 0 values of 7.4 ppm and for the (Z)-1b/(2Z,5Z)-2b
pair the diﬀerence in CDCl3 is 7.8 ppm (Table 1, entries 3
and 10). The data in Table 1 exemplify also larger DdC2,C2 0
values in polar DMSO, which amount to 9.5 ppm for the
derivative pair (Z)-1c/(2Z,5Z)-2c (see entries 6 and 12)
and 9 ppm for the pair (Z)-1d/(2Z,5Z)-2d (entries 7 and
14). These data indicate that the electron-releasing power
of the thioether moiety in the cyclic systems enhances the
p-electron polarization, expressed through the DdC,C
parameter, by approximately 15–19 ppm. The lower polarization of the (Z)-C(5)@C(5 0 ) bond in thiazolidines 2, combined with the unfavorable steric and dipole-dipole
interactions of the E-conﬁgurated C(5)-double bond, makes
the 5Z-conﬁguration ﬁxed and not prone to the Z/E isomerization [9]. Recently, the reliable method of quantiﬁcation
of the push–pull eﬀect in an extensive series of substituted
alkenes, based on the quotient of the occupation numbers
of p bonding and p* antibonding orbitals of the C@C bond,
instead of the DdC,C parameter, has been reported [31,32].
Valuable information regarding the presence of various
functionalities in 4-oxothiazolidine derivatives, and their

push–pull character based on interactions between the electron-donor(s), electron-acceptor and intervening exocyclic
C@C bond, were obtained by an analysis of the IR spectra
of 1–4 (Table 2) recorded in the solid state. As a comparison, the principal frequencies of the IR spectra of 5-unsubstituted 4-oxothiazolidines (Z)-5 and (Z)-6, previously
reported by Taylor [33], are given (entries 7 and 8). All
compounds 1–6 containing the ﬁve-membered lactam ring
as a common skeletal fragment show weak to moderate
NH band at 3165–3240 cm1 and C@O stretching absorption band in the region of 1729–1689 cm1. Thanks to its
relatively constant position, high intensity and relative freedom from interfering bands, COring band is one of the most
typical in the IR spectra of heterocycles 1–6. Within the
given range, the position of this band depends primarily
on conjugation eﬀect and nature of the neighboring lactam
substituent (hydrogen or methyl group). Thus, the CO
band of the parent compound (Z)-1a, which appears at
1729 cm1, is shifted in (2E,5Z)-2a to lower frequency
(1689 cm1) due to the conjugation of the ring carbonyl
with exocyclic C@C bond at the C-5 position (Table 2,
entries 1 and 2). As indicated in Table 2, strong COring
band of N-methyl-substituted 4-oxothiazolidine (Z)-3a at
1706 cm1 is 23 cm1 below that of the thiazolidine derivative (Z)-1a. The lower frequency of COring upon the
replacement of NH by NMe correlates nicely with inductive eﬀect of methyl group. It should be noted that the
COring frequency in (Z)-1b is lower than that of the
5-unsubstituted analogue (Z)-6 (Table 2, entries 5 and 8).
A decrease of the COring frequency for about 14 cm1
can be rationalized by hydrogen bonding eﬀect.
This is proved by the X-ray analysis of the (Z)-1b isomer, which shows that the molecular packing is controlled
by intermolecular hydrogen bonds between the NH group
and the C-4 carbonyl of an adjacent molecule [20]. The
existence of particularly favorable 1,5-type S� � �O interactions within the SAC@CAC@O subunit in (Z)-1b nicely
correlates with the shorthening of the nonbonded distance
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The enamine band arising from vibrational couplings of the C@C, CAN and NAH bonds.

S  O (2.873 Å) with respect to the sum of the van der
Waals radii (3.22 Å).
The strong-intensity band in the IR spectra of 1a, 1b and
3a (Table 2, entries 1, 5 and 3, respectively), with the maximum at 1729 cm1 for 1a, is assigned to the carbonyl fragment
of the ethoxycarbonylmethyl group at the C-5 position. The
lower frequency peak of this band in 2a, appearing at
1689 cm�1,indicates again the conjugation eﬀect due to the
presence of the exocyclic C@C group at the C-5 position.
The IR spectra of 4-oxothiazolidine derivatives 1–6 show
also a third medium strong peak within the 1618–
1690 cm�1 region, which is assigned to the exocyclic CO
group. It should be emphasized that the band overlapping
of the COring and COexo modes at 1729 and 1689 cm�1 is
observed in compounds (Z)-1a and (2Z, 5Z)-2a, respectively. The very strong and broad enamine band [3,33,34], resulting from an asymmetric combination of the exocyclic C@C
and CAN stretching motions, with a contribution of the
in-plane NAH bending mode in case of the (Z)-1a, (2Z,

5Z)-2a and (Z)-4a and (Z)-5 isomers, is centered at about
1515 cm�1 in the IR spectra of all 4-oxothiazolidines with
the COPh group at C-2 0 atom (Table 2, entries 1, 2, 4 and
7). In the case of compounds (Z)-1b, (2E,5Z)-2b and (Z)-6
(Table 2, entries 5, 6 and 8), containing the ethoxycarbonyl
group at the same position, this band is shifted to higher
frequency.
The stereodynamic behavior associated with the isomerization rate of (Z)-1a to (E)-1a at diﬀerent temperatures
in CDCl3 was followed by progressive disappearance of
the singlet at d 6.85 ppm assigned to the oleﬁnic proton
of (Z)-1a and simultaneous appearance of the signal
at d 6.32 ppm for the (E)-isomer (Table 3, entries 1
and 2).
In Fig. 1a typical resonances in the 6–9 ppm range in a
set consisting of 25 1H NMR spectra are shown [21], when
the Z/E process of 1a was monitored at 328 K at regular
time intervals (15 min). In Fig. 1b plots are shown,
correlating the decrease of the (Z)-1a isomer with the
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1
H NMR measurable time-dependent Z/E process conducted at diﬀerent temperatures.
Fig. 2 depicts series of partial 1H NMR spectra of isomers (2E,5Z)-2b and (2Z,5Z)-2b (only the resonances of
the oleﬁnic protons are shown; see Table 3, entries 3 and
4) recorded in DMSO-d6 during the 2E,5Z/2Z,5Z-isomerization process at 298 K (part A) and 328 K (part B).
The ratios of the (2E,5Z)-2b versus (2Z,5Z)-2b isomers
were calculated by the integration of the signals at d 5.63
and 5.69 ppm, corresponding to the C(2 0 )-vinylic protons
of the (2E,5Z)-2b and (2Z,5Z)-2b isomers, respectively.
The kinetics of the isomerization at diﬀerent temperatures
can be also studied by the determination of the conﬁgurational ratio via integration of the C(5 0 )-H signals at d
6.68 ppm [the (2E,5Z)-2b isomer] and 6.59 ppm [the (2Z,
5Z)-2b isomer]. In Fig. 3, the decrease of the concentration
of (2E,5Z)-2b is plotted as a function of time of the 2E,5Z/
2Z,5Z-process at three diﬀerent temperatures. The experi-

mental values for t1/2, deﬁned as the time required to reach
the 50:50 ratio of isomers are 10.5 h at room temperature
and less than 10 min at 328 K.

Compound

Solvent

H-2 0

H-5 0

1
2
3
4

(Z)-1a
(E)-1a
(2Z,5Z)-2b
(2E,5Z)-2b

CDCl3
CDCl3
DMSO-d6
DMSO-d6

6.85
6.32
5.69
5.63

6.59
6.68

a

O

S

The mechanism of the (Z)-1a ¡ (E)-1a isomerization in
CDCl3 and (2E,5Z)-2b ¡ (2Z,5Z)-2b isomerization in
DMSO-d6 is:
k1

O

DMSO

O

N
H

O
(2E,5Z)-2b

91

CO2Et

S

3.2. Kinetic and thermodynamic aspects of the
conﬁgurational isomerization

N
H

OEt

OEt
H

(2Z,5Z)-2b

A

B

k2

A () A� ! B
k �1

where A and B are concentrations of the conﬁgurational
isomers and A* is the concentration of the activated complex. Based on the steady state approximation and assuming that k�1<k1 reaction is further approximated to ﬁrst
order reaction. The rate constant, k, is determined as the
slope of the best straight line ﬁtted through the ﬁrst ten
points, when ln[A/Ao] is plotted against time (t). The slope
of the Arrhenius plot (Fig. 4) gives the energy of activation
and the intercept at 1/T = 0 gives the frequency factor A
(Table 4).
Thermodynamic and activation parameters calculated
6¼
from the Eyring equation by substituting DG6¼
0 ¼ DH 0 �
6¼
T DS 0 are listed in Table 5.
As data indicate the barrier for rotation around the exocyclic C(2)@C(2 0 ) bond separating the (Z)-1a and (E)-1a
isomers in CDCl3 is 98.52 kJ/mol. With respect to 1a,

Relative to TMS as an internal standard.

a

CO2Et

H

Table 3
Selected 1H NMR chemical shifts (r in ppm) of compounds 1a and 2b,a
monitored in the isomerization study
Entry
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b
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S

O

S
O

Fig. 2. Spectral evidence for the presence of the starting (2E,5Z)-2b isomer, based on the observation of the oleﬁnic signals at r 5.63 and 6.68 ppm, and
(2Z,5Z)-2b isomer (oleﬁnic signals at r 5.69 and 6.59 ppm) in DMSO-d6 at room temperature; 30 min interval (A) and 328 K; 5 min interval (B).

CO2Et

CO2Et

CDCl3

Ph

O

H

H
N
H
O

(Z)-1a

Ph

(E)-1a

Fig. 1. (a) Partial 1H NMR spectra of (Z)-1a and (E)-1a in CDCl3 at 328 K. Oleﬁnic signals at r 6.85 and 6.32 ppm ascribed to the starting (Z)-1a isomer
and (E)-1a isomer, respectively. (b) Plots of the (Z)-1a concentration in CDCl3 against time at temperatures indicated.

slightly larger value of the rotational barrier has been
determined in the case of thiazolidine derivative 2b for
the isomerization 2E,5Z/2Z,5Z-process in DMSO-d6.
Compounds 1a and 2b have similar rotational barriers in
spite of the decreased push-pull nature of the C(2)@C(2 0 )
bond in 2b, as evidenced by the lower DdC2,C2 0 value relative to that of 1b. This fact can be interpreted on the basis

of the isomerization 2E,5Z/2Z,5Z-process occurring via
the polarized transition state which is increasingly
stabilized by the solvation in the polar solvent [28]. It follows that the ability of the polar solvent molecules in
terms of the transition state lowering in the case of 2b

Fig. 3. Change of concentration of (2E,5Z)-2b with time at given
temperatures.

Fig. 4. Arrhenius plots of kinetic data for the interconversion around the
C@C bonds in 1a and2b.

