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Nicotinic acid and cadmium chloride were used as the reactants, absolute ethanol as solvent, and a novel
coordination compound Cd(HNic)2Cl2 was synthesized by the method of liquid phase reaction. Chemical and
elemental analyses, FTIR, and X-ray powder diffraction techniques were applied to characterize its composition
and structure. Low-temperature heat capacities of the solid coordination compound have been measured by a
precision automated adiabatic calorimeter over the temperature range from T ) 78 K to T ) 400 K. The
experimental values of the molar heat capacities in the temperature region were fitted to a polynomial. Smoothed
heat capacities and thermodynamic functions of the complex relative to 298.15 K were calculated based on the
fitted polynomial and tabulated at 5 K intervals. In accordance with Hess’s law, a reasonable thermochemical
cycle was designed based on the preparation reaction of the new substance, and 100 mL of 0.1 M HCl solution
was chosen as the calorimetric solvent. The standard molar enthalpies of dissolution for the reactants and products
of the reaction in the selected solvent were measured by an isoperibol solution-reaction calorimeter. The enthalpy
change of the liquid phase reaction was determined as ∆rHm

o ) (23.46 ( 0.30) kJ ·mol-1, and the standard molar
enthalpy of formation of the complex was determined to be -(1088.8 ( 1.9) kJ ·mol-1 by means of the enthalpy
change of the reaction and other auxiliary thermodynamic quantities.

Introduction

Nicotinic acid is also called Vitamin PP or Vitamin B3. It is
one of 13 kinds of vitamins required in the body. It has various
remarkable uses in medicine or as a nutrient for growth. Cadmium
exists broadly in the environment. It is severely dangerous to the
health of animals and humans. Cadmium is mainly distributed in
the liver and kidneys in animals. It impairs liver, kidney, spleen,
and intestine function and induces immune suppression and cancer.
Cadmium has a strong coordination tendency to some active
molecules, such as nicotinic acid. The coordination of cadmium
with some biologically active small molecules can facilitate the
removal of cadmium from the body and can decrease the
accumulation of the element in the human body.1 In recent years,
great attention has been paid to the application of nicotinic acid
and its compounds with metals in many fields such as animal feed,
pharmaceutical, and nutrient. Research work concerning the
synthesis and crystal structure of the compounds of nicotinic acid
with many metals has been reported in large quantities. However,
the synthesis, characterization, and thermochemical study of the
coordination compound of nicotinic acid with cadmium chloride
have not been discovered in the literature. As an important part of
the research plan about the thermochemical study of the coordina-
tion behavior of biological metal elements with nicotinic acid, in
this paper, the synthesis, characterization, and thermodynamic
properties of a novel coordination compound, Cd(HNic)2Cl2(s),
are reported.

Experimental Section

Synthesis and Characterization of the Coordination Com-

pound Cd(HNic)2Cl2(s). Nicotinic acid and CdCl2 ·2.5H2O(s)
used as the reactants were of analytical grade with a labeled
purity of more than 99.5 %, which was precisely weighed at
the molar ratio of n(HNic):n(CdCl2 ·2.5H2O(s)) ) 2:1. Absolute
ethyl alcohol (A. R. grade) was chosen as solvent. The mixture
of nicotinic acid and CdCl2 ·2.5H2O(s) was added to a 3-neck
flask with the absolute ethanol, heated at (70 ∼ 75) °C and
refluxed for 6 h. The final solution was cooled to room
temperature and filtered. The filter cake was washed three times
using absolute ethyl alcohol, filtered, and dried to a constant
weight at l00 °C. Finally, the sample was placed in a vacuum
desiccator at 50 °C to vacuum-dry for 6 h. The final product
was white with a weight of 8 g. The theoretical content of Cd,
Cl, C, H, and N in the compound has been calculated to be
26.17 %, 16.51 %, 33.55 %, 2.35 %, and 6.52 %, respectively.
Chemical and element analyses have indicated that the content
of Cd, Cl, C, H, and N in the compound is 26.15 %, 16.50 %,
33.49 %, 2.33 %, and 6.50 %, respectively. This shows the
purity of the sample prepared was higher than 99.50 mol %.
The content of cadmium of the sample was measured by five
duplicate EDTA complex titrations, and that of chloride by
precipitation titration with an acidic solution of AgNO3. The
contents of C, N, and H were determined by elemental analysis
(model - 2400, Perkin-Elmer, USA).

