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� Akadémiai Kiadó, Budapest, Hungary 2010

Abstract A new inorganically template metaphosphate of

Co(II) complex has been synthesized and characterized by

different measurements such as DSC, FT-IR, C–H–N–O–S,

ESR, TG-DTA and X-RD. Differential Scanning Calorim-

eter (DSC) elucidated negative specific heat of the system

and has used to evaluate some thermo dynamical constants

like activation energy (Ea), frequency factor (A), enthalpy

and entropy of that system. The specific heat capacity of the

system is measured both in atmospheric O2 and N2 atmo-

sphere at different heating rates of 278, 283, 293 and

298 K min-1 in room atmosphere and 288 K min-1 in N2

atmosphere.

Keywords X-RD � DSC � Negative specific

heat capacity � Enthalpy � Entropy

Introduction

The preparation and structural chemistry of a number of

organically template metal phosphates are extensively

studied for their potential applications in many fields in the

past few decades [1–6]. Some metal phosphites are repor-

ted for replacing metal phosphate [7–10]. The substitution

of P(III) for P(V) is observed by Harrison et.al. In this case

hydrogen phosphite group, [HPO3]2-, which is used as a

new basic building block led to diversity of novel struc-

tures in organically templated metal phosphates. Many

open-framework metal phosphites are synthesized like [C2H10

N2]�[V(HPO3)2], [C2H10N2]�[Fe(HPO3)2] [11]; [C2H10N2]�
[Co3(HPO3)4] [12]; [C2H10N2]�[Cr(HPO3)F3][13]; [C2H10

N2]�[Mn3(HPO3)4] [14]. However, using only metaphos-

phoric acid in the preparation of Co(II) complex is not

synthesized till now apart from some organically template

complexes. Here, I have evaluated the thermodynamic con-

stants like activation energy, frequency factor, enthalpy,

entropy and specific heat capacity of the complex at dif-

ferent heating rates of 283, 293 and 288 K min-1 (at N2

atmosphere).

In all heating rates specific heat is found negative. The

negative specific heat is an unusual phenomenon first dis-

covered in statistical models of gravo-thermal collapse in

globular clusters [15]. Motivated further by this fact, the

study of specific heat beyond the weak-coupling limit has

recently received considerable attention, in particular in

view of the validity of the third law of thermodynamics

[16–22]. Apart from fundamental thermodynamical ques-

tions, the study of specific heat in the quantum regime is also

of interest because it can be related to entanglement prop-

erties [23]. Recently, two different methods towards the

evaluation of a specific heat are proposed and discussed [16].

One possibility based on the thermal expectation value of

the Hamiltonian describing the isolated system. Another

approach, on which I have focused in this article, is widely

used expression for the partition function of the dissipative

system [16, 19, 25–32]. It is defined in terms of partition

functions of the coupled system and of the uncoupled system.

Z ¼ TrSþB
e�bH

TrB
e�bHB

ð1Þ

where the total Hamiltonian, H = HS ? HB ? HSB, con-

sisted of contributions from the system, bath and coupling

between them. In the absence of coupling between system
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and bath, Z reduces to the partition function of the system.

Partition function (1) appears naturally in the Feynman–

Vernon approach to dissipative systems [16] and can be

related to the equilibrium properties of the system [33]. I

have elucidated the origin of the negative specific heat for the

case of entire system.

Experimental

In a typical synthesis for this compound, 7.03 g of

CoSO4�7H2O and 2.56 g of metaphosphoric acid (60%

HPO3 ? 40% NaPO3) were dissolved in 25 cc of double

distilled water. Both solutions were mixed at room tem-

perature and stirred under ambient conditions until homo-

geneous. The stirred solution was left for 120 h. The

resulting solution was neutralized to pH 7 by addition of

alkali (0.1 N NaOH). The neutralized solution was stirred

for 6 h under ambient conditions. Then it was left for

120 h. The resulting product was filtered, washed and dried

in desiccators. Highly purified, deionized water was used in

all solutions. Second distillation was carried out from

alkaline KMnO4 using an all-glass distillation apparatus.