4USBOB

352

4USBOB

353

Journal of Thermal Analysis and Calorimetry, Vol. 95 (2009) 1, 167–171

92
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Table 4
Energy of activation for 1a and 2b

Ea kJ/mol
As�1

(Z)-1a

(2E,5Z)-2b

41.8 ± 1.6
1.0 Æ 103

83.3 ± 1.6
7.5 Æ 109
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Table 5
Activation parameters for rotation around C(2)@C(2 0 ) bond in
4-oxothiazolidines 1a and 2b
Compound

T [K]

DG6¼
0
[kJ mol-1]

DH 6¼
0
[kJ mol�1]

DS 6¼
0
[J K�1mol�1]

1a
2b

298
298

98.5
100.2

39.3
80.9

�198.7
�64.7

counterbalances the opposing eﬀect of the C(5)@C(5 0 )
bond. The negative activation entropy for the rotation in
thiazolidine derivative 2b (64.70 J/mol,K) is also attributed to a higher degree of order in the dipolar transition state
which is more strongly solvated in comparison to the
ground state.
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STRUCTURAL TRANSFORMATION OF PUSH–PULL 5-SUBSTITUTED4-OXOTHIAZOLIDINES DURING HEATING
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The thermal stability of push-pull 5-substituted-4-oxothiazolidines was studied by DSC, IC and X-ray diffraction techniques. It
was shown that the compounds are stable in the temperature range from room temperature to melting point. The melting is combined with breaking crystal structure and forming glass material as a new phase that forms crystals by cooling it very slowly. The
rate constant, activation energy as well as activation parameters of process were determined.
Keywords: activation energy, phase transformation, push–pull-oxothiazolidines

Introduction
Many new and different reactions, concerning
isomerization, dimerization and polymerization, activated thermally and photochemically, which modify
the state of the molecules in the crystalline media are
being studied in many institutions [1–5]. So, one can
say that solid-state reactions have now entered into
the mainstream of organic chemistry. The physicochemical properties and chemical reactivity of numerous functionalized compounds type of push–pull
alkenes have been studied in numerous recent reviews
[6–9]. These compounds represent an excellent model
for investigation of the effects of weak non-covalent
interactions on relationships between structure and
reactivity in solution and in the solid-state [10–12].
The series of stereo-defined oxothiazolidines,
synthesized according to procedures we reported
[13, 14], attracted our attention due to their potential
biological activity and applicable as precursors for
the synthesis of push–pull polyenes. We have shown
that the equilibrated mixtures of structurally related
4-oxothiazolidines consist of the intra-molecularly
H-bonded
(E)-isomer
and
inter-molecularly
H-bonded (Z)-isomer in varying proportions depending on the solvent polarity and temperature [15].
Here, we report the first kinetic and thermodynamic studies of thermal Z/E isomerization of substituted 4-oxothiazolidine derivative in solid state, according to reaction Scheme 1.

Experimental
4USBOB

The thermal stability and structural transformations
were investigated by non-isothermal analysis (DSC)
*

Scheme 1

using a DuPont Thermal Analyzer (model 1090). In
this case, samples weighing several milligrams were
heated in the DSC cell from room temperature to
170°C, at heating rate in the range of 5 to 20°C min–1,
in a stream of nitrogen at normal pressure. The masses
of the samples were in the range 3–7 mg. The peaks of
temperature (Tp) were determined from DSC curve
using the program Interactive DSC V1.1.
IR spectra in the 4000–400 cm–1 range were
measured on a Perkin Elmer 983GxFTIR spectrophotometer, using KBr discs technique. Spectra at higher
temperature were recorded in an adapted variable-temperature cell model VLT.2 (RIIC London).
The X-ray powder diffraction (XRD) patterns were
recorded on a Philips PW-1710 automated
diffractometer using a Cu tube operated at 40 kV and
30 mA. The instrument was equipped with a diffracted
beam curved graphite monochromator and Xe-filled
proportional counter. For routine characterization, diffraction data were collected in the range 2 Bragg angles, 4–100° counting for 0.1 s. A fixed 1° divergence
and 0.1 mm receiving slits were used. Silicon powder
was used as an external standard for calibration of
diffractometer. All XRD measurements were recorded
with solid samples at ambient temperature.

Author for correspondence: dminic@ffh.bg.ac.yu
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Results and discussion
Investigation of thermal behavior in the temperature
interval of 20–200°C, Fig. 1a, shows that solid
(Z)-5-ethoxycarbonylmethyl-4-oxothiazolidine-2-ylide
ne)-N-(2-phenyl-ethyl)-ethanamide was stable up to
approximately 136°C [16]. On heating after this
temperature, Z-isomer first melts (Tp=145.1°C) and then
vitrifies (forms glass) on cooling (Fig. 1a). During 2nd
heating, the formed glassy material starts slightly to
crystallize around 80°C (the exothermal peak weak
defined at ~110°C, Fig. 1b). This phenomenon is
sometimes called ‘cold crystallization’. The formed
solid phase has a different melting point. (Tp=130.9°C,
Fig. 1b). The breaking of crystal structure of Z-isomer
during melting results in the formation of another
isomer, E-isomer, that has a different enthalpy of transformation and melting point.
The change of the peak temperature, Tp, with the
change of heating rate (Fig. 2) indicates that a well
defined endothermic peak on DSC curves corresponds to some thermal activated steps participating

Fig. 1 DSC curves of (Z)-5-ethoxycarbonylmethyl-4-oxothiazolidine-2-ylidene)-N-(2-phenylethyl)-ethanamide:
a – first cycle of heating and cooling, b – second cycle
of heating and cooling, in a stream of nitrogen at normal pressure at heating rate 10°C min –1

Table 1 Powder diffraction data for
(Z)-5-ethoxycarbonylmethyl-4-oxothizolidin-2ylidene)-N-(2-phenylethyl)-ethanamide

Fig. 2 DSC curves of (Z)-5-ethoxycarbonylmethyl-4-oxothiazolidine-2-ylidene)-N-(2-phenylethyl)-ethanamide
at different rates of heating

in this phase transformation besides the melting of the
compound. That can be the process of isomerization
as was shown by X-ray diffraction and IR spectra.
The structures of both isomers were inspected by
studying X-ray diffractograms, Fig. 3. Diffractogram
with finely formed peaks indicate good crystallinity of
the Z-isomer form, diffractogram a, Table 1. On the
other hand, X-ray diffractograms of melted isomer after
cooling indicate a very disordered structure with a wide
weakly defined maximum translated to regions of lower
2 values that is characteristic for non-ordered structures, diffractograms b and c. A sharp peak for 2=6.35°
corresponds to a small quantity of E-isomer present in a
matrix of amorphous material. This amorphous structure
remains stable for a long time period according to the intensity of peak E-isomer rising very slightly with time,
as shown in diffractogram c of the same sample after
4 months staying in a desiccator.

Fig. 3 X-ray diffractograms of (Z)-isomer a – before melting,
b – the same sample after melting and cooling,
c – the same sample after 4 months
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Peak
No.

d/


2
/°

Half of
width/°

I/Imax/
%

1

16.8825

5.230

0.080

100.00

2

5.6289

15.730

0.120

6.88

3

4.9621

17.860

0.230

10.22

4

4.5727

19.393

0.240

6.74

5

4.2327

20.970

0.240

5.27

6

4.0125

22.135

0.160

11.66

7

3.7737

23.555

0.100

6.32

8

3.3870

26.290

0.320

6.18

Table 2 IR frequencies of (Z)- and
(E)-5-ethoxycarbonylmethyl-4-oxothizolidin-2ylidene)-N-(2-phenylethyl)-ethanamides
Type of frequency

Z-isomer

E-isomer

NH

3320

3355

NH

3296

C=O ester

1733

1733

Lactam

1719

1726

C=O...HN (inter)

1695

C=O....HN (intra)

1639

C=C-C enamine
NH

1563
1532

1515

IR spectrum of the starting Z-isomer at room
temperature, Fig. 4a significantly differs from the corresponding spectra at 150 and 170°C, Figs 4b and c,
indicating an existence of another isomer on higher
temperatures. The greatest differences in this IR spectra are noted in regions of NH group vibrations (at
about 3300 cm–1) and vibrations of the C=O ester and
lactam group (at about 1700 cm–1), while the band at
1733 cm–1 attributed to C=O ester group vibrations is
present in the spectra of both isomers, Table 2.
Thus the central band of strong intensity at
3320 cm–1 belonging to the amide functional group in
the Z-isomer spectrum is at 3355 cm–1 in the E-isomer
spectrum. The band at 3296 cm–1 corresponding to the
expanding vibration of the NH lactam group present in
the Z-isomer spectrum is not present in the E-isomer
spectrum while the bending vibration of the NH lactam
group giving the band at 1532 cm–1 in the Z-isomer
spectrum occurs at 1515 cm–1 in the E-isomer spectrum.
Furthermore, the band at 1719 cm–1 from the C=O
lactam group is translated to 1726 cm–1 in the E-isomer
spectrum. The band at 1695 attributed to the C=O amide
group participating in the formation of intermolecular
bonds with neighboring molecules disappears in the
E-isomer spectrum. However, the spectrum of this isoJ. Therm. Anal. Cal., 95, 2009

mer has a new band at 1639 cm–1 characteristic for the
E-isomer that is stabilized by an intra-molecular hydrogen bond formed between C=O and NH lactam groups.
A new band at 1526 cm–1 also appears in this spectrum
corresponding to the en- amine group presence.
Kinetic analysis of the configurational isomerization
The mathematical description of data for a single step
solid-state reaction is usually defined in terms of a ki-

4USBOB
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Fig. 4 IR spectra of (Z)-5-ethoxycarbonylmethyl-4-oxothiazolidine-2-ylidene)-N-(2-phenylethyl)-ethanamide
at a – room temperature, b – 150, c – 170°C, d – room
temperature after 24 h, in range 4000–250 cm –1
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netic triplet involving activation energy Ea, Arrhenius
parameter A and algebraic expression of the kinetic
model in function of the fractional conversion , f().
In non-isothermal conditions, the rate of solidstate reaction can be expressed as a product of temperature dependent rate constant k(T) and conversion
dependent kinetic function f() [17]
d
  k (T ) f ( )
dT

(1)

where  is the heating rate; the rate constant follows
Arrhenius equation k(T)=Aexp(–Ea/RT), where A is
the pre-exponential factor, R the gas constant and T
the absolute temperature.
In the most generalized equation for kinetic analysis of solid-state conversions proposed by Erofeev
[18] using various approaches for the transition to
constant rates of heating  and the characteristic temperatures Tp corresponding to the temperature of peak
of DSC curves at given rates of heating , we can obtain the expression for the calculation of the activation energy of process [19–21] in the form:
 
ln s
 Tp


 Ea

C i
 RTp


(2)

where s=1 for Ozawa’s [19] and s=2 for Kissinger’s
[20] method.
The model-free approach to kinetic analysis is
based on the isoconversion approach according to
which the reaction rate at a constant extent of conversion is only a function of temperature. In non-isothermal kinetics, several isoconversion methods were developed by conducting of a series of experiments at
different heating rates [22].
The integral isoconversional method suggested
independently by Flynn and Wall [23] and Ozawa
[24] uses Doyle’ approximation [25] for temperature
integral yields
E
ln( i ) constant  
RT

(3)

Thus, for =constant, the plot lni vs. 1/T obtained from curves for different heating rates, should
be a straight line whose slope gives activation energy,
Table 3.
The Kissinger–Akahira–Sunose method [20, 26]
is based on the Coats–Redfern approximation [27]
ln

i
T

2

constant 

E
RT

Fig. 5 The dependences of activation energy on degree of
conversion according methods: a – Flynn–Wall–Ozawa
and b – Kissinger–Akahira–Sunose

The volume fraction (degree of conversion, )
has been obtained from the DSC curves as =ST/S,
where S is the total area of the peak between the temperature Ti, where the reaction just begins and the
temperature Tf, where the reaction is completed, and
ST is the area between the initial temperature and a generic temperature, T, ranging between Ti and Tf.
The activation energy of solid-state transformations, involving of a series of different elementary acts
given transformation, from the point of view of some researchers has not a physical sense but only empirical
character and only establishes in practice the dependence of the rate of conversion on temperature. The activation energy represents the threshold value of energy
above which the fluctuation of energy in the activation
complex is sufficient for the elementary reaction to occur. This energy can be spent, not for overcoming the
activation barrier but, mainly for its downturn due to
co-operative displacement of atoms. In these experiTable 3 The activation energies of structural transformation
determined by different methods
Ea/
kJ mol–1

Method
Kissinger

(4)

Thus, for =const, the plot ln(i/T2) vs. 1/T
should be a straight line whose slope gives the activation energy, Table 3.