FTIR (Nicolet 5700 FT-IR, USA, KBr) was used to determine
the bond mode of the cadmium ion with nicotinic acid, and the
range of the wavelength is (400 ∼ 4000) cm-1. Vibration
characteristic absorptions of main groups obtained from the
FTIR spectra of the title compound and nicotinic acid are listed
in Table 1.
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It can be seen from Table 1 that, for nicotinic acid, the absorption
peak of the O-H stretching vibration, γO-H, obviously shifted to
a low wavenumber, and two strong absorption peaks appeared at
(2827 and 2441) cm-1 owing to the strong intermolecular hydrogen
bonds of nicotinic acid. The hydrogen bonds decrease the strength
of the double bond of the carbonyl in the molecule, and as a result,
the absorption peak of the CdO stretching vibration, γCdO, will
shift to a low wavenumber, 1708.2 cm-1. The absorption peak of
the O-H stretching vibration, γO-H, of the free carbonyl was at
3500 cm-1. As for the coordination compound, the absorption peak
of the O-H stretching vibration γO-H of its carbonyl possessed
almost the same characteristic absorption peaks relative to those
of nicotinic acid. It was shown that the oxygen atom of the organic
component in the complex was not coordinated and linked with
the cadmium ion. The shifts of the γO-H absorption peaks were
completely due to the change of the surroundings near the C-O
bonds after the formation of the novel substance. In addition, the
characteristic absorption νCdN of the CdN stretching symmetrical
vibration on the pyridine ring in the complex has drifted to a high
wavenumber, which indicates that the nitrogen atom on the pyridine
ring is coordinated with the cadmium ion. In addition, a wide and
strong absorption peak of the complex at 3434 cm-1 did not appear,
which demonstrates that crystal water was not present in the title
compound.

X-ray powder diffraction (XRD) was used to determine
whether the new synthesized compound is novel or not. XRD
spectra of nicotinic acid, CdCl2 ·2.5H2O(s), and Cd(HNic)2Cl2(s)
have been plotted in Figure 1. The step length of the powder

diffraction angle was 0.01°; the wavelength was 0.154056 nm
(Cu KR1 radiation); the electric voltage was 36 kV; and the
electric current was 20 mA. The scanning rate was 4° ·min-1,
and a graphite monochromator was used for filtering. Figure 1
illustrates that four obvious absorption peaks are seen in the
angle range of 2θ ) 25° ∼ 30° in the diffraction chart of
nicotinic acid; three distinct absorption peaks appeared near 2θ
) 12° ∼ 17° in the chart of CdCl2 ·2.5H2O(s); and six
characteristic absorption peaks are seen in the angle range of
2θ ) 13° ∼ 20° in the chart of Cd(HNic)2Cl2(s). Therefore,
some novel characteristic peaks which are completely different
from those of nicotinic acid and CdCl2 ·2.5H2O(s) appeared in
the diffraction spectrum of Cd(HNic)2Cl2(s). Therefore, a new
substance was produced by the liquid-phase reaction of nicotinic
acid with CdCl2 ·2.5H2O(s).