Measurements

A varian E-112 X-band spectrometer was used for the mea-

surement of EPR spectra of Co(II) species in solid state

at SAIF, IIT-Bombay. An IR spectrum was obtained using

a Thermo-Nicolet avtar 370 of solid sample. DSC measure-

ments were performed on a Mettler Toledo, DSC 822 on

278,283, 293 and 298 K/min under atmospheric oxygen and

288 K/min on N2 atmosphere. C–H–N analyser was per-

formed on an Elementar systeme, vario EL III. Ir, DSC and

C–H–N analyses were performed at ST & IC, Cochin

University of Science and Technology, Cochin. Elemental

analysis of O and S was performed at CDRI, Lucknow. X-ray

crystallography measurement of powder sample was carried

out at IIT, Gauhati. Thermogravimetric analysis (TG) and

Differential thermal analysis (DTA) studied for the complex

was made using Shimadzu DTG 50 (simultaneous DTA-TG)

thermal analyser between 298 and 784 K using an aluminium

crucible. pH measurements were performed using a Nucleo-

nix type DP 301 digital pH meter equipped with combination

of glass- Ag/AgCl/Cl- (3 mol dm-3NaCl) electrode. It was

calibrated with standard buffers of pH 4.0, 7.0 and 9.0 (Merck).

Results and discussion

FT-IR analysis

The absence of peak at 504 cm-1, which was present in

metaphosphoric acid Ir spectrum, in Ir spectrum of complex

revealed the presence of CoII–O bond. This 504 cm-1 peak

shifted to 534 cm-1. The presence of 581 cm-1 peak indi-

cated another type of CoII–O bond. These two types of

absorption bands are indicating the presence of two types of

CoII–O bond, i.e. high spin and low spin Co(II) metals that

were also agreed with ESR spectrum. The peaks 843, 1030,

936, 976 and 1421 cm-1 were due to HPO deform, POH

deform, P–O stretching, PO2 s-stretching and PO2 a-sym-

metric stretching, respectively. The peaks on 890 and

706 cm-1 are observed due to asymmetric and symmetric

POP stretching vibrations, respectively. The peaks of 1061

and 1092 cm-1 are observed owing to asymmetric and sym-

metric stretching vibrations of O–P–O, respectively [34]. The

broadened peak in the 3058–3168 cm-1 revealed due to P–H

stretching vibrations. The band at 3446 cm-1 is observed due

to intramolecular hydrogen bonding of –OH bond.

Elemental analysis

The elemental analysis of the bulk product was also consis-

tence with the theoretical values. Anal. Calcd. For com-

plex {Co10
II (Na16P20O60H60)(H2O)8}(SO4)2�4H2O is H:2.79%,

S:2.12%, O:42.58% found H:2.8, S:2.12% and O:41.80%.

Magnetic analysis

Electron Paramagnetic Resonance (EPR) spectrum data of

complex viz. gk, g\ and gav were 2.6, 1.62 and 1.95,

respectively. gk[ g\ is obtained from this complex. The

magnetic moment lS (in B.M.) is found 5.03 and 1.402.

The 5.03 B.M. magnetic moment indicated the presence of

some CoII metal in high spin state. The experimental

magnetic moment, lexp (1.402 B.M.), is found less than lS

(3.87 B.M.). This indicated the presence of some low spin

octahedral CoII metals.

TG-DTA spectra

From TG analysis, the mass loss as temperature increased

from 426 to 494 K was 17.52% (calc. 17.52 ± 0.35%). At

this temperature 16 sodium, 84 Hydrogen and 2 sulphur

were removed from sample. Within experimental temper-

ature range (690 K), mass loss was 20.14% (calc.

20.14 ± 0.31). In this temperature range, all the above

elements including 5 oxygen were removed from sample.

The TG-DTA spectrum is figured in Fig. 1. From DTA

spectrum, the reaction is found exothermic in nature which

was observed to be similar with DSC spectra.

Crystal structure analysis

To determine the crystal structure of cobalt compound

X-ray diffraction, data are collected at room temperature
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with graphite-monochromated MoKa radiation on an

XPERT PRO diffractometer operating in x/2h scan mode.

The cell parameters are determined from a least-squares

refinement of 15 centred reflections. Crystal data and

experimental details of the title compound are collected in

Table 1. The X-RD spectrum of complex is figured in Fig. 2.

The monoclinic unit cell contained four molecules of

(Co10Na16P20O80H84S2). In the coordination sphere of CoII,

axial and equatorial bond lengths of Co–O bond were 2.066

and 2.174 Å, respectively [35, 36]. Axially bond lengths of

plane O–Co–O are observed at 4.356 Å and this plane was

obtained at an angle of 10.272�. The axial bond length of

plane Co–O–H is observed 3.168 Å and made an angle of

14.002�. The bond length of O–Na is found 2.422 Å and

made an angle of 18.622�. The bond length of Co–O–Na

plane is observed 4.490 Å and made an angle of 9.817�.