-range

350.4

Ozawa

355.2

Kissinger–Akahira–
Sunose

318.4

Flynn–Wall–Ozawa*

322.6

lnA

Table 4 Kinetic and thermodynamic parameters of structural
transformation
Isomer

H/J g–1

Tp/°C

k/s–1

t1/2/s

Z-form

145.1

434.0

4.48

0.15

E-form

130.9

134.0

9.75

0.07

The rate constant can be expressed as:
k

k BT ‡
K
h

(5)

where K ‡ is the equilibrium constant.
The change in molar Gibbs energy of activation is:
G ‡ RT ln K ‡

(6)

Having in mind that the enthalpy of activation
for monomolecular reaction in solid-state is
H a‡  E a RT , we calculated the activation parameters relating to the process of thermal isomerization of
given push–pull 5-substituted-4-oxothiazolidines as
follows from Table 5.

1.95
3.10
0.4–0.8
0.4–0.8

Table 5 Activation parameters relating to the rate constant k
of structural transformation

–
K ‡/

G ‡/
kJ mol–1

H ‡/
kJ mol–1

S ‡/
J K–1 mol–1

1.40·1012

-94.6

348.5

681.5

–

The average value in given interval of  values

*
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ments, the total value of energy spent both to the
down-turning the potential activation barrier and to its
overcoming was determined. The isomerization in
solid-state is a complex process accompanied by breaking existing bonds, forming new bonds and displacement of atoms under continuous varied conditions of
chemical surroundings in a zone of conversion. Obviously, such a process occurs not only with the single
value of activation energy and not by formation of a single configuration of activated complex. In practice with
the multitude of probable ways of process only those
mechanism and activated complexes of the
isomerization process will be realized that are most
probable at a given temperature. High values of activation energy (about 350 kJ mol–1) of isomerization, first
of all, testify that many steps and many atoms participate in the elementary act of structure reorganization.
More atoms should simultaneously move in different directions at the elementary act of the crystallization, the
activation energy of process crystallization increases
what prevents re-crystallization of E-isomer which appearances as amorphous.
The kinetic parameters, appearing in
Arrhenius-like
kinetic
law
of
reaction
k=Zexp(–Ea/RT), can be then evaluated and used to
provide a valid description of the thermal behavior of
the observed process, Table 4.
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Abstract—The kinetics and mechanism of the structural transformation of 2�(5�ethoxycarbonylmethyl�4�
oxothiazolidin�2�ylidene)�N�(2�phenylethyl)�ethanamide in non�isothermal conditions were studied by using
isoconversion as well as non�isoconversion techniques. It was shown that the crystal, Z�form of compound, was
stable in the temperature range from room temperature to melting point, when E�form of compound was
formed. This process involves the breaking of crystal structure and the forming of glass material as a new phase,
which by cooling forms crystal of the E�form of compound very slowly. The dependences of kinetic parameters
on fractional extent conversion were determined indicating a very complex process which involves more than
one elementary step, as can be expected for most solid state reactions. The possible mechanism of the process
was discussed according to the algorithm concerning the form of these dependences. The evaluation of kinetics
parameters and isokinetic relationships were done by combination of model fitting and model�free approach.
Keywords: activation energy, phase transformation, glass materials.
DOI: 10.1134/S0036024411130164

INTRODUCTION
Many new and different reactions, concerning
isomerization, dimerization and polymerization, acti�
vated thermally and photochemically, which modify the
state of the molecules in the crystalline media have been
the focus of recent research efforts [1–5] to a point
where one can say that solid�state reactions have now
entered into the mainstream of organic chemistry. The
push�pull alkenes represent an excellent model for
investigation of the effects of weak non�covalent inter�
actions on relationships between structure and reactiv�
ity in solution and in the solid state [6–8].
The series of stereo�defined oxothiazolidines, syn�
thesized according to procedures we reported [9, 10],
(Z)

EtO

O

N
H

The article is published in the original.

(E)

EtO

O
S

O

1

attracted our attention because of their potential bio�
logical activity and application as precursors for the
synthesis of push�pull polyenes. We have shown that
the equilibrated mixtures of structurally related
4�oxothiazolidines consist of the intra�molecularly
H�bonded E�isomer and inter�molecularly H�bonded
Z�isomer in varying proportions depending on the sol�
vent polarity and temperature [11].
As a part of our wider study on the synthesis, charac�
terization and thermal behavior of push�pull 5�substi�
tuted�4�oxothiazolidines [9–16] we have reported here
the study of kinetics of structural transformation of 2�(5�
ethoxycarbonylmethyl�4�oxothiazolidin�2�ylidene)�N�
(2�phenylethyl)�ethanamide induced by heating
according to the scheme:

NH

Ph

S

O
O

H

N
H

H
NH

Ph

O

The kinetics of the configurational isomerization of
stereodefined of push�pull 5�substituted�4�oxothiazo�

lidines in non�isothermal conditions were studied by
X�ray powder crystallography, IR spectroscopy, 1H
NMR spectroscopy and differential scanning calorim�
etry (DSC)[15,16]. It was shown that the crystal Z�
form of compounds were stable in the temperature
range from room temperature to melting point. This
process involves the breaking of the crystal structure
and the forming a glass material as a new phase that
forms very slowly the crystal of the E�form of com�
pounds after cooling [15]. The Z/E transformation
was rationalized in terms of non�covalent interactions,
involving intermolecular and intramolecular hydrogen
bonding and directional non�bonded 1,5�type S···O
interactions [16]. The thermodynamic and activation
parameters of the process were determined and the
kinetics of transformation was studied by using iso�
conversion as well as non�isoconversion techniques.
The kinetic triplet was established, taking into consid�
eration the overall values of kinetic parameters.
Having in mind the complexity of solid state reac�
tion and the dependence of the kinetics parameters on
the fractional conversion of transformation, we have
studied in detail the kinetics as well as mechanism of
the process by combining the fitting model and free
model methods in order to establish the mechanism
and the kinetics parameters of thermal isomerization
of push�pull 5�substituted�4�oxothiazolidines.
MATERIALS AND METHODS
The kinetic information on processes occurring in
a solid phase can be obtained from dynamic experi�
ments by using different methods. Here we investigated
the process of structural transformation of (Z)�2�(5�
ethoxycarbonylmethyl�4�oxothiazolidin�2�ylidene)�
N�(2�phenylethyl)�ethanamide non�isothermally with
differential scanning calorimetry (DSC), using a
DuPont Thermal Analyzer (model 1090). In this case,
samples weighing several milligrams were heated in the
DSC cell from room temperature to 340 K, at heating
rates in the range 5–20 K min–1, in a stream of nitro�
gen at normal pressure. The sample masses were in the
range 3–7 mg. The temperature peaks (Tp) were deter�
mined from DSC curve using the program INTER�
ACTIVE DSC V1.1. DSC system has been calibrated
using In as the standard for the each heating rate. The
compound was prepared by the previously published
method [9].
The methods of thermal analysis such as differen�
tial thermal analysis (DTA) and differential scanning
calorimetry (DSC) are very popular for kinetic analy�
sis of the structural transformation in solid phase, such
as crystallization and phase transformations, which
don’t involve any loss of mass. The structural transfor�
mations during heating, occurring in a solid phase,
can be performed in several ways. In calorimetric mea�
surements, two basic methods are in use: isothermal
and non�isothermal. To establish the kinetic parame�
ters from DSC data, the following assumptions should
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A
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be accepted: a reaction extent is connected with the
fractional conversion of transformation, α; the con�
version rate, dα/dt, is proportional to the measured
heat flow, dQ/dt; the temperature dependence of the
rate constant k(T), is described by the Arrhenius equa�
tion [13].
According to the kinetic studies, the isothermal
conversion rate is a linear function of the temperature�
dependent rate constant, k(T) and a temperature�
independent function of the reaction model (or con�
version function), f(α), representing the reaction
model [14]:
dα/dt = k ( T )f ( α ),

(1)

where α is the extent of reaction.
According to the Arrhenius equation, the tempera�
ture�dependent rate constant, k(T) is defined as:
k ( T ) = Z exp ( – E a /RT ),

(2)

Z is the pre�exponential factor independent of a tem�
perature, Ea is the activation energy and R is the gas
constant.
From these equations, the general equation
describing the solid state reaction is as follows:
dα/dt = Z exp ( –E a /RT )f ( α ).

(3)

The kinetic description of the data of solid state
reaction is usually defined in terms of a kinetic triplet,
such as an activation energy, Ea, a pre�exponential fac�
tor, Z, and an algebraic expression of the reaction
model function, f(α). It is obvious that the constant
value of the activation energy can be expected only for
a single�step reaction, but Ea in Eq. (3) can be an
apparent quantity based on quasi single reaction step.
For non�isothermal measurements at the constant
heating rate β = dT/dt, Eq. (3) is transformed to:
E
dα�
β ����
= Z exp  – �����a� f ( α ).
 RT
dT

(4)

The integral form of the reaction model, function
g(α), can be obtained by applying the integration on
Eq. (4) and separating variables:
α

g(α) =

dα

� =
∫ �������
f(α)

ZE a
( x ),
�������p
Rβ

(5)

0

p(x) is the temperature integral:
x

p(x ) =

exp ( – x )

�dx,
∫ ���������������
x
2

E
x = �����a� .
RT

(6)

0

The Eq. (5) can be applied once the form of the
function, p(x) is known. The temperature integral p(x)
can’t be solved analytically. This problem can be over�
come by using a different approximation and numeri�
cal methods.
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Table 2. Apparent activation parameters, according to the Coats–Redfern equation for all used conversion functions at dif�
ferent heating rates

Table 1. Algebraic expressions of conversion functions usually applied on thermal decomposition of solids
Kinetic model

f(α)

Power law P4
Power law P3
Power law P2
Power law P3/2
Avrami–Erofeev A3/2
Avrami–Erofeev A2
Avrami–Erofeev A3
Avrami–Erofeev A4
Prout–Tompkins B1
One dimensional phase boundary R1
Contracting cylinder R2
Contracting sphere R3
D1 One�dimensional diffusion
D2 Two�dimensional diffusion
D3 Three�dimensional diffusion
D4 Ginstling–Brounshtein
F1 First�order
F2 Second�order
F3 Third�order

α1/4

3α2/3
2α1/2
3/2α1/3
3/2(1 – α)[–ln(1 – α)]1/3
2(1 – α)[–ln(1 – α)]1/2
3(1 – α)[–ln(1 – α)]2/3
4(1 – α)[–ln(1 – α)]3/4
α(1 – α)
1
2(1 – α)1/2
3(1 – α)2/3
1/2α
[–ln(1 – α)]–1
3/2(1 – α)2/3[1 – (1 – α)1/3]–1
3/2[(1 – α)–1/3 – 1]–1
1–α
(1 – α)2
1/2(1 – α)3