Adiabatic Calorimetry. A precision automatic adiabatic
calorimeter was used to measure heat capacities over the
temperature range 78 e (T/K) e 400. The calorimeter was
established in the Thermochemistry Laboratory of the Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
China. The principle and structure of the adiabatic calorimeter
were described in detail elsewhere.2,3 Briefly, the calorimeter
is mainly comprised of a sample cell, a platinum resistance
thermometer, an electric heater, inner and outer adiabatic shields,
two sets of six-junction chromel-constantan thermopiles in-
stalled between the calorimetric cell and the inner shield and
between the inner and outer shields, respectively, and a high
vacuum can. The miniature platinum resistance thermometer
(IPRT No.2, produced by Shanghai Institute of Industrial
Automatic Meters, 16 mm in length, 1.6 mm in diameter, and
a nominal resistance of 100 Ω) was applied to measure the
temperature of the sample. The thermometer was calibrated on
the basis of ITS-90 by the Station of Low-Temperature
Metrology and Measurements, Academia Sinica. The temper-
ature difference between the sample cell and the inner adiabatic
shield was kept at about 0.5 mK or smaller during the entire
experimental process. The vacuum can was evacuated to 10-3

Table 1. Characteristic Vibration Absorptions of Main Groups Obtained from FTIR Spectra of the Title Compound and Nicotinic Acid (cm-1)

compound νCdO ν-OH(-COOH) νCdN νCdC νC-N νC-H δring

C6H5NO2 1708.2 2827, 2441 1491.3, 1417.2 1595.7 810.7, 748.5 1136.7, 1088.1, 1037.1 694.7
Cd(HNic)2Cl2 1701.6 2818, 2435 1540.7, 1433.0 1603.5 867.5, 766.0 1159.3, 1099.7, 1056.4 701.5

Table 2. Experimental Molar Heat Capacities of Anhydrous
Cadmium Nicotinate Cd(HNic)2Cl2(s) (M ) 429.54 g ·mol-1)

T Cp,m T Cp,m T Cp,m

K J ·K-1 ·mol-1 K J ·K-1 ·mol-1 K J ·K-1 ·mol-1

78.67 48.53 185.34 123.6 298.01 230.3
80.83 50.38 188.54 126.0 301.17 234.0
83.17 52.52 191.88 128.6 304.17 237.6
86.17 54.68 195.00 131.7 307.33 241.2
89.00 56.71 198.17 135.0 310.50 244.1
91.83 58.78 201.51 137.6 313.67 247.4
94.83 60.78 205.33 140.7 317.00 251.1
97.83 62.92 209.33 144.0 320.17 256.0
100.67 65.21 212.50 147.5 323.37 259.2
104.71 67.44 215.83 150.6 326.50 263.6
108.85 69.60 219.17 153.5 329.67 267.1
111.78 71.37 222.33 156.7 332.67 271.2
114.82 72.95 225.50 159.4 336.00 274.7
118.01 74.78 228.67 162.2 339.17 278.3
121.05 76.50 232.17 165.4 342.50 282.8
123.94 78.34 235.50 168.6 345.83 286.7
127.00 80.49 238.83 171.7 349.17 291.4
130.17 82.33 242.67 174.8 352.67 295.3
133.21 84.29 246.55 178.3 356.00 299.2
136.40 86.33 249.61 180.8 359.33 303.3
139.29 88.41 252.83 183.5 362.67 307.0
142.48 90.76 255.90 187.1 366.07 310.7
145.50 93.19 258.97 190.4 369.26 314.5
148.72 95.02 262.01 193.8 372.46 318.4
152.67 98.31 265.33 197.4 375.80 322.2
156.69 100.4 268.67 200.3 379.14 326.3
159.83 103.6 271.83 203.8 382.34 330.4
163.00 106.3 275.17 207.3 385.53 334.1
166.17 108.3 278.44 209.6 388.87 338.4
169.33 111.6 281.81 213.4 391.76 341.6
172.50 114.3 285.03 216.3 394.95 345.5
175.67 116.5 288.41 220.1 398.14 349.2
178.83 118.6 291.47 222.6
182.00 121.2 294.67 226.7

Figure 1. XRD spectra of nicotinic acid, CdCl2 · 2.5H2O(s), and
Cd(HNic)2Cl2(s).
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Pa during the heat capacity measurements so as to eliminate
heat transfer by convection. The electrical energy introduced
into the sample cell and the equilibrium temperature of the cell
after the energy input were automatically recorded by use of a

Data Acquisition/Switch Unit (model 34970A, Agilent, USA)
and processed online by a computer.

