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A new complex, [Cu(BTZ)(DMF)Cl]2 [BTZ ) 2-(2-hydroxyphenyl)benzothiazolate, DMF ) N,N-
dimethylformamide], was synthesized and characterized by X-ray crystallography, elemental analysis, IR
spectrum, and TG-DTG. The results show that the complex crystallizes in a monoclinic space group P21/
c; a ) 10.478(3) Å, b ) 8.993(3) Å, c ) 18.482(6) Å; � ) 105.697(5)°; V ) 1676.59 Å3; and Z ) 4. The
structure of the complex is dimeric [Cu(BTZ)(DMF)Cl]2 with two isotropic Cu2+ ion centers having five-
coordinate geometry. The constant-volume combustion energy of the complex, ∆cU, was determined as
being (-17 689.56 ( 6.77) kJ ·mol-1 by a precise rotating-bomb calorimeter (RBC-type II). The standard
molar enthalpy of combustion, ∆cHm

θ , and the standard molar enthalpy of formation, ∆fHm
θ , were calculated

at 298.15 K as being (-17 706.91 ( 6.77) kJ ·mol-1 and (-738.67 ( 7.96) kJ ·mol-1, respectively.

Introduction

Thermochemistry, to the best of our knowledge, is the basis
of modern material science. The determination of heat effects
which materials produce during physical and chemical changes
may play a vital role in the materials application. Therein, the
standard molar enthalpy of formation of a substance is of basic
use in calculating the enthalpy change for a chemical reaction1

and the corresponding lattice enthalpy obtained from the
enthalpy of formation in the crystalline state.2 The combustion
calorimetry technique is the most widely used for determining
the standard molar enthalpy of formation.3–8 Exact thermody-
namic data are urgently required as a basis of theoretical
calculation of quantum chemistry, computer-aided molecular
design of drugs and new materials, technological processes of
synthesis and purification, and biochemical reactions. Hence,
the performed quantitative studies on the energy data may be
of great help to make further study of complexes that span from
theoretical research to practical application.

Over the past decades, extensive research has been carried
out in the aspect of transition metal complexes involving
benzothiazolate derivatives due to their significantly different
biological activity, catalytic activity and luminescent and
magnetic properties.9–12 As one of the benzothiazolate deriva-
tives, 2-(2-hydroxyphenyl)benzothiazolate (BTZ) is a novel
N,O-donor chelating ligand that can form multifunctional
complexes with metal ions. Several metal complexes with BTZ
have recently received relatively more attention on their
applications as organic light-emitting diodes because of excellent
electroluminescent properties.13–17 Considering the biological
activity of benzothiazolate derivatives, copper as an essential
microelement for the human body, and the sparse research on
their thermochemical properties, it is therefore of importance
to investigate the BTZ complex with copper as the center ion.
Our research group recently prepared transition metal complexes
associated with the BTZ ligand and studied their thermochemical

properties. In this paper, the BTZ complex of copper(II) was
successfully synthesized; the crystal structure was studied; and
its constant-volume combustion energy, ∆cU, was determined
by a precise rotating-bomb calorimeter (RBC-type II). According
to the value of ∆cU, the standard molar enthalpy of combustion,
∆cHm

θ , and the standard molar enthalpy of formation, ∆fHm
θ , were

derived at 298.15 K.

Experimental Section

Materials and Instruments. All the reagents were of analyti-
cal grade and used without further purification except for benzoic
acid and the BTZ ligand. Benzoic acid was purchased from the
Shanghai Reagent Company, with mass fraction purity 0.99999,
and dried in a vacuum oven prior to use. BTZ was synthesized
according to the literature method.18

The C, H, and N contents were measured by a Vario EL III
elemental analyzer (Germany). The standard deviation for C,
H, and N is < ( 0.1 %. IR spectra (KBr pellet) were recorded
with a model EQUINOX55 FT-IR spectrophotometer (Bruker,
Germany; the resolution was ( 4 cm-1). The thermal analysis
TG-DTG experiment of the complex was performed using a
Perkin-Elmer thermogravimetric instrument under a nitrogen
atmosphere at a flow rate of 60 cm3 ·min-1. The heating rate
used was 10 K ·min-1 from ambient temperature to 1273 K,
with a sample weight of about 5 mg. The constant-volume
combustion energy of the complex was determined with RBC-
type II.