α1/3
α1/2
α2/3
[–ln(1 – α)]2/3
[–ln(1 – α)]1/2
[–ln(1 – α)]1/3
[–ln(1 – α)]1/4
ln[α(1 – α)–1]
α
1 – (1 – α)1/2
1 – (1 – α)1/3
α2
(1 – α)ln(1 – α) + α
[1 – (1 – α)1/3]2
(1 – 2α/3) – (1 – α)2/3
–ln(1 – α)
(1 – α)–1
(1 – α)–2

The algebraic expressions of the functions g(α) for
different types of solid state reaction are given in
Table 1 [14]. A plot of g(α) versus 1/T (fitting method)
must be a straight line for the possible mechanism and
non�linear for the wrong one. The criterion of validity
of chosen algebraic expression is the value of the cor�
relation coefficient, which must be very close to 1.
The fraction conversion of a reaction (or the extent
of conversion, α) can be deduced from DSC measure�
ments at any temperature T. In this case α = ST/S
where S is the total area of the peak between the tem�

3
Heating flow, a.u.

4

420

440

P4
P3
P2
P3/2
A3/2
A2
A3
A4
B1
R1
R2
R3
D1
D2
D3
D4
F1

RESULTS AND DISCUSSION
2

400

β = 5 K min–1
Conver�
sion
E β,
function lnZβ
r
j
[min1] kJ mol1

perature Ti where the reaction is just beginning and the
temperature Tf where the reaction is just completed;
ST is an area between the initial temperature and an
arbitrary temperature T, between Ti and Tf. It is always
possible to obtain α and dα/dt from DSC curves, by
drawing the straight line between the beginning and
the end of the peak as the baseline. The overall appar�
ent activation energy of the investigated process under
linear heating was determined using Kissinger’s as well
as by the Ozawa’s peak methods, relating the depen�
dence of peak temperature Tp on heating rate β [15].

1

380

g(α)

4α3/4

460
T, K

Fig. 1. DSC curves for different heating rates; β = 5 (1), 10
(2), 15 (3), and 20 K min–1 (4).

The investigation of the thermal behavior between
293–450 K shows that the crystal Z�2�(5�ethoxycarbo�
nyl�methyl�4�oxothiazolidin�2�ylidene)�N�(2�phe�
nyl�ethyl)�ethanamide is stable up to approximately
410 K, when the processes of breaking the crystal struc�
ture and melting occurs (Tp = 417 K, for β = 5 K min–1
Fig. 1). Cooling of the melt gives a glass. Analysis of
the X�ray diffraction data and the IR spectra shows
that the obtained glass forms crystal E�2�(5�ethoxy�
carbonylmethyl�4�oxothiazolidin�2�ylidene)�N�(2�
phenylethyl)�ethanamide very slowly[15]. The formed
E�isomer melts at a significantly lower temperature
(Tp = 404 K). All these phenomena are quite common
for large organic molecules and have been well studied
in pharmaceutical research [17, 18]. The increase of
the peak temperature with the increase of the heating
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37.32
51.0
78.1
105.1
147.1
109.7
72.1
53.3
413.4
159.0
186.7
197.0
320.1
353.7
395.9
366.6
221.8

132.0
178.4
271.0
363.6
506.1
377.9
249.6
185.5
1424.6
548.9
645.3
682.0
1104.6
1221.8
1371.0
1270.8
762.6

0.988
0.988
0.988
0.988
0.999
0.999
0.999
0.999
0.981
0.989
0.997
0.998
0.989
0.994
0.998
0.996
0.999

β = 10 K min–1
lnZβ
E β,
[min1] kJ mol1
28.8
39.5
60.7
160.2
115.6
86.2
56.6
41.7
276.0
123.7
145.8
154.1
249.0
275.9
309.6
285.9
174.3

102.0
138.3
210.9
555.8
399.0
297.5
196.0
145.3
957.8
428.7
506.7
536.4
864.3
958.8
1079.8
998.6
601.9

lnZβ
Eβ,
[min1] kJ mol1

r
0.974
0.975
0.976
0.982
0.997
0.997
0.997
0.997
0.982
0.978
0.990
0.993
0.977
0.985
0.993
0.988
0.997

rate indicates that a well defined endothermic peak on
DSC curves involves some thermal activated steps par�
ticipating in this phase transformation, besides the
melting of the compound.
Model Fitting Approach
In order to apply model fitting method, the depen�
dences of α versus T at different heating rates were
constructed. The sigmoid�shaped curves (not pre�
sented in the paper) are shifted to higher temperatures
with an increase of heating rate, verifying the presence
of thermal activation steps in the transformation of
Z�isomer. This suggests that the investigated process
should not be characterized by a definite critical tem�
perature independent of the heating rate.
In order to obtain the kinetic parameters of the
process, α versus T data were modeled by conversion
functions given in Table 1. The Arrhenius parameters
for every conversion function and for each heating rate
were evaluated by applying Coats–Redfern method
[19] (Table 2). As can be seen from data in Table 2,
although all correlation coefficients, r, are very close
to 1, the Arrhenius parameters for applied heating
rates are highly variable, exhibiting a strong depen�
dence on the selected conversion function. This
means that, under non�isothermal conditions, α =
f(T) curves and Coats–Redfern’s method do not per�
mit us to determine the true kinetic parameters as well
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A

β = 15 K min–1

24.3
33.4
51.4
69.4
97.8
72.9
47.8
35.2
232.7
105.0
123.2
130.4
211.4
233.8
261.9
242.1
147.5

86.0
117.0
179.0
241.0
338.3
252.0
165.6
122.5
809.6
365.0
430.7
455.8
737.0
816.7
918.5
850.1
510.9

β = 20 K min–1
r

0.980
0.981
0.981
0.982
0.999
0.999
0.999
0.999
0.983
0.982
0.993
0.996
0.982
0.989
0.996
0.992
0.999

lnZβ
Eβ,
[min1] kJ mol1
22.0
30.3
46.7
63.0
89.3
66.5
43.6
32.1
202.3
95.4
112.4
118.7
192.0
212.6
238.4
220.0
134.6

77.6
105.8
162.3
218.7
308.4
229.6
150.7
111.3
704.2
331.5
392.1
415.2
670.1
743.4
837.5
774.3
466.2

r
0.974
0.975
0.976
0.976
0.998
0.998
0.998
0.998
0.974
0.977
0.990
0.993
0.977
0.985
0.993
0.989
0.998

as the true conversion function. This is due to the fact
that kinetic curves contain information about the tem�
perature and conversion components in non�separate
form.
Having determined the values of apparent activa�
tion energies, in order to determine the kinetic
model, the conversion function of experimental data
and theoretically proposed conversion functions from
Table 1, were reconstructed numerically by applying
the “master plot” method [20]. According to this
method, for a single�step process, the following
equation is easily derived from Eq. (1) by using a ref�
erence point at α = 0.5
dα/dt � exp ( E a /RT )
f(α )
�������������������������
����������������������������� = �����������,
( dα/dt ) α = 0.5 exp ( E a /RT 0.5 )
f ( 0.5 )

(7)

where f(0.5) is a constant for given conversion func�
tion. Equation (7) means that, for selected α,
the experimentally determined value of the
reduced�generalized reaction rate in the form
exp ( E a /RT )
dα/dt
� and theoretically calcu�
�������������������������� ����������������������������
( dα/dt ) α = 0.5 exp ( E a /RT 0.5 )
lated value of f(α)/f(0.5) are equal when an appropri�
ate conversion function, f(α), is applied.
Figure 2 shows the theoretical master plots of
f(α)/f(0.5) versus α, assuming various f(α) functions
listed in Table 1, together with experimental plots
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A32
f(α)/f(α)0.5

1.0
A2
A4

A3
0.5

B1

1
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3
4

0
0

0.2

0.4

equivalent stage of the reaction for various heating
rates occurs what is known as “isoconversion meth�
P2 ods.” The effective activation energy specific for a
given extent of conversion can be determined by appli�
P32 cation of the isoconversional methods, also known as
“model�free methods,” such as Kissinger–Akahira–
Sunose’s (KAS method) [22, 23] on the data of several
R1 thermal analysis experiments performed at different
heating rates. This way, it is possible to determine the
values of Ea, α over a wide range of conversions α even
without knowing the conversion function. These
methods are based on the Coats–Redfern approxima�
tion [21]:
p ( x ) ≅ exp ( – x )/x

0.6

0.8

(b)

20 < x < 50.

p ( x ) ≅ – 2.315 – 0.4567x
A3

A4
0.4 B1

for

20 < x < 60.

(9)

0
0.2

0.4

0.6

0.8

1.0
α

Fig. 2. Theoretical (lines) and calculated on basis of exper�
imental data (symbols) master curves representing
f(α)/f(0.5) as a function of α: (a) for all conversion func�
tions describing solid stale reactions according to Table 1:
(b) for chosen conversion functions showing best fills;
1–4 see Fig. 1.

dα/dt � exp ( E a /RT )
�������������������������
����������������������������� . As can be seen from
( dα/dt ) α = 0.5 exp ( E a /RT 0.5 )
Fig. 2, the experimental data do not fit well into any
of the models from Table 1. This indicates that the
analyzed process is not a single�step reaction that
could be described well by any conversion function
from Table 1.
Model�Free Approach
According to the literature [21–24] all reliable
methods of activation energy analysis require the
determination of the temperature Tα(β) at which is an

(10)

Using Eqs. (5) and (10) we obtain FWO method in
form the expression:
E a, α
ZE a, α 
�.
� – 1.0518 �������
ln β = ln  �����������
 Rg ( α )
RT α

(11)

The left parts of the Eqs. (9) and (11) are linear with
respect to the inverse temperature 1/Tα, and the
apparent activation energy can be evaluated using a
linear regression method for every value of α. The con�
stant value of Ea, α indicates a single step process,
while the change of the Ea, α with the change of α indi�
cates a complex process involving more than one ele�
mentary step possessing different activation energies.
Using the linear dependences of ln(β/T 2) on 1/T
and lnβ on 1/T, which describe the non�isothermal
DSC data well, we determined the kinetic parameters
according to the Eqs. (9) and (11), respectively (Fig. 3).
The values of kinetic parameters determined by
both methods are in agreement, within the limits of
experimental error. A very similar shape of the depen�
dences of activation energy and intercepts (did not
show in Fig. 3) on fractional conversion indicates that
both kinetic parameters depend on same way on the
fractional conversion.
The determined values of the apparent activation
energies as well as the intercepts show a decrease for
the whole interval of the fractional extent, α. The
changes of the activation energies and intercepts with
conversion degree indicate complex processes involv�
ing more than one elementary step. The decreasing
transformation�degree dependence of the activation
energy is characteristic of a process involving parallel
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Fig. 3. Apparent activation energies as a function of frac�
tional conversion α for Kissinger–Akahira–Sunose (KAS)
and Flynn–Wall–Ozawa (FWO) methods.