To verify the accuracy of the calorimeter, the heat capacities
of the reference standard material (R-Al2O3) were measured over
the temperature range 78 e (T/K) e 400. The sample mass
used was 1.7324 g, which was equivalent to 0.01699 mol based
on its molar mass, M(Al2O3) ) 101.9613 g ·mol-1. Deviations
of the experimental results from those of the smoothed curve
lie within ( 0.2 %, while the uncertainty is ( 0.3 %, as
compared with the values given by the former National Bureau
of Standards4 over the whole temperature range.

Heat capacity measurements were continuously and automati-
cally carried out by means of the standard method of intermit-
tently heating the sample and alternately measuring the tem-
perature. The heating rate and temperature increments were
generally controlled at (0.1 to 0.4) K ·min-1 and (1 to 3) K.
The heating duration was 10 min, and the temperature drift rates
of the sample cell measured in an equilibrium period were
always kept within (10-3 to 10-4) K ·min-1 during the acquisi-
tion of all heat capacity data. The data of heat capacities and
corresponding equilibrium temperature have been corrected for
heat exchange of the sample cell with its surroundings.2 The
sample mass of the novel compound used for the calorimetric
measurements was 3.7166 g, which was equivalent to 0.00865
mol in terms of its molar mass, M ) 429.54 g ·mol-1.

Isoperibol Solution-Reaction Calorimetry. The isoperibol
solution-reaction calorimeter consisted primarily of a precision
temperature controlling system, an electric energy calibration
system, a calorimetric body, an electric stirring system, a
thermostatic bath made from transparent silicate glass, a
precision temperature measuring system and a data acquisition
system. The principle and structure of the calorimeter were
described in detail elsewhere.5

The reliability of the calorimeter was verified previously5 by
measuring the dissolution enthalpy of KCl (calorimetrical
primary standard) in double distilled water at T ) 298.15 K.
The mean dissolution enthalpy was (17 547 ( 13) J ·mol-1 for
KCl, which compared with corresponding published data,
(17 536 ( 3.4) J ·mol-1.6

In all dissolution experiments of the sample, 100.00 mL of
0.1 mol ·dm-3 HCl was chosen as the calorimetric solvent for
respective measuring enthalpies of dissolution of HNic(s) and
Cd(HNic)2Cl2(s) in 0.1 mol ·dm-3 HCl and CdCl2 ·2.5H2O(s)

Table 3. Smoothed Heat Capacities and Thermodynamic Functions
of Anhydrous Cadmium Nicotinate Cd(HNic)2Cl2(s)