Synthesis of the Complex. A mixture of CuCl2 · 2H2O (1
mmol, in 20 mL of acetone) and 2-(2-hydroxyphenyl)benzothia-
zolate (1 mmol, in 20 mL of DMF) was stirred at room
temperature for 1 h. Then it was filtered, and the filtrate was
allowed to evaporate very slowly. After three weeks, some dark
red, rhombus single crystals of the complex were obtained in
the mother liquid. The product was isolated, washed with
deionized water and DMF, and dried in a vacuum desiccator
over P4O10. The yield was 56 % based on BTZ. Anal. Calcd
for C16H15ClCuN2O2S (%): C, 48.24; H, 3.80; N, 7.03. Found:
C, 48.30; H, 3.71; N, 7.10.
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X-ray Data Collection and Structure Determination. The
X-ray single crystal data collection for the complex was
performed on a Bruker Smart Appex II CCD diffractometer,
using graphite-monochromated Mo KR (λ ) 0.71073 Å)
radiation at 296(2) K. Absorption corrections were applied by
SADABS. The structure was solved by a direct method with
the SHELXL-9719 program and refined with full-matrix least-
squares methods. The non-hydrogen atoms were located with
difference Fourier synthesis, and the hydrogen atoms were
generated geometrically. Crystallographic data and structure
refinement parameters for the title complex are summarized in
Table 1, and selected bond lengths and angles are listed in Table
2.

Rotating-Bomb Combustion Calorimetry. The constant-
volume combustion energy of the complex was determined with
RBC-type II. The main experimental procedures were described
previously.20 This instrument was developed in our laboratory,
and the calorimeter mainly consists of a water thermostat, a
caloritube, and the system for temperature measurement. The
bicyclical structure is used as the holder for the crucible support
in the oxygen bomb, which facilitates the crucible stable relative
to the bomb when the bomb was rotated in crosswise direction
and vertically, assuring that the stable final state is attained in
a short time.

The initial temperature of the combustion reaction was
maintained at T ) (298.1500 ( 0.0005) K, and the initial oxygen
pressure was 2.5 MPa. In this investigation, 40 cm3 of aqueous
solution of As2O3 (0.09264 mol ·dm-3) as an initial bomb

solution was added into the bomb. The added arsenious oxide
solution ensured that all the free chlorine formed in the
combustion experiment was reduced to aqueous hydrochloric
acid.

The analytical methods of final products (gas, liquid, and
solid) from the title complex combustion experiment were as
reported in refs 5 and 20. The gaseous sulfurous anhydride
produced during the process of the combustion reaction was
converted catalytically to sulfur trioxide, where the platinum
lining of the interior surfaces of the bomb acted as a catalyst.
The bomb solution then absorbed the gaseous sulfur trioxide,
generating aqueous sulfuric acid. Because the final bomb
solution contains HCl(aq), H2SO4(aq), and HNO3(aq), in the
analysis, the total amount of acids has to be measured. The
amount of sulfuric acid was determined by the gravimetric
BaSO4 method. The amount of nitric acid was determined by
using Devarda’s alloy method,21 and corrections were based
on -59.7 kJ ·mol-1 for the molar formation energy of the formed
0.1 mol ·dm-3 of aqueous HNO3 on the basis of eq 1. The
amount of hydrochloric acid in the solution was computed from
the difference between the total amount of acid and the amounts
of nitric acid and sulfuric acid. The extent of As2O3(aq)
oxidation was determined by titration with a standardized iodine
solution.21 On the basis of the literature,22 the calculation of
the energetic term ∆U(As2O3) was equal to 1/2 of the enthalpy
of reaction 2, and the standard state correction, ∆U∑, was
calculated.

1/2N2(g) + 5/4O2(g) + 1/2H2O(l) ) HNO3(aq)
(1)

As2O3(aq) + O2(g) ) As2O5(aq) (2)

The standard molar reaction enthalpy of eq 2, ∆rHm
θ , was

(-326.4 ( 0.4) kJ ·mol-1.23 The results of the IR spectrum,
XRD, and chemical and elementary analyses have shown that
the final solid product was only CuO. The analytical results of
the final products indicated that the combustion reaction was
complete.

The energy equivalent of the calorimeter was calibrated with
benzoic acid, which has an isothermal heat of combustion of
(-26 434 ( 3) J ·g-1,24 at 298.15 K. The calibrated experimental
results have an accuracy uncertainty of 4.38 ·10-4 and give an
equivalence of (18 604.99 ( 8.14) J ·K-1 as listed in Table 3.