steps. The concave Arrhenius dependences at the
beginning (decreasing transformation�degree depen�
dences of activation energy) are typical of complex
processes involving some intermediate reverse step. In
this case the intermediate reverse step can be con�
nected with the observed step of thermal Z/E isomer�
ization of the compound through non�covalent inter�
actions, involving intermolecular and intramolecular
hydrogen bonding and directional non�bonded 1,5�type
S···O interactions [16].The observed decrease is very
fast at the beginning, as well as at the end of the reac�
tion, and very moderate in between, showing the tran�
sition from concave to convex shape of dependences.
This transition from concave to convex shape of
Arrhenius dependences indicates the change in the
limiting step and specifically indicates the transition to
the diffusion regime. In the case of complex processes
involving the parallel steps, as we have here, the iso�
conversional methods give the activation energy that

Although isoconversional or model�free methods
offer an opportunity to establish the dependency of the
activation energy on the conversion degree as well as
the mechanism of the reaction, they do not provide
any information about the other two members, Z and
f(α), of the kinetic triplet. Therefore, based on the
conclusion that all three steps of degradation are com�
plex, the results of isoconversional methods (KAS and
FWO) are further combined with a model�indepen�
dent estimation of the pre�exponential factor using an
artificial (false) isokinetic relationship (IKR) [28].
Generally speaking, IKR is based on a common
point of intersection of Arrhenius lines [29]:
E
ln Z = ln k iso + ������������������������
�,
–1
–1
R ( T iso – T )
where kiso is the isokinetic rate constant and Tiso is the
isokinetic temperature, and on a linear correlation:
ln Z ξ = a + bE ξ ,

(12)

where a = lnkiso and b = 1/RTiso, also known as “com�
pensation parameters”, are coordinates of the inter�
section point of Arrhenius lines. The subscript ξ refers
to a factor that produces a change in Arrhenius param�
eters (α, β, j). The Arrhenius lines resulting from the
model�fitting method, Table 2, intersect at one point
indicating that Arrhenius parameters related to differ�
lnZ [min−1]

lnZ
400
300

[min−1]
KAS
FWO

120

1
2
3
4

100
200
80

100

0

400

800

1200
1600
Ea, kJ mol−1

60

Fig. 4. The dependence of lnZ on Ea at different heating
rates β (see Fig. 1), r = 0.9999.
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Fig. 5. The dependence of lnZ versus α.
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reflect kinetics of entire process [26, 27]. At the begin�
ning (α = 0.1), where the first step is predominant, the
obtained value of the activation energy corresponds to
the first step. At the end of the process (α = 0.9) where
the second step prevails, the obtained activation
energy corresponds, accordingly, to the second step.

Ea, kJ mol−1
450

(8)

For resolution of this problem Flynn and Wall [24]
and Ozawa [25] independently use Doyle’s approxi�
mation of p(x) [26] in the form:

A2

0

for

E a, α
ZR
β
�.
ln  ����2� = ln  ������������������ – �������
T 
 E a, α g ( α ) RT α
α

1.0

0.8
f(α)/f(α)0.5

2

Combining Eqs. (5) and (8) we get the KAS
method in form the expression:
α

1.2 A32
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ent reaction models will show a linear correlation
known as “false compensation effect”:
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Quantification of the push–pull effect in
2-alkylidene-4-oxothiazolidines by using NMR
spectral data and barriers to rotation around the
QC bond†
CQ
Aleksandar Rašović,*a Vladimir Blagojević,b Marija Baranac-Stojanović,c
Erich Kleinpeter,d Rade Marković‡ac and Dragica M. Miniće
Information about the strength of donor–acceptor interactions in push–pull alkenes is valuable, as this
so-called ‘‘push–pull effect’’ influences their chemical reactivity and dynamic behaviour. In this paper,
we discuss the applicability of NMR spectral data and barriers to rotation around the CQC double bond
to quantify the push–pull effect in biologically important 2-alkylidene-4-oxothiazolidines. While olefinic
proton chemical shifts and differences in

13

C NMR chemical shifts of the two carbons constituting the

CQC double bond fail to give the correct trend in the electron withdrawing ability of the substituents
attached to the exocyclic carbon of the double bond, barriers to rotation prove to be a reliable quantity
in providing information about the extent of donor–acceptor interactions in the push–pull systems
studied. In particular all relevant kinetic data, that is the Arrhenius parameters (apparent activation energy
Ea and frequency factor A) and activation parameters (DS‡, DH‡ and DG‡), were determined from the data
Received (in Montpellier, France)
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Accepted 9th May 2016

of the experimentally studied configurational isomerization of (E)-9a. These results were compared to
previously published related data for other two compounds, (Z)-1b and (2E,5Z)-7, showing that experimentally determined DG‡ values are a good indicator of the strength of push–pull character. Theoretical

DOI: 10.1039/c6nj00901h

calculations of the rotational barriers of eight selected derivatives excellently correlate with the calculated
CQC bond lengths and corroborate the applicability of DG‡ for estimation of the strength of the push–pull

www.rsc.org/njc

effect in these and related systems.

1. Introduction
Compounds containing a thiazolidine ring have a rich and diverse
chemistry and wide applications in the chemical industry and
medicine.1 Interest in these compounds dates back to the 1940s,
when it was discovered that penicillin G and other penicillins
contain a bicyclic nucleus, which includes both a beta-lactam ring
and a thiazolidine ring. This finding initiated a still growing interest
in the synthesis, chemistry and detailed structure–biological activity
studies on thiazolidines and related compounds.1
a

Center for Chemistry ICTM, University of Belgrade, Studentski trg 16,
P. O. Box 473, 11000 Belgrade, Serbia. E-mail: arasovic@chem.bg.ac.rs;
Fax: +381-11-2636-061; Tel: +381-11-3336-740
b
Institute of Technical Sciences, Serbian Academy of Sciences and Arts,
Knez-Mihailova 35/IV, P.O. Box 377, 11000 Belgrade, Serbia
c
Faculty of Chemistry, University of Belgrade, Studentski trg 16, P. O. Box 158,
11001 Belgrade, Serbia
d
Universität Potsdam, Chemisches Institut, Karl-Liebknecht-Str. 24-25,
D-14476 Potsdam (Golm), Germany
e
State University in Novi Pazar, Vuka Karadžića bb, 36300, Novi Pazar, Serbia
† Electronic supplementary information (ESI) available. See DOI: 10.1039/c6nj00901h
‡ 1946–2012.

2-Alkylidene-4-oxothiazolidine derivatives 1, which were
synthesized in our laboratory, have attracted attention owing
to their potential biological activity1,2 and as substrates for a
number of selective transformations leading to various heterocyclic systems,1i such as 3,3al4,4-trithia-1-azapentalenes 2,3,4
1,3-thiazines 33 and other thiazolidine derivatives 4–75–8 and
83,9 (Scheme 1).
An important feature of these compounds, that determines
their properties, dynamic behaviour and chemical reactivity, is
the electronic interaction between electron donating (Nring, Sring)
and electron withdrawing groups (R1CO in Scheme 1), which
occurs via the CQC double bond. Thus, these compounds
belong to the class of push–pull alkenes,10 best represented by
the hybrid structure I, containing electron donating groups
(Don) at one end of the partial CQC double bond and electron
withdrawing groups (EWG) at the other end (Scheme 2).
As a result of these electronic interactions (the push–pull
effect), the p-bond order of the double bond is reduced (decreasing the rotational barrier DG#; B–E, Scheme 2) and, conversely,
the bond orders of the C–Don and C–EWG bonds are increased
(B–D in Scheme 2). Therefore, the barrier to rotation around the
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Fig. 1 The configurational isomerization of 2-alkylidene-4-oxothiazolidine
derivative (E)-9a.

Scheme 1

2-Alkylidene-4-oxothiazolidines 1 as precursors for a number of selective transformations into various heterocyclic systems.

We also wish to note that the literature is rather scarce on a
description of a method for the isolation of pure E isomers of
these compounds and their spectral properties. Interestingly
and surprisingly,11–14 thiazolidine derivative 9a was isolated from
the reaction mixture by filtration (ethanol solution) and recrystallized from 96% ethanol to provide a final product as the pure
E isomer.

2. Methodology
2.1.

Scheme 2

Resonance structures of push–pull alkenes.

CQC double bond in this type of compound could be employed
to quantify the push–pull effect.10a–c DG# is readily obtained by
dynamic NMR spectroscopy (DNMR) or can be theoretically
calculated. In addition to DG#, other parameters often used as a
measure of the push–pull effect are: (i) 13C NMR chemical shift
difference DdCQC between the two carbon atoms of the CQC
double bond,10b,e,g,i (ii) the bond length of the central partial
CQC double bond,10c,h experimentally available by X-ray analysis
and (iii) the quotient of the occupation numbers of the p*
antibonding and p bonding orbitals (p*/p) of the CQC double
bond, available from theoretical calculations combined with
Natural Bond Orbital (NBO) analysis.10c,i Although the occupation
quotient (p*/p) can be regarded as a sensitive parameter for
quantification of the push–pull effect with a broader scope than
the other quantities (DG#, DdCQC and bond length),10c,i a general
parameter to quantify the push–pull effect is not yet available due
to the (p*/p) parameter dependence on the type and number of
substituents at the push–pull CQC double bond.
We have recently shown that 4-oxothiazolidine-2-ylidene thioketones 8 (Scheme 1), containing a cis-oriented S–CQC–CQS moiety,
represent an excellent model for investigating the influence of the
push–pull effect and 1,5-type weak noncovalent S  S interactions
on the ring-opening–closing mode of 4-oxothiazolidine to 3,3al4,
4-trithia-1-azapentalene transformation (reaction A in Scheme 1).3,4

As a continuation of our studies related to evaluating the strength
of the push–pull character in 2-alkylidene-4-oxothiazolidine
derivatives and its influence on their chemical reactivity and
dynamic behaviour, we report herein a study on: (i) NMR
spectroscopic data of thiazolidine thioamide derivatives 9a–c,
not yet reported, compared to data for previously synthesized
compounds 1 and 8, with the aim of finding out whether both
DdCQC parameters and Q(C2 0 )–H proton chemical shifts could
be applied for the quantification of their push–pull effect,
(ii) experimentally determined barrier to rotation around the
CQC double bond in (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin2-ylidene)ethanthioamide 9a (Fig. 1) and its relation to our
previously reported experimental rotational barriers11 of related
analogs and (iii) having found the correct trend, eight derivatives were selected for computational studies. Seven of them
differ in the R1CX substituent attached to the C(2 0 ) atom, for
which we expect the strongest influence on C(2)QC(2 0 ) charge
polarization. They are: 1b (R1CX = COPh), 1d (R1CX = CONHPh),
1e (R1CX = CONH(CH2)2Ph), 1g (R1CX = CO2Et), 8a (R1CX =
CSPh), 9a (R1CX = CSNH2) and 9c (R1CX = CSNH(CH2)2Ph)
(Table 2). In addition, compound 7, which has the same R1CX
as 1g, but a C(5)QC(5 0 ) double bond instead of the C(5)–C(5 0 )
single bond in 1g was included to find if subtle effects coming
from a remote group are reflected in the barrier values.
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Fig. 2 Partial 1H NMR spectra of 9a in DMSO-d6 at 298 K, recorded 5 min,
170 min and 1380 min after dissolution of the E isomer.