T Cp,m HT - H298.15 K ST - S298.15 K GT - G298.15 K

K J ·K-1 ·mol-1 kJ ·mol-1 J ·K-1 ·mol-1 kJ ·mol-1

80 50.88 -28.74 -148.8 -16.84
85 53.91 -28.48 -145.7 -16.10
90 56.98 -28.20 -142.5 -15.38
95 60.07 -27.91 -139.3 -14.68
100 63.20 -27.60 -136.2 -13.99
105 66.36 -27.28 -133.0 -13.31
110 69.57 -26.94 -129.8 -12.66
115 72.81 -26.58 -126.7 -12.02
120 76.10 -26.21 -123.5 -11.39
125 79.44 -25.82 -120.3 -10.78
130 82.82 -25.42 -117.2 -10.19
135 86.25 -25.00 -114.0 -9.611
140 89.73 -24.56 -110.8 -9.049
145 93.27 -24.10 -107.6 -8.503
150 96.86 -23.62 -104.3 -7.973
155 100.5 -23.13 -101.1 -7.460
160 104.2 -22.62 -97.85 -6.962
165 108.0 -22.09 -94.59 -6.481
170 111.8 -21.54 -91.31 -6.016
175 115.7 -20.97 -88.02 -5.567
180 119.6 -20.38 -84.70 -5.135
185 123.6 -19.77 -81.37 -4.720
190 127.7 -19.15 -78.03 -4.321
195 131.8 -18.50 -74.66 -3.939
200 136.0 -17.83 -71.27 -3.574
205 140.2 -17.14 -67.86 -3.226
210 144.6 -16.43 -64.43 -2.895
215 148.9 -15.69 -60.98 -2.581
220 153.4 -14.94 -57.51 -2.285
225 157.9 -14.16 -54.01 -2.006
230 162.5 -13.36 -50.49 -1.745
235 167.2 -12.53 -46.94 -1.501
240 171.9 -11.69 -43.37 -1.275
245 176.7 -10.81 -39.78 -1.068
250 181.5 -9.918 -36.16 -0.8780
255 186.4 -8.999 -32.52 -0.7064
260 191.4 -8.054 -28.85 -0.5532
265 196.4 -7.085 -25.16 -0.4185
270 201.6 -6.090 -21.44 -0.3022
275 206.7 -5.069 -17.69 -0.2047
280 212.0 -4.022 -13.92 -0.1260
285 217.2 -2.950 -10.12 -0.06613
290 222.6 -1.850 -6.292 -0.02534
295 228.0 -0.7236 -2.440 -0.003725
298.15 231.4 0 0 0
300 233.5 0.4300 1.438 -0.001392
305 239.0 1.611 5.343 -0.01847
310 244.6 2.820 9.274 -0.05508
315 250.2 4.057 13.23 -0.1113
320 255.9 5.322 17.22 -0.1874
325 261.6 6.616 21.23 -0.2834
330 267.4 7.938 25.27 -0.3994
335 273.3 9.290 29.33 -0.5355
340 279.1 10.67 33.42 -0.6920
345 285.0 12.08 37.54 -0.8689
350 291.0 13.52 41.68 -1.066
355 297.0 14.99 45.85 -1.285
360 303.0 16.49 50.04 -1.524
365 309.1 18.02 54.26 -1.784
368 312.8 18.95 56.80 -1.950
374 320.1 20.85 61.92 -2.305
375 321.3 21.17 62.78 -2.367
380 327.5 22.80 67.07 -2.691
385 333.7 24.45 71.39 -3.037
390 339.9 26.13 75.73 -3.404
395 346.1 27.85 80.10 -3.794
400 352.3 29.59 84.50 -4.206

Figure 2. Relation curve of experimental molar heat capacities against the
temperature (Cp,m ∼ T) of cadmium nicotinate bichloride Cd(HNic)2Cl2(s).
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in 0.1 mol ·dm-3 HCl solution containing certain amounts of
the nicotinic acid at T ) 298.15 K.

The solid HNic(s) and CdCl2 ·2.5H2O(s) were, respectively,
ground within an agate mortar into a fine powder. About 1 mmol
of HNic(s) when weighing at a mole ratio of n(CdCl2 ·2.5H2O):
n(HNic) ) 1:2 was dissolved in 100 mL of 0.1 mol ·dm-3 HCl
at T ) 298.15 K. The final solution obtained was named as
solution A′. Then, about 0.5 mmol of CdCl2 ·2.5H2O(s) was
dissolved in 100 mL of 0.1 mol ·dm-3 HCl containing certain
amounts of HNic(s). The final solution obtained was named as
solution A.

The solid complex Cd(HNic)2Cl2(s) was dried in a vacuum
desiccator to take off some additional adsorbing water. Then,
it was ground into a fine powder. The dissolution enthalpy of
about 0.5 mmol of Cd(HNic)2Cl2(s) in 100 mL of 0.1 mol ·dm-3

HCl was determined under the same conditions as the above.
The final solution obtained was named as solution B.

Finally, UV/vis spectroscopy and the data of the refractive
indexes were used to confirm whether solution A was in the
same thermodynamic state as that of solution B. These results
have indicated that the chemical components and physicochem-
ical properties of solution A were consistent with those of
solution B.