To measure the combustion energy for the compound
involving sulfur and chlorine, the combustion energies of
thianthrene and 4-chlorobenzoic acid were determined as
(-33 507.76 ( 14.13) J ·g-1 and (-19 583.62 ( 8.44) J · g-1,
respectively. The results are in good agreement with the
published values (-33 468 ( 4) J ·g-1 25 and (-19 562.08)
J · g-1.26 For thianthrene, the precision is 4.22 · 10-4, and the
accuracy is 1.19 ·10-3. For 4-chlorobenzoic acid, the precision
is 4.31 ·10-4, and the accuracy is 1.10 ·10-3.

Correction of the Heat Exchange. The temperature rise must
be corrected on the basis of the heat exchange between the
calorimetric tube and its surroundings. The correct value of
the heat exchange was calculated according to the Linio-
Pyfengdelel-Wsava equation.27

ς ) (Vn - V0

θn - θ0
)(T0 + Tn

2
+ ∑

i)1

n-1

Ti - nθ0) + nV0

(3)

where ς/K denotes the correct value of the heat exchange; n is
the number of readings for the main (or reaction) period; Vn/

Table 1. Crystallographic Data and Structure Refinement
Parameters for the Title Complex

empirical formula [C16H15ClCuN2O2S]2

formula weight 796.744
temperature (K) 296 (2)
wavelength (Å) 0.71073
crystal system monoclinic
space group P21/c
unit cell dimensions a ) 10.479(3) Å, R ) 90°

b ) 8.993(3) Å, � ) 105.697(5)°
c ) 18.482(6) Å, γ ) 90°

volume (Å3) 1676.7(9)
Z 4
calculated density (mg ·m-3) 1.578
absorption coefficient (mm-1) 1.595
F (000) 812
crystal size (mm) 0.24 × 0.21 × 0.16
range for data collection (deg) 2.30 to 21.69
limiting indices -12 e h e 7, -10 e k e 10,

-21 e l e 22
reflections collected/unique 8125/2986 [R(int) ) 0.0757]
completeness to θ ) 25.10 (%) 99.7
refinement method full-matrix least-squares on F2

data/restraints/parameters 2986/0/210
goodness-of-fit on F2 1.014
final R indices [I > 2σ(I)] R1 ) 0.0419, wR2 ) 0.0916
R indices (all data) R1 ) 0.0744, wR2 ) 0.1198
largest diff. peak and hole (e ·Å-3) 0.393 and -0.597

Table 2. Selected Bond Lengths (Å) and Angles (deg) for the Title
Complexa

Cu(1)-O(1) 2.032(3) N(1)-Cu(1)-O(2) 86.87(15)
Cu(1)-O(2) 2.177(3) O(1)#1-Cu(1)-O(2) 88.27(13)
Cu(1)-O(1)#1 1.972(3) O(1)-Cu(1)-O(2) 101.39(12)
Cu(1)-N(1) 1.968(4) N(1)-Cu(1)-Cl(1) 98.84(11)
Cu(1)-Cl(1) 2.2495(14) O(1)#1-Cu(1)-Cl(1) 94.97(9)
O(1)#1-Cu(1)-O(1) 77.78(14) Cu(1)#1-O(1)-Cu(1) 102.22(14)
N(1)-Cu(1)-O(1) 89.76(14) O(1)-Cu(1)-Cl(1) 130.36(9)
N(1)-Cu(1)-O(1)#1 165.46(13) O(2)-Cu(1)-Cl(1) 127.70(10)

a Symmetry transformations used to generate equivalent atoms: #1
-x, -y + 2, -z.
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(K ·min-1) and V0/(K ·min-1) are the rates of temperature change
at the final and initial stages, respectively (V is positive when
the temperature decreases); θn/K and θ0/K are the average
temperatures of the calorimeter at the final and initial stages,
respectively; T0/K is the last reading of the initial stage; Tn/K
is the first reading of the final stage; ∑i)1

n-1Ti is the sum of all
the temperature readings except for the last one of the main
period; and (Vn - V0)/(θn - θ0) is a constant related to the
calorimeter performance.