Experimental

(4-Oxothiazolidin-2-ylidene)ethanethioamides 9a–c (Table 2)
were synthesized according to our previously reported procedure,14 including a slight modification: the catalyst (K2CO3) was
used in 4.5 mol% of the starting material.
Variable temperature 1H NMR measurements were carried
out on a Bruker AC-300 spectrometer. The NMR probe temperatures were calibrated using a non-magnetic digital thermocouple with the lead inserted in the sample tube at receiver coil
level. Hence, the achieved accuracy of the temperature calibration
was better than �0.5 degrees. The samples were equilibrated at
the given temperatures.
The 1H NMR and 13C NMR data of the configurational isomers
(E)-9a and (Z)-9a, fully shown below, provide a fairly complete
picture of this isomeric equilibrium. Monitoring of the stereodynamic behaviour associated with the isomerization rate of (E)-9a
to (Z)-9a was performed in DMSO-d6 solutions at 298, 303 and
308 K. The E/Z ratios were determined by the integration of the
signals at d 5.64 and d 6.15 ppm, assigned to the C(2 0 )-H protons of
(E)-9a and (Z)-9a, respectively. The facile E to Z isomerization at
298 K is illustrated in Fig. 2 by the three 1H NMR spectra recorded
5, 170 and 1380 minutes after the dissolution of (E)-9a. Typical
conditions for recording 1H NMR spectra were as follows: sixteen
scans, spectral width of 10 330 Hz with 65 536 data points, relaxation delay of 1 s and acquisition time of 3.17 s.
Structural assignments of the isolated products (E)-9a, (Z)-9b
and (Z)-9c were made on the basis of spectroscopic data (IR,
1
H NMR and 13C NMR, MS) and elemental analysis. For example,
compared to the Z-isomers the d values of the C(20 )-H proton for
the E-isomers appear at a higher field. On the other hand, the NH
lactam proton of the E-counterparts is observed at a lower field
(Fig. 2).
NMR spectral data of thiazolidine derivatives 9a–c
(E)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthioamide (9a). 1H NMR (DMSO-d6): d 1.18 (3H, t, J = 7.2 Hz, CH3),
3.05–3.09 (2H, m, CHAHBCOO), 4.09 (2H, q, J = 7.2 Hz, CH2O),

4.45–4.51 (1H, m, CHXS), 5.64 (1H, s, QCH), 8.81–8.87 (2H, d,
NHamide), 13.28 (1H, s, NHlactam); 13C NMR (DMSO-d6): d 14.2
(CH3), 36.3 (CH2COO), 41.8 (CHXS), 61.0 (CH2O), 97.2 (QCH),
154.9 (CQ), 170.4 (COester), 174.4 (COlactam), 191.4 (CQS); MS
(CI): m/z 261 (M + 1)+.
(Z)-(5-Ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthioamide (9a). 1H NMR (DMSO-d6): d 1.19 (3H, t, J = 7.0 Hz, CH3),
2.89 (1H, dd, J = 18.0 Hz, CHAHBCOO), 2.99 (1H, dd, J = 18.0 Hz,
CHAHBCOO), 4.09 (2H, q, J = 7.0 Hz, CH2O), 4.04–4.15 (1H, m,
CHXS) overlapped with the signal assigned to the CH2O protons, 6.15 (1H, s, QCH), 8.48–8.68 (2H, d, NHamide), 11.58 (1H,
s, NHlactam); 13C NMR (DMSO-d6): d 14.2 (CH3), 36.4 (CH2COO),
42.5 (CHXS), 60.8 (CH2O), 100.8 (QCH), 156.9 (CQ), 170.6
(COester), 175.3 (COlactam), 193.2 (CQS).
(Z)-(4-Oxothiazolidin-2-ylidene)ethanthioamide (9b). 1H NMR
(DMSO-d6): d 3.61 (2H, s, CH2S), 6.16 (1H, s, QCH), 8.44–8.65
(2H, d, NHamide), 11.51 (1H, s, NHlactam); 13C NMR (DMSO-d6):
d 32.9 (CH2S), 100.6 (QCH), 158.4 (CQ), 174.4 (COamide), 193.2
(CQS); MS (CI): m/z 175 (M + 1)+.
(Z)-(4-Oxothiazolidin-2-ylidene)-N-(2-phenylethyl)ethanthioamide
(9c). 1H NMR (DMSO-d6): d 2.86 (2H, t, J = 7.0 Hz, CH2Ph), 3.62–
3.73 (2H, m, NCH2), the (2H, s, CH2S) signal is overlaped with
the signal assigned to the (NCH2) protons, 6.21 (1H, s, QCH),
7.16–7.35 (5H, m, Ph), 9.58 (1H, t, J = 5.2 Hz, NHamide), 11.51 (1H,
s, NHlactam); 13C NMR (DMSO-d6): d 32.9 (CH2S), 33.8 (CH2Ph),
45.5 (NCH2), 101.2 (QCH), 126.4 (p-Ph), 128.7 (o-Ph), 128.8
(m-Ph), 139.6 (Cipso–Ph), 156.1 (CQ), 174.3 (COlactam), 190.4
(CQS); MS (CI): m/z 279 (M + 1)+.
2.2.

Geometry optimization and frequency analysis of the Z and
E isomers of the compounds studied was conducted at the
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M06-2X/6-311G** level,15,16 using the Gaussian 09 program
package.17 Transition state structures were determined using
the Synchronous Transit-Guided Quasi-Newton method18,19 at the
M06-2X/6-311G** level. To account for solvent eﬀects, the structures of the three derivatives, 1b, 7 and 9a, were re-optimized in
chloroform and dimethylsulfoxide along with their TS, using the
continuum solvation COSMO model (conductor-like screening
model).20 All transition state structures were characterized by an
imaginary frequency, the vibrational mode of which corresponded
to the rotation around the C(2)–C(2 0 ) bond.
The calculated and experimentally determined barriers to
rotation for 1b, 7 and 9a show an excellent correlation with a
correlation coeﬃcient of 0.996 (Table 1 and Fig. 3). The fact that
the calculated barriers overestimate the experimental ones can
be rationalized by taking into account that the eﬀects of solute–
solute and solute–solvent direct interactions were not completely considered by the theoretical calculations. Additionally, for
these compounds, in the correlation of the calculated barriers
to rotation with experimentally determined ones, other levels
tried including B3LYP and MP2 methods with a 6-31G** basis
set, as well as a M06-2X method with 6-31G** and cc-pvtz21
basis sets, led to similar results. However, in these calculations
the use of the newly developed functional M06-2X reached the
best agreement with experimental data.

#

1

Table 1 Experimental and calculated barriers to rotation (DG in kJ mol ;
T = 298 K) for the configurational isomerization of compounds 1b,
7 and 9a

Compound Solvent

Chloroform Z - E
E-Z
DMSO-d6
E-Z
DMSO-d6

1b
7
9a
a

Ref. 12.

Isomerization direction DG# exp. DG# calc.b

b

98.5a
100.2a
96.6b

154.4
169.1
134.1

This work.

Fig. 3 Correlation between calculated and experimental barriers to
rotation for compounds 1b, 7 and 9a. The respective values are given
in Table 1.

3. Results and discussion
3.1.

NJC
Table 2

Paper
Selected experimental 1H NMR and

13

C NMR (DMSO-d6) chemical shifts (ppm) of compounds 1a–g, 7, 8a–c and 9a–c

General considerations

This section is organized as follows. We first discuss the reliability of experimental NMR data, DdC(2)QC(20 ) parameters and
C(2 0 )H proton chemical shift, to correctly reproduce the trend
in push–pull activity as a function of the electronic properties of
substituents attached to the thiazolidine ring. We will first
concentrate on those at the exocyclic carbon of the C(2)QC(2 0 )
double bond, since their influence is expected to be the strongest.
This is followed by an analysis of experimentally obtained kinetic
activation parameters for the configurational isomerization of
(E)-(9a) in DMSO-d6 and comparison with our previously reported
data for thiazolidine enamino ketone (Z)-1b and thiazolidine
enamino ester (2E,5Z)-7. Subsequently, we discuss the optimized
geometries of ground and transition structures, which is followed
by an analysis of the calculated rotational barriers for selected
thiazolidines 1b, 1d, 1e, 1g, 7, 8a, 9a and 9c. In particular, our
interest concerns whether the relative magnitudes of the barriers
to rotation correspond to changes in the strength of the push–
pull effect. For this purpose, we correlate the computed rotational
barriers with the lengths of the CQC bonds, which we previously
showed to reflect changes in the extent of donor–acceptor interactions in comparable groups of compounds.10i
3.2. NMR parameters as a measure of the push–pull effect in
2-alkylidene-4-oxothiazolidine derivatives
The selected experimental 1H NMR and 13C NMR chemical
shifts for thiazolidine enamino thioamides 9a–c are presented
in Table 2 (entries 13–17). For comparison purposes, the NMR
spectral data of the closely related thiazolidine enamino thioketones 8a–c (entries 10–12), enamino ketones 1a–c (entries 1–3),
enamino amides 1d–e (entries 4–6) and enamino esters 1f–g and 7
(entries 8 and 9) are included (the NMR spectral data for thiazolidines 1a–g,9,12,14,22 723 and 8a–c9 have already been published).
The data in Table 2 show that all compounds exhibit similar
13
C NMR spectral characteristics: the low field position of
the signal corresponding to the C(2) atom at the donor side
(d 151.9–166.0 ppm) and the high field position of the signal
assigned to the C(2 0 ) atom at the acceptor side of the CQC
double bond (d 88.6–113.9 ppm). This large difference in the
chemical shift values, DdC(2)QC(2 0 ) ranging from 50.8 ppm to
70.6 ppm, proves to be indicative of their push–pull character,
that is significant charge polarization within the CQC double
bond. The DdC(2)Q(C20 ) values should increase with the increasing
push–pull character of the double bond, as has been proven by
previous calculations on several other push–pull systems.10b,c,i In
addition, due to the enhanced shielding of the C(2 0 ) atom, the
chemical shift of the hydrogen attached to it, d (C(2 0 )–H), should
actually decrease with an increasing push–pull effect.
However, as the data in Table 2 show, the olefinic 1H NMR
chemical shifts deviate from expectations, which is also the case with
the DdC(2)QC(20 ) parameters. Generally, the C(20 )–H proton chemical
shift values for enamino ketones 1a–c (6.78–6.95 ppm) and enamino
thioketones 8a–c (7.43–7.61 ppm) are higher than those for
enamino amides 1d–e (5.36–5.79 ppm), enamino thioamides

New J. Chem., 2016, 40, 6364--6373 | 6367

Entry

Compound X(Y) = S, O

R1

R2

R3

C(2 0 )–H

C(2)

C(2 0 )

DdC(2)QC(2 0 )

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

(Z)-1a (X = O; Y = O)
(Z)-1b (X = O; Y = O)
(Z)-1c (X = O; Y = O)
(Z)-1d (X = O; Y = O)
(E)-1d (X = O; Y = O)
(Z)-1e (X = O; Y = O)
(Z)-1f (X = O; Y = O)
(Z)-1g (X = O; Y = O)
(2E,5Z)-7 (X = O; Y = O)
(Z)-8a (X = S; Y = O)
(Z)-8b (X = S; Y = O)
(Z)-8c (X = S; Y = S)
(Z)-9a (X = S; Y = O)
(E)-9a (X = S; Y = O)
(Z)-9b (X = S; Y = O)
(Z)-9c (X = S; Y = O)
(E)-9c (X = S; Y = O)

Ph
Ph
Ph
NHPh
NHPh
NH(CH)2Ph
OEt
OEt
OEt
Ph
Ph
Ph
NH2
NH2
NH2
NH(CH)2Ph
NH(CH)2Ph