Results and Discussion
Low-Temperature Heat Capacities. All experimental results,

listed in Table 2 and plotted in Figure 2, showed that the

structure of the coordination compound was stable over the
temperature range between T ) 78 K and T ) 400 K; that is,
no phase change, association, or thermal decomposition oc-
curred. The 100 experimental points in the temperature region
of (78 to 400) K were fitted by means of the least-squares
method, and a polynomial equation of the experimental molar
heat capacities (Cp,m) vs reduced temperature (X), X ) f(T) )
[T/K - 1/2(T1 + T2)]/[1/2(T1 - T2)] (where T1 ) 400 K and
T2 ) 78 K) has been obtained

Cp,m ⁄ J ·K-1 ·mol-1 ) 170.923+ 152.540X+ 34.135X2 -

1.207X3 - 4.050X4 (1)

in which X ) (T - 239)/161. The standard deviations of
experimental molar heat capacities from the smoothed heat
capacities calculated by the polynomial equation were within
( 0.3 % except for several points around the lower and upper
temperature limits. The coefficient of determination for the
fitting R2 equals 0.9998. The uncertainties of the coefficients
of the equation have been determined to be 0.08 %, 0.52 %,
0.49 %, 0.76 %, and 1.5 %, respectively.

Thermodynamic Functions of the Compound. The smoothed
molar heat capacities and thermodynamic functions were
calculated based on the fitted polynomial of the heat capacities
as a function of the reduced temperature (X) according to the
following thermodynamic equations

(HT-H298.15))∫298.15

T
CpdT (2)

(ST-S298.15))∫298.15

T
Cp · T

-1dT (3)

(GT-G298.15))∫298.15

T
CpdT- T ·∫298.15

T
Cp · T

-1dT (4)

The polynomial fitted values of the molar heat capacities and
fundamental thermodynamic functions of the sample relative
to the standard reference temperature 298.15 K are tabulated in
Table 3 at 5 K intervals. The uncertainties of (HT - H298.15),
(ST - S298.15), and (GT - G298.15) were evaluated to be ( 0.45
%, ( 0.48 %, and ( 0.53 %, respectively, mainly accounting
for uncertainties in the temperature, experimental heat capacities,
and relative deviations of the experimental heat capacities from
the smoothed values.

Table 4. Dissolution Enthalpy of Nicotinic Acid in 0.1 M HCl at T
) 298.15 K [M(C6H5NO2) ) 123.11 g ·mol-1]a

WHNic ∆Es ∆Ee te Qs ∆sHm,1
o

no. g mV mV s J kJ ·mol-1

1 0.12340 -3.4157 4.9177 47.141 15.912 15.874
2 0.12251 -3.2811 4.6302 46.422 15.986 16.064
3 0.12501 -3.4016 4.3596 44.516 16.879 16.623
4 0.12260 -3.3282 4.5717 46.172 16.335 16.403
5 0.12299 -3.2686 4.3977 45.484 16.428 16.444
Avg. ∆sHm,1

o ) (16.28 ( 0.14) kJ ·mol-1

a W, Mass of sample; te, Heating period of electrical calibration; Qs )
-(∆Es/∆Ee) · I2Rt, Heat effect during the sample dissolution; ∆Es, The
voltage change during the sample dissolution; ∆Ee, The voltage change
during the electrical calibration; ∆sHHNic

o ) Qs/n ) -(∆Es/∆Ee) · I2Rt(M/
W), where R is the electro-resistance (R ) 1213.09 Ω at T ) 298.15 K),
I is the current (I ) 20.015 mA), and M is the molar mass of the
sample.

Table 5. Dissolution Enthalpy of Hydrated Cadmium Chloride in
0.1 M HCl Solution Containing Nicotinic Acid at T ) 298.15 K
[M(CdCl2 ·2.5H2O) ) 228.35 g ·mol-1]

WCdCl2
·2.5H2O ∆Es ∆Ee te Qs ∆sHm,2

o

no. g mV mV s J kJ ·mol-1

1 0.11416 -1.2633 1.8066 36.734 4.545 12.483
2 0.11486 -1.2846 1.9540 38.751 4.743 12.380
3 0.11455 -1.2799 1.7038 33.687 3.733 12.298
4 0.11406 -1.2493 1.7440 34.750 3.889 12.097
5 0.11439 -1.2502 1.8054 36.752 3.905 12.367
Avg. ∆sHm,2

o ) (12.33 ( 0.06) kJ ·mol-1.