Results and Discussion

Crystal Structure. The crystal data for the title complex are:
monoclinic, a ) 10.479(3) Å, b ) 8.993(3) Å, c ) 18.482(6)
Å, R ) 90°, � ) 105.697(5)°, γ ) 90°, space group P21/c. As
seen in Figure 1, the complex exists as a dimer that consists of
two copper(II) ions, two BTZ, two DMF, and two chlorine ions
in each independent crystallographic unit. The five-coordinate
Cu2+ ions display distorted trigonal-bipyramidal geometry. Each
Cu2+ ion is coordinated by three oxygen atoms from two 2-(2-
hydroxyphenyl)benzothiazolate ligands [Cu(1)-O(1), 2.032(3)
Å; Cu(1)-O(1)#1, 1.972(3) Å] and a DMF molecule [Cu(1)-
O(2), 2.177(3) Å], respectively, one nitrogen atom from the 2-(2-
hydroxyphenyl)benzothiazolate ligand [Cu(1)-N(1), 1.968(4)
Å], and one chlorine ion [Cu(1)-Cl(1), 2.2495(14) Å]. In the
dimer, the two Cu2+ ions are connected by the phenoxide
oxygens and shaped into a parallelogram. A symmetry center
is located in the parallelogram center. The O(1)#1-Cu(1)-Cl(1)
and Cu(1)#1-O(1)-Cu(1) bond angles are 94.97(9)° and
102.22(14)°, respectively.

IR Spectrum. An IR spectrum of the title complex in the
region of (4000 to 400) cm-1 was recorded at room temperature,

as depicted in Figure 2. The IR spectrum exhibited that the
ν(C-N) band which occurs at 1617 cm-1 in the ligand (BTZ)
undergoes a shift to lower energy and appears at 1593 cm-1

after complexation. This suggests the coordination of nitrogen
of the benzothiazolate. The band at 1402 cm-1, assigned to in-
plane OH-bending δO-H of the phenolic hydroxyl group in the
free ligand, disappeared in the spectra of the complex. This

Figure 2. Comparison of IR spectrum of BTZ (a) and [Cu(BTZ)(DMF)Cl]2

(b).

Scheme 1. Thermal Decomposed Procedure of
[Cu(BTZ)(DMF)Cl]2

Figure 3. TG-DTG curve of [Cu(BTZ)(DMF)Cl]2.

Table 3. Calibrated Experimental Results for the Energy Equivalent of the Calorimeter Using Benzoic Acid

mass of
benzoic acid calibrated

calibrated heat of acid
containing nitrogen

calibrated heat of
combustion wire

energy equivalent of
calorimeter

no. a/g ∆T/K QN/J qc/J W/J ·K-1

1 0.98450 1.4004 25.90 12.60 18610.95
2 0.86320 1.2301 19.96 12.60 18576.04
3 1.10295 1.5658 19.49 12.60 18640.61
4 1.11940 1.5924 25.99 12.60 18606.39
5 0.82615 1.1764 23.82 12.60 18594.75
6 0.93520 1.3317 19.31 11.70 18586.83
7 0.84385 1.1999 22.46 12.60 18619.38
(xj ( Sxj)a 18604.99 (8.14

a Sxj ) [∑i)1
n (xi - xj)2/n(n - 1)]1/2, in which n is the experimental number; xi is a single value obtained from a series of measurements; and xj is the

mean value of the results.

Figure 1. Single-crystal structure of [Cu(BTZ)(DMF)Cl]2. The hydrogen
atoms are omitted for clarity, and the others not signed are carbon atoms.
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represents the deprotonation of the phenolic hydroxyl groups.
In the title complex, the typical absorption stretching mode from
ν(C-O) at 1215 cm-1 is shifted toward lower frequency, which
clearly indicates that the ligand BTZ is bonded with the Cu2+

ion through the oxygen atom. Compared with the corresponding
vibration peak of DMF, similarly, a red shift occurs where the
stretching vibration peak of CdO (1678 cm-1)28 has changed
to 1647 cm-1. This shift discloses that the oxygen atom of CdO
from the DMF molecule is involved in the complexation.
Additionally, the new absorption bands appearing at 552 cm-1

and 521 cm-1 are attributed to the ν(Cu-O) and ν(Cu-N)
vibrations, respectively. All of the IR analysis results are in
agreement with the X-ray diffraction analysis results.

ThermograWimetric Analysis. The thermal pattern is divided
into three stages (Figure 3). In the first stage, the mass loss of 18.42
% corresponds to the loss of two DMF molecules (ca. 18.35 %
for two DMFs). The second stage takes place over the temperature
range of (477 to 619) K, and the mass loss percentage is 26.26 %,
which is in good agreement with the percent content (26.39 %) of
C13H8NS in the complex. Finally, the complex is completely
converted to CuO determined by the XRD technique of 19.88 %
(ca. 19.94 %) at 1205 K. The decomposed procedure is postulated
as Scheme 1, where the middle temperatures are the peak values
in the DTG curve and the values in brackets are the calculated
value of the mass residual.