The bond distance of P atom to the O atom was 1.546 Å

which is in good agreement with the study of Sharma et al.

and Hua et al. [37]. The bond distance of plane O–P–O was

3.092 Å and made an angle of 14.517�. The bond length of

hydrogen bonded plane of above molecule was O–P–O–H

4.067 Å and made an angle of 11.007�. The total distance

of PO3
3- plane was 4.638 Å and made an angle of 9.527�.

The distance of CoII bonded of above plane Co(PO3)2- was

6.698 Å and made an angle of 6.642�. The total distance of

H–P–O plane was 2.916 Å and made an angle of 15.167�.

When H atom bonded with P atom through O atom, the

distance of plane, P–O–H, was 2.536 Å and made an angle

of 17.852�. The equatorial CoII bond length of chain,

Co–O–P–O–P, is found 6.686 Å and made an angle of

6.642�. The numerical values of this pattern are listed in

Table 2.

Differential scanning calorimeter

From Eq. 1, one obtained by means of standard thermo-

dynamic relations a specific heat [19]

C ¼ kbb
2 o2

ob2
lnðZÞ ð2Þ

Here, kB is the Boltzmann constant and the temperature

T appears b = 1/kBT. In the following, I assumed the

removal particle to consist of harmonic oscillators and the

coupling to be bilinear in complex and removal coordinates.

In order to elucidate the appearance of negative specific heat

(2), it was sufficient to consider a stylized minimal model

where the remove particle consisted of only a single degree

of freedom described by the Hamiltonian.

HR ¼
P2

2m
þ fR

2
q2 ð3Þ

where, fR denotes the spring constant.
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Fig. 1 TG-DTA spectrum of

complex

Table 1 Crystal data and experimental details of the title compound

Empirical formula Co5Na8P10O40H42S

Molecular mass/g 3006

Temperature/K 298

Wavelength/Å 1.542475

Unit cell dimensions/Å

a = 13.43 (1)

b = 5.424 (7) b = 98.2 (1)

c = 10.92 (1)

Volume/Å3 795.46(7)

Z 4

Crystal colour Purple

Theta range for data collection/� 5.005–99.995

Number of points 9500

Scan axis Gonio

Scan step size 0.01

Time per step 0.5

Scan type Continuous

Ka2/Ka1 0.5

h k l 0 0 0

Synthesis, structural and thermal characterization of metaphosphatecobalt(II) salt 1113

123



The complex governed by the Hamiltonian

HC ¼
P2

2M
þ fC

2
Q2 ð4Þ

Both in the cases of free particle, oxidation (O2) and

Nitrogenation (N2) (spring constant fC = 0) and of a

harmonic oscillator (fC [ 0), the coupling Hamiltonian is

given by

HCR ¼ �fRqQþ fR
2

Q2 ð5Þ

The mass of a single remove particle oscillator was ‘‘m’’.

This removal particle coupled with complex having mass

‘‘M’’ harmonically. In my analysis a free particle (O2 or N2)

was in contact with the single degree of freedom envi-

ronment described by Eqs. 3 and 5. Complex and removal

particles are assumed to stay in thermal equilibrium with

each other at the inverse temperature b. Hence, the density

matrix of the total system is given by a Gibb’s state.

qCR ¼ Z�1
CR exp½�bðHC þ HR þ HCRÞ� ð6Þ

where, ZCR ¼ Tr exp½�bðHC þ HR þ HCRÞ� denotes the

partition function of the total system.

The partition function ZR = Tr exp [-bHR] of the

removal particle’s degree of freedom is given by

ZR ¼
1

2 sin �hbxo

2

� � ð7Þ

where,

x2
o ¼

fR
m

� �
ð8Þ

xo was the frequency of remove particle oscillator. From

Eq. 2 the specific heat capacity of this removal particles are

given below.