Table 6. Dissolution Enthalpy of Cadmium Nicotinate Chloride in
0.1 M HCl Solution at T ) 298.15 K [MCd(HNic)2Cl2

) 429.54
g ·mol-1]

WCd(HNic)2
Cl2 ∆Es ∆Ee te Qs ∆sHm,3

o

no. g mV mV s J kJ ·mol-1

1 0.21419 -3.3338 4.1544 27.187 10.602 21.262
2 0.21470 -3.4776 4.4688 28.218 10.671 21.349
3 0.21478 -3.2863 4.2781 28.951 10.807 21.614
4 0.21428 -3.2122 4.2517 29.485 10.825 21.700
5 0.21506 -3.3074 4.6111 30.469 10.620 21.212
Avg. ∆sHm,3

o ) (21.43 ( 0.10) kJ ·mol-1.

Table 7. Reaction Scheme Used to Determine the Standard Molar
Enthalpy of Formation of Cd(HNic)2Cl2(s)

∆fHm
o (∆sHm

o ( σa)
a

no. reactions
formed
solution kJ ·mol-1

1 {HNic(s)} +“s” ) A′ (16.28 ( 0.14),
∆H1

2 {CdCl2 ·2.5H2O} +
solution A′ )

A (12.33 ( 0.06),
∆H2

3 {Cd(HNic)2Cl2(s)} + “s” ) B (21.43 ( 0.10),
∆H3

4 6C(s) + 5/2H2(g) + O2(g) +
1/2N2(g) ) C6H5NO2(s)

-(344.81 ( 0.92),
∆H4

5 4C(s) + 5H2(g) + 3O2(g) +
Cd(s) ) CdCl2 ·2.5H2O(s)

-1132.7,
∆H5

6 H2(g) + 1/2O2(g) ) H2O(l) -(285.83 ( 0.04),
∆H6

7 12C(s) + 5H2(g) + N2(g) +
2O2(g) + Cl2(g) + Cd(s) )
Cd(HNic)2Cl2(s)

-(1088.8 ( 1.9),
∆H7

a σa )� ∑
i)1

n
(xi-x

j
)2 / n(n-1) , in which n is experimental number; xi is

the experimental value of each series of repeated measurement; xj is the
mean value.
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Determination of Enthalpy Change of the Liquid Phase
Coordination Reaction of CdCl2 ·2.5H2O(s) with HNic(s). The
liquid-phase coordination reaction of CdCl2 ·2.5H2O(s) with
nicotinic acid is shown as follows

2HNic(s)+CdCl2 · 2.5H2O(s))Cd(HNic)2Cl2(s)+
2.5H2O(l) (5)

The enthalpy change of reaction 5 can be determined by
respective measuring enthalpies of dissolution of the HNic(s)
and Cd(HNic)2Cl2(s) in 0.1 mol ·dm-3 HCl solution and
CdCl2 ·2.5H2O(s) in 0.1 mol ·dm-3 HCl solution containing
certain amounts of nicotinic acid at 298.15 K.

The solid CdCl2 ·2.5H2O(s) and HNic(s) were, respectively,
ground within an agate mortar into a fine powder.

About 0.123 g of HNic(s) was dissolved in 100 mL of 0.1
mol ·dm-3 HCl at 298.15 K. If “s” ) calorimetric solvent, 0.1
mol ·dm-3 HCl, then

{HNic(s)}+ “ s ” ) solution A′
The results obtained from five dissolution experiments are

listed in Table 4.
The stoichiometric number of CdCl2 ·2.5H2O(s) in reaction

5 or [n(CdCl2 ·2.5H2O)/n(HNic)] ) 1:2 was regarded as a norm
for sample weighing, about 0.5 mmol or 0.114 g of
(CdCl2 ·2.5H2O(s)) was dissolved in the solution A’, i.e.