Constant-Volume Combustion Energy. The method of the
constant-volume combustion energy determination for the title
complex was the same as that for the calibration of the
calorimeter with benzoic acid. The constant-volume combustion
energy of the complex was calculated by eq 4

-∆cU )
W∆T - Gb - QN

m
(4)

where ∆cU (complex, s) denotes the constant-volume combus-
tion energy of the title complex (in J ·g-1) and W is the energy
equivalent of the rotating-bomb calorimeter (in J ·K-1). ∆T/K
is the correct value of the temperature rise ∆T ) ∆Ttest + ς
(∆Ttest ) Tn - T0), where the ς, T0, and Tn symbols are the
same as in eq 3. G is the combustion enthalpy of the Ni-Cr
wire for ignition (0.9 J · cm-1), and b is the length of the actual
Ni-Cr wire consumed (in cm). m is the mass (in g) of the title
complex, which has been corrected from apparent mass to real
mass based on the calculated density of crystal data. QN is the
total calibrated energy except for the combustion enthalpy of
the Ni-Cr wire for ignition. The constant-volume combustion
energy of the complex was determined six times. The experi-
mental result is (-22 202.32 ( 6.77) J ·g-1 as summarized in
Table 4.

Standard Molar Enthalpy of Combustion. The standard
molar enthalpy of combustion of the complex, ∆cHm

θ (complex,

s, 298.15 K), refers to the combustion enthalpy changes of the
combustion reaction (eq 5) at 298.15 K and 101.325 kPa.

[Cu(C13H8NOS)(C3H7NO)Cl]2(s) + 41O2(g) +
1418H2O(l) ) 2CuO(s) + 32CO2(g) + 2N2(g) +

2(H2SO4·115H2O)(l) + 2(HCl·600H2O)(l) (5)

The standard molar enthalpy of combustion is calculated from
eqs 6 and 7.

∆cHm
θ ) ∆cU + ∆nRT (6)

∆n ) ng(products) - ng(reactants) (7)

where ng is the total amount (in mol) of gases present as products
or as reactants; R ) 8.31447 J ·mol-1 ·K-1, and T ) 298.15 K.
The standard molar enthalpy of combustion, ∆cHm

θ , is calculated
to be (-17 706.91 ( 6.77) kJ ·mol-1.

Standard Molar Enthalpy of Formation. The standard molar
enthalpy of formation was calculated according to the thermo-
chemical eq 8

∆fHm
θ ([Cu(C13H8NOS)(C3H7NO)Cl]2, s) )

2∆fHm
θ (CuO, s) + 32∆fHm

θ (CO2, g)+12∆fHm
θ (H2O, l) +

2∆fHm
θ (H2SO4·115H2O, l) + 2(HCl·600H2O, l) -

∆cHm
θ ([Cu(C13H8NOS)(C3H7NO)Cl]2, s) (8)

The standard molar enthalpies of formation are: CuO(s),
∆fHm

θ (CuO, s) ) -157.3 kJ ·mol-1;29 CO2(g), ∆fHm
θ (CO2, g) )

(-393.51 ( 0.13) kJ ·mol-1;29 H2O (l), ∆fHm
θ (H2O, l) )

(-285.830 ( 0.040) kJ ·mol-1;29 HCl · 600H2O(l),
∆fHm

θ (HCl ·600H2O, l) ) (-166.540 ( 0.005) kJ ·mol-1;29,30

and H2SO4 ·115H2O(l), ∆fHm
θ (H2SO4 ·115H2O, l) ) (-887.81

( 0.01) kJ ·mol-1.29,30 The result of the calculation about ∆fHm
θ

is (-738.67 ( 7.96) kJ ·mol-1.

Conclusions

A new complex, [Cu(BTZ)(DMF)Cl]2, was prepared suc-
cessfully and characterized by IR spectrum, TG-DTG tech-
niques, and single-crystal X-ray diffraction. The constant-volume
combustion energy of the title complex, ∆cU, has been
determined as being (-17 689.56 ( 6.77) kJ ·mol-1 by a
precision rotating-bomb combustion calorimeter at 298.15 K.
The standard molar enthalpy of formation of the complex, ∆fHm

θ ,
has been calculated to be (-738.67 ( 7.96) kJ ·mol-1. These
thermochemical data can provide a theoretical basis for study
of the biological activity and other properties of the title
complex.
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