CH3
CH2COOEt
CH2COOEt
CH2COOEt
CH2COOEt
H
H
CH2COOEt
QCHCOOEt
CH3
CH2COOEt
CH2COOEt
CH2COOEt
CH2COOEt
H
H
H

H
H
CH3
H
H
H
H
H
H
H
CH3
CH3
H
H
H
H
H

6.80
6.78
6.95
5.79
5.36
5.59
5.44
5.44
5.64
7.58
7.43
7.61
6.15
5.64
6.16
6.21
5.64

160.6
161.6
161.2
153.5
—
151.9
159.2
157.8
149.9
166.0
162.8
164.9
156.9
154.9
158.4
156.1
—

94.5
94.9
95.5
93.3
—
92.7
88.6
88.9
93.1
111.6
112.0
113.9
100.8
97.2
100.2
101.2
—

66.1
66.7
65.7
60.2
—
59.2
70.6
69.0
56.8
54.4
50.8
51.1
56.1
57.6
58.2
54.9
—

9a–c (5.64–6.21 ppm) and enaminoesters 1f–g and 7 (5.44–5.64 ppm),
despite the expected CO(S)Ph > CO(S)NHR/CO2R order of electron
withdrawing power of the substituent R1CO(S).10i In addition,
the C(2 0 )–H signals of compounds containing the R1CS substituent are found at a lower field than the signals of compounds that have the R1CO group (d 7.43–7.61/6.78–6.95 ppm
for enamino thioketones 8a–c/enamino ketones 1a–c, d 5.64–
6.21/5.36–5.79 ppm for enamino thioamides 9a–c/enamino
amides 1d–e), and thus predict the wrong order of electron
accepting ability of the carbonyl and thiocarbonyl groups.
Likewise, the 13C NMR chemical shift differences DdC(2)QC(2 0 )
point to the stronger electron withdrawing ability of R1CO
(DdC(2)QC(2 0 ) = 59.2–70.6 ppm) with respect to that of R1CS
(DdC(2)QC(2 0 ) = 50.8–58.2 ppm), and also predict thioamides
9a–c (DdC(2)QC(2 0 ) = 54.9–58.2 ppm) to show a larger push–pull
effect than thioketones 8a–c (DdC(2)QC(2 0 ) = 50.8–54.4 ppm). This
is more evident when related systems are compared. Thus,
for example, values for ketone (Z)-1a and thioketone (Z)-8a,
differing only in O/S contained in the EWG substituent, are as
follows: C(2 0 )–H at d 6.80 ppm and 7.58 ppm, respectively, and
DdC(2)QC(2 0 ) 66.1 ppm and 54.40 ppm, respectively. The inability
of proton chemical shifts to correctly reproduce the trend in the
strength of the push–pull effect is easily rationalized by their
high sensitivity to proton environment (solvent effect, anisotropic effects from substituents). Obviously, the 13C NMR
chemical shifts of the two carbon atoms in the double bond
are influenced not only by the strength of the push–pull effect,
but by other factors too. Among them, influences coming from
substituents directly attached to the double bond are the most
prominent ones. For example, the stronger (–I) effect of the
R1CX substituent in oxygen analogues (X = O) than in sulfur
ones (X = S) could be a reasonable explanation of the opposite
trend of the DdC(2)QC(2 0 ) values observed for these compounds.

However, when comparing the push–pull effect of thiazolidine
enaminoesters (Z)-1f, (Z)-1g and (2E,5Z)-7, with different substituents at the C(5) position and the same ones at the double
bond, both the C(2 0 )–H chemical shifts (5.44/5.63 ppm for 1f,
1g/7) and the DdC(2)QC(2 0 ) parameters (69–70.6/56.8 ppm for 1f,
1g/7) correctly indicate a lowering of the push–pull effect associated with the electron withdrawing effect of the C(5)QC(5 0 )CO2Et
substituent in 7.11 The C(2 0 )–H chemical shifts, as well as
DdC(2)QC(2 0 ) also correctly represent a slightly increased push–
pull effect for intramolecularly hydrogen bonded E isomers
with respect to the Z ones.10i For example, C(2 0 )–H protons of
(E)-1d and (E)-9a resonate at a higher field than the C(2 0 )–H
protons of (Z)-1d and (Z)-9a, while DdC(2)QC(2 0 ) is larger for the
E isomer of 9a (entries 4 and 5, 13 and 14). The same is true for
the C(2 0 )–H chemical shifts of derivatives (Z)-8b (d 7.43 ppm)
and (Z)-8c (d 7.61 ppm), which correctly indicate a drop in the
push–pull character due to the replacement of the ring carbonyl
group in 8b by a thiocarbonyl group in 8c. The DdC(2)QC(2 0 ),
however, does not show the same trend.
Despite the above mentioned limitations of the quantification
of the push–pull effect, the DdC(2)QC(20 ) values strongly suggest that
the structure of 2-alkylidene-4-oxothiazolidines can be described
by the hybrid structure F as an equivalent of the general dipole
type structure I of the push–pull alkenes presented in Scheme 2.
We also wish to note that the full zwitterionic structure has
been confirmed experimentally by very low temperature X-ray
diffraction analysis of 3-(1,3-diisopropyl-2-imidazolidinylidene)2,4-pentanedione.24
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3.3. Stereodynamic behaviour of 2-alkylidene-4oxothiazolidine derivatives

3.4. Kinetic and thermodynamic aspects of configurational
isomerization

Over the past few decades, investigations into the static and
dynamic stereochemistry of push–pull alkenes published up to
1983 have been reviewed by Sandström10a and recently by
Kleinpeter et al.10c,e who showed that donor–acceptor electronic
interactions occurring via the CQC double bond (resonance
structures B–E and hybrid structure I in Scheme 2; resonance
structure D and hybrid structure G in Scheme 3) are the main
factor responsible for the lowering of the rotational barrier
around the CQC bond. Recent theoretical studies10c,i have found
that in a fragment shown in Scheme 3, these electronic interactions
increase in the order: O o S.
In the case of our stereodefined push–pull thiazolidine derivatives 1 (Scheme 1), the above mentioned electronic interactions,
that occur here between two electron donors (Nring and Sring) and
one electron acceptor (R1CX; R1 = Ph, OEt, NHPh, NH(CH2)2Ph;
X = O), have been evidenced by the facile Z/E configurational
isomerization that takes place spontaneously in solution, at
room temperature (Scheme 4).11,13 The direction of this isomerization is dictated by solvent polarity. Polar solvents break
the intramolecular hydrogen bonding in the E isomer and shift
the equilibrium to the Z isomer, by forming stable solvent–
solute intermolecular interactions. On the other hand, in nonpolar solvents, the intramolecularly hydrogen bonded E isomer
becomes the dominant species (Scheme 4).

To extend our knowledge on the solvent dependent Z/E configurational equilibrium of 2-alkylidene-4-oxothiazolidines and the
strength of their push–pull character, we studied the isomerization of (E)-(5-ethoxycarbonylmethyl-4-oxothiazolidin-2-ylidene)ethanthioamide (E)-9a. For this purpose, variable temperature
NMR determination of the dynamics of the configurational
isomerism was done in DMSO-d6 (Fig. 4), as well as studies of the
rotational barrier DG‡ around the C(2)QC(20 ) bond (Table 3). In
Table 3 are also included the values for the other two activation
parameters DH‡ and DS‡, the data for the two Arrhenius parameters (apparent activation energy Ea and frequency factor A), the
overall rate constant k and the equilibrium constant K‡ between
the TS and GS. The results are compared with those for (Z)-1b
determined in CDCl3 (Scheme 5A) and (2E,5Z)-7 determined in
DMSO-d6 (Scheme 5B), previously reported by us.11
The mechanism of the (E)-9a " (Z)-9a isomerization can be
proposed as follows:

Scheme 3 The push–pull effect of vinylogous amides and thioamides
(X = O, S).

k1

k2

B , B� ! C
k�1

On the basis of the steady state approximation and assuming
that k�1 o k1, the reaction is further approximated to a first
order reaction. The overall rate constant, k, is determined as the
slope of the best straight line fitted through ten points, when
ln[B/B0] is plotted against time (t). The slope of the Arrhenius
plot gives the apparent energy of activation and the intercept at
1/T = 0 yields the frequency factor A (Fig. S7 in the ESI;† Table 3).
Additionally, the DH‡ and DS‡ values were evaluated using the
Eyring equation by plotting ln k/T versus 1/T and, as a result, the
free energy of activation was calculated to be 96.5 kJ mol�1 (Fig. S8
in the ESI;† Table 3). Thus, for the (E)-9a " (Z)-9a transformation,
first order kinetics has been established.
The magnitudes of DH‡ and DS‡ represent the diﬀerences in
enthalpy and entropy between transition and ground state structures. During configurational isomerization, enthalpy increases
and on reaching the transition state becomes equal to DH‡,

Fig. 4 Plot of E/Z ratio versus reaction time for thiazolidine derivative 9a
determined at 298, 303 and 308 K.

when the C(2)QC(2 0 ) double bond is broken. As the data
in Table 3 show, the activation enthalpies span a range from
39.3 kJ mol�1 (1b) to 80.9 kJ mol�1 (7) and are endothermic.
These values are influenced by structural changes within the
molecule and by the solvent. Generally, solvents decrease DH‡
values because the more polar TS (due to the full charge separation) is more solvated than the less polar GS. On the other hand,
DS‡, measuring the degree of ordering, can be negative or positive
if translational, vibrational, or rotational degrees of freedom are
lost or gained on moving to the transition state. The negative DS‡
values determined for the isomerization of (Z)-1b, (2E,5Z)-7 and
(E)-9a indicate an increased ordering when the molecule reaches
a transition state, more prominent for 1b and 9a, than for 7. A
part of it has to be ascribed to increased ordering in a solvent
(mostly those molecules directly interacting with the solute) so to
make DH‡ more favourable (less positive). The resulting DG‡,
spanning a rather narrow range of 3.6 kJ mol�1, concurs with our
previous estimation of the electron withdrawing ability of
substituents as CSNH2 > COPh > CO2Et.10i Although this correct
trend may perhaps not be reproduced under diﬀerent experimental conditions, since rotational barriers depend on the
direction of isomerization (E - Z or Z - E) and the solvent,
the following results strongly support it.
Thus, if we compare E - Z isomerization of 7 and 9a in the
same solvent (DMSO-d6) and at the same temperature (298 K),
all activation parameters Ea, DH‡ and DG‡ indicate a decreased
push–pull character in 7, related to both the electronic properties of the EWG and additional barrier-increasing effect of the
C(5)QC(5 0 )CO2Et moiety. The isomerization rate is 4.3 times