{CdCl2 · 2.5H2O(s)}+ solution A ′ ) solution A

The results obtained from five dissolution experiments are
listed in Table 5.

The dissolution enthalpy of Cd(HNic)2Cl2(s) in 100 mL of
0.1 mol ·dm-3 HCl at 298.15 K was measured under the same
conditions as above

Cd(HNic)2Cl2(s)+ “ s ” ) solution B

The results obtained from five dissolution experiments are
listed in Table 6.

In addition, the dilution enthalpy of the product {2.5H2O(l)}
in reaction 5 is within the scope of the experimental error, cannot
be measured, and may be omitted.

The enthalpy change of the liquid-phase coordination reaction
5 can be calculated in accordance with a thermochemical cycle
and the experimental results as follows

∆rHm
o )∑∆sHm(Reactants)

o -∑∆sHm(Products)
o )2∆sHm,1

o +

∆sHm,2
o -∆sHm,3

o ) 2∆H1 +∆H2 -∆H3)2 · 16.282+

(12.325)- (21.427)) (23.46( 0.30) kJ ·mol-1

Standard Molar Formation Enthalpies of the Complex
Cd(HNic)2Cl2(s). A reaction scheme used to derive the
standard molar formation enthalpy of Cd(HNic)2Cl2(s) is
given in Table 7. The experimental values of the dissolution
enthalpies of the reactants and products in the solid-state
coordination reaction 5 were combined with auxiliary
thermodynamic data of ∆fHm

o (HNic,s) ) -(344.81 ( 0.92)
kJ ·mol-1,7 ∆fHm

o (CdCl2 · 2.5H2O,s) ) -1132.7 kJ ·mol-1,
8and ∆fHm

o (H2O,l) ) -(285.83 ( 0.04) kJ ·mol-1 9to derive
the standard molar enthalpy of formation of Cd(HNic)2Cl2(s)

∆fHm
o [Cd(HNic)2Cl2, s])∆H7)∆rHm

o + 2∆fHm
o (HNic, s)+

∆fHm
o (CdCl2 · 2.5H2O, s)- 2.5∆fHm

o (H2O, l))2∆H1 +
∆H2 -∆H3 + 2∆H4 +∆H5 - 2.5∆H6)23.462+ 2 ·

(-344.81)+ (-1132.70)- 2.5 · (-285.83))-
(1088.8( 1.9) kJ ·mol-1

in which ∆H1 ∼ ∆H7 are the enthalpy changes of the
reactions corresponding to the number of reaction in Table 7.

In this paper, all of the reactants and products of the solid-
state coordination reaction can be easily dissolved in the
corresponding solvent. Solution A is in a thermodynamic
equivalent state to solution B, as verified by UV spectroscopy
and data of the refractive indexes.

Conclusions

1. The enthalpy change of the liquid phase reaction (5)
obtained by solution calorimetry was determined to be (23.46
( 0.30) kJ ·mol-1 and is an endothermic reaction. On the basis
of the thermodynamic theory, the liquid-phase synthesis reaction
was not an enthalpy-driven process. However, all of the reactants
were solid, and the products included a solid and a liquid. It is
concluded from an increase of degree of chaos or disorder in
the reaction that entropy change of the liquid-phase reaction is
more than zero according to statistical explanation of the entropy
of the system in statistical thermodynamics. Therefore, this
synthesis reaction should be an entropy-driven process.

2. The standard molar enthalpy of formation of anhydrous
Cd(HNic)2Cl2(s) is negative with a larger absolute value, which
showed that it has lower energy and a more stable structure
than those of the stable elementary substances which it was
made up from. The uncertainty of the standard molar enthalpy
of formation obtained by isoperibol solution calorimetry was
estimated to be between 0.3 % and 0.5 %, chiefly considering
the measurements of voltage changes ∆Es and ∆Ee, the duration
time of electric calibration t, final data processing, and so on.
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