faster for 9a than for 7 and 2.2 times faster than that determined for 1b in CDCl3, as can be seen from the rate constants k.
The two related quantities, Ea and DH‡, show a somewhat
diﬀerent trend, that is, a reversed order of electron accepting
ability of keto and thioamide substituents: COPh > CSNH2,
corresponding to the easier isomerization of 1b with respect to
9a. This could be attributed to the solvent polarity (CDCl3 in the
case of 1b instead of DMSO-d6 for 9a) and direction of isomerization (Z - E for 1b instead of E - Z in the case of 9a).
Therefore, the change from CDCl3 to the more polar DMSO-d6 and
the opposite isomerization direction would possibly increase both
Ea and DH‡, and show the correct trend in electron-accepting
ability of substituents for these compounds. As we were unable to
isolate the E isomer of 1b, this was checked by computation of
DH‡ and DG‡ in DMSO for the E - Z direction for all three
compounds, as shown in Table 4. The table also includes calculated barrier energies for the Z - E isomerization in CHCl3. All
calculated values show the correct trend in decreasing rotational
barriers: 7 > 1b > 9a. This also means that the push–pull effect is
not affected by the solvent (at least the two solvents studied) and
the direction of isomerization. The observation that calculated
DH‡ and DG‡ are almost identical (entries 1–3), or differ slightly
(entries 5 and 6), supports our explanation that the experimentally
obtained negative entropy values (Table 3) can be associated with
the ordering of solvent molecules, which is not taken into account
in computations.
Thus, we oﬀer the following explanation for the observed
deviation of experimental DH‡ in the case of Z - E isomerization of 1b in CDCl3 and its most negative DS‡ (Table 3, entry 4).
First, we have to recall that the TS is more polar than the GS due
to larger charge polarization. Thus, the studied isomerization of 1b
requires a higher ordering in the weakly polar CDCl3 molecules at
the moment the TS is reached, so as to stabilize the TS as
eﬃciently as possible. This reduces both DS‡ and DH‡. By contrast,
polar DMSO-d6 stabilizes TS with less molecular ordering, resulting in lower absolute entropy values.
3.5. Computational approach for studying rotational barriers
and their relation to the push–pull effect
3.5.1. Ground state and transition state structures of studied
2-alkylidene-4-oxothiazolidines. The GS and TS structures of 7
are presented in Fig. 5, and of all other compounds in Fig. S9 in
the ESI.† In the ground state of both Z and E isomers, the
4-oxothiazolidine ring and exocyclic carbon atom of the double
bond with its CQX substituent are in the same plane. When
the R1 part of R1CX is NHPh (1d), OEt (1g) and NH2 (9a), the
whole EWG is in plane with the ring. When R1 = Ph, as in

Table 3 Apparent activation energy (Ea), frequency factor (A), overall rate constant (k), TS/GS equilibrium constant (K‡) and activation parameters (DH‡,
DS‡ and DG‡) for rotation around the C(2)QC(2 0 ) double bond in 4-oxothiazolidines (Z)-1b, (2E,5Z)-7 and (E)-9a

Scheme 4

Entry Compound Solvent

T [K] Ea [kJ mol�1] ln A [s�1] k [s�1]

1
2
3
4
5

298
303
308
298
298

(E)-9a
(E)-9a
(E)-9a
(Z)-1b
(2E,5Z)-7

DMSO-d6
DMSO-d6
DMSO-d6
CDCl3
DMSO-d6

60.3
60.3
60.3
41.8
83.3

Proposed mechanism for 2-alkylidene-4-oxothiazolidine configurational isomerization.

14.80
14.80
14.80
6.91
22.74

7.26
1.11
1.60
3.38
1.70

�
�
�
�
�

DH‡ [kJ mol�1] DS‡ [J mol�1 K�1] DG‡ [kJ mol�1] K‡
10�5
10�4
10�4
10�5
10�5

57.4
57.4
57.4
39.3
80.9

�131.2
�131.2
�131.2
�198.7
�64.7
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4USBOB

384

385

96.5
96.5
96.5
98.5
100.2

1.17
1.76
2.50
5.45
2.74

�
�
�
�
�

10�17
10�17
10�17
10�18
10�18

Paper

NJC

NJC

Paper

Table 5 Calculated C(2)C(2 0 ) bond lengths (Å) in GS and TS and barriers to rotation (DG‡, kJ mol1) around the CQC double bond for the studied
thiazolidine derivatives

DG‡
Scheme 5

Configurational isomerization of (Z)-1b and (2E,5Z)-7 thiazolidine derivatives.

Table 4 Calculated values of H‡ and DG‡ conducted at the M06-2X/
6-311G** level of theory (in kJ mol�1) for E - Z isomerization of 1b, 7 and 9a
in DMSO, and for Z - E isomerization in CHCl3

Entry

Compound

Solvent

DH‡ [kJ mol�1]

DG‡ [kJ mol�1]

1
2
3
4
5
6

1b
1b
7
7
9a
9a

DMSO
CHCl3
DMSO
CHCl3
DMSO
CHCl3

147.0
155.1
168.5
167.3
132.5
129.7

146.4
154.4
169.1
173.4
134.1
132.7

1b (R1CX = COPh) and 8a (R1CX = CSPh), the fully planar
thiazolidine/double bond/CO(S) moiety and the phenyl ring form
angles of B161 and B401, respectively, due to steric hindrance
between the Ph and the CX part. In the case of R1 = NH(CH2)2Ph, a
fully planar structure was obtained for 9c (R1CX = CSNH(CH2)2Ph).
However, in the case of 1e (R1CX = CONH(CH2)2Ph), the conformation around the H2CH2C–CAr bond is such that the phenyl ring
and the neighbouring C–C bond form an angle of B801. The C(5)
substituent (CH2CO2Et) is out of plane when attached to the
sp3-hybridized carbon atom. In the case of 7, possessing
another exocyclic CQC double bond at the C(5) position, the
structure is fully planar (Fig. 5).
In the transition state structures, the thiazolidine ring as the
donor part and the acceptor moiety are nearly perpendicular to
each other. The C(2)C(2 0 ) bond is elongated, becoming a single
bond in TS, while the C(2)–Sring, C(2)–Nring and C(2 0 )–C bonds
are shortened. Calculated C(2)C(2 0 ) bond lengths in GS and TS
are given in Table 5.
3.5.2. Calculated barriers to rotation as a means to quantify the push–pull effect in 2-alkylidene-4-oxothiazolidines. The
gas phase calculated DH‡ and DG‡ values for the E - Z and
Z - E isomerizations of selected thiazolidine derivatives do not
differ by more than 7 kJ mol1 and they show the same trend.
Thus, only DG‡ values are presented in Table 5, along with the
calculated C(2)QC(20 ) bond lengths in the ground and transition
state structures. The barriers span a broad range of B144 kJ mol1,

Fig. 5

being the lowest for 8a and the highest for 7 (entries 5 and 6). It is
evident that E - Z isomerizations encounter higher barriers
than the reverse Z - E isomerizations. This is easily rationalized by the lower energy of E isomers due to their stabilization
by intramolecular hydrogen bonding, which exceeds that coming from non-bonded 1,5-Sring� � �O(S)substituent interactions. On
the basis of the data in Table 5, R1CX substituents can be
ordered according to their electron accepting ability as follows:
CSPh > CSNH2 E CSNHCH2CH2Ph > COPh > CO2Et >
CONH(CH2)2Ph > CONHPh. The obtained trend is in agreement
with our understanding of the electronic properties of substituents and also concurs with our previously reported trend,
which was established on the basis of occupation quotient
values.10i,25 The data in Table 5 show that the remote substituent effect (compound 7) places the barrier to be the highest.
The barrier in 7 is affected by two effects, acting in opposite
directions: the C(2 0 ) ester group withdraws p electrons from the
C(2)QC(2 0 ) double bond and decreases the barrier, while the
C(5)QC(50 )CO2Et moiety withdraws electron density from the ring
sulfur atom, thus reducing its ability to donate a lone pair to the
C(2)QC(20 ) double bond which increases the barrier.
In our previous work, we have shown that the two parameters, that is, the occupation quotient and the C(2)QC(2 0 )
bond length in 2-alkylidene-4-oxothiazolidines, show a good
linear correlation,10i which means that they can be considered
reliable for quantification of the push–pull effect. Therefore, we
correlated the calculated barriers to rotation with the CQC
bond lengths of the ground state structures, as shown in Fig. 6.
A good linear correlation, obtained for both isomerization
directions, indicates that the magnitudes of rotational barriers
reflect changes in the strength of the push–pull effect in the
studied compounds. An important observation is that their
relative order is not affected by hydrogen bonding stabilization
in E isomers and 1,5-Sring� � �O(S)substituent interactions present
in Z isomers. Thus, this quantity can be regarded as a reliable
measure of the push–pull effect in the studied, and possibly in
related heterocycles, as well.

Optimized GS and TS structures of compound 7.
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Compound

R1

R2

Z-E

E-Z

E isomer

Z isomer

dC–C (TS)

1
2
3
4
5
6
7
8

1b (X = O)
1d (X = O)
1e (X = O)
1g (X = O)
7 (X = O)
8a (X = S)
9a (X = S)
9c (X = S)

Ph
NHPh
NH(CH)2Ph
OEt
OEt
Ph
NH2
NH(CH)2Ph

CH2COOEt
CH2COOEt
H
CH2COOEt
QCHCOOEt
CH3
CH2COOEt
H

171.5
185.0
179.3
175.8
207.9
64.5
128.6
129.5

186.1
198.6
196.8
187.6
221.6
77.8
147.8
146.3

1.353
1.349
1.347
1.349
1.347
1.366
1.355
1.353

1.352
1.347
1.346
1.347
1.344
1.363
1.354
1.352

1.427
1.424
1.425
1.428
1.424
1.503
1.445
1.440

Fig. 6 Correlation between the calculated barriers to rotation (DG‡) and
the CQC bond lengths of GS structures.

4. Conclusions
Bearing in mind the importance of knowledge about the strength
of the push–pull effect in push–pull alkenes, we have examined
the reliability of NMR spectroscopic data and barriers to rotation
around the CQC double bond to provide information about
the push–pull character in the case of biologically important
2-alkylidene-4-oxothiazolidine derivatives with various electron
withdrawing groups at the C(2 0 ) position. Due to the larger
sensitivity of the olefinic 1H NMR chemical shifts to proton
environmental effects (substituent anisotropic effects being the
most pronounced) than to changes in the push–pull effect, these
data fail to show the correct trend in electron withdrawing ability
of the substituents. Although, the large 13C NMR chemical shift
differences between the two carbon atoms contained in the CQC
double bond are indicative of a significant charge polarization
within the bond, this NMR parameter shows sensitivity not only
to the electron-withdrawing power of the substituents but to
other factors also. Therefore, NMR chemical shifts do not provide
a reliable picture of the strength of push–pull character.

On the other hand, the experimentally determined and the
gas-phase calculated rotational barriers show the correct order
of acceptor substituents with respect to their electron accepting
ability, which was not aﬀected by ground state influences such as
intramolecular hydrogen bonding and non-bonded 1,5-S� � �O(S)
interactions. The calculated barriers also show a good correlation
with CQC bond lengths, which have been proven previously to
provide reliable information about the strength of the push–pull
effect in related thiazolidine systems. Thus, the relative magnitudes of barriers to rotation can give us information about the
changes in the push–pull character of studied and related compounds. The subtle effects coming from a remote group were
reflected in the barrier values, too.
The importance of the computational results also lies in the
fact that rotational barriers are not always experimentally accessible, as in cases when the isomerization rate falls beyond the
timescale of an NMR experiment or when the double bond is part
of a ring.
The fact that the continuum solvation COSMO model used for
the solution-state calculations was not able to reproduce the large
negative activation entropy observed in experiments, supported
our assumption that the sign and the value of experimental DS‡
reflects an increased ordering of solvent molecules as a transition
state is reached, rather than ordering within the solute molecules.
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(a) R. Marković, M. Baranac, P. J. Steel, E. Kleinpeter and
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