CR ¼ kBg
�hbxo

2

� �
ð9Þ

where,

gðxÞ ¼ ðx= sin xÞ2

In order to obtain a well-defined partition function for

the free particle, I restricted its motion to a region of inside

the system. The system is supposed to be sufficiently large
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Fig. 2 X-RD spectrum of

complex

Table 2 X-ray powder diffraction numerical values and pattern of

cobalt compound (Fig. 2)

Peak no 2h/o d-value/Å I/Io

1 11.275 7.8537 16.6

2 13.285 6.6716 100

3 18.295 4.8536 13.8

4 19.055 4.6600 7.2

5 19.635 4.5233 6.2

6 20.545 4.3255 6.2

7 22.015 4.0400 5.0

8 23.195 3.8364 11.0

9 26.845 3.3228 20.8

10 28.005 3.1882 21.0

11 29.035 3.0775 4.0

12 30.335 2.9481 13.0

13 32.155 2.7852 5.6

14 32.625 2.7465 4.0

15 33.395 2.6844 12.6

16 34.315 2.6152 6.0

17 34.905 2.5716 4.2

18 35.705 2.5162 12.8

19 37.325 2.4101 8.8

20 39.135 2.3028 8.0

21 40.785 2.2134 6.8

22 41.555 2.1743 6.6

23 43.995 2.0593 5.2

24 44.755 2.0258 5.0

25 47.435 1.9174 8.4

26 55.225 1.6643 9.4
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such that the energy level spacing can be neglected in

compared with the thermal energy kBT [19]. Under this

condition the space of the system will turn out to be

irrelevant in the sequel.

The frequency of underdamped complex (1\ 1)

x ¼ x0ff� ðf2 � 1Þ
1
2g

1 is called as damping ratio. In this case the complex

loses energy along with removal particles and return to the

thermally stable state.

The specific heat capacity of complex is given below.

CC ¼ kBg
�hbx

2

� �

The total heat capacity of the system is given below.

C ¼ CC þ CR ¼ �kBg
�hbx

2

� �
þ kBg

�hbxo

2

� �

Since, damping ratio\1, the specific heat capacity of the

complex was negative. Hence, the specific heat capacity of

the total system was negative.

The experimental molar heat capacities for sample are

listed in Table 3. The experimental molar heat capacity is

fitted in a polynomial equation with temperature. The

entropy is calculated from Cp ln T. The fraction of mass

loss at each temperature is subtracted from total mass of

sample for calculation of specific heat capacity, enthalpy

and entropy. Activation energy and frequency factor are

calculated from Arrhenius equation by plotting ln k versus

1/T.

ln k ¼ ln A� Ea

RT

where, k specific heat capacity at each temperature and

A frequency factor.

The polynomial equation for specific heat capacity,

enthalpy and entropy is given below.

YfðCpÞ; ðHT � H298Þ; ðST � S298Þg
¼ anTn þ an�1Tn�1 þ � � � þ a2T2 þ a1T þ C

The values of a1, a2, …, an and C are tabulated in Tables

S1 and S2. These tables can be published as supplementary

materials.

Heating rate—283 K min-1

At the heating rate of 283 K min-1, all experimentally

calculated specific heat capacity are found negative,

300–474 K, due to damping ratio\1. In temperature range

300–372 K, specific heat capacity was negative with the

increase in temperature. The specific heat capacity sud-

denly increased in negative value with the increase in

temperature from 456 to 464 K. This large negative value

was due to rapid loss of mass at above temperature ranges.

The mass of sample slightly increased due to occurrence of

slow oxidation at temperature ranges 466–474 K.

The activation energy, Ea, and frequency factor, A, from

temperature of onset to peak were 14.64 kJ mol-1 and

8737 K-1, respectively.

Heating rate—293 K min-1

At heating rate of 293 K min-1, all experimentally calcu-

lated specific heat capacities were negative, 300–406 K,

due to damping ratio\1. In temperature range 300–390 K,

specific heat capacity decreased in negative value in

increase of temperature and further increased from 396 to

406 K. The specific heat capacity having less negative

value, which might be due to rate of oxidation, was greater

than rate of mass loss. The specific heat capacity suddenly

increased in negative value with the increase in tempera-

ture from 450 to 465.33 K. This large negative value was

due to rapid loss of mass at above temperature ranges. The

positive value of specific heat capacity, 466 to 478 K,

which might be due to rapid rate of oxidation (mass of

sample increases by addition of oxygen during oxidation),

was greater than rate of mass loss. As a result of which

damping ratio was [1.

The activation energy, Ea, and frequency factor, A, from

temperature of onset to peak were 7.96 kJ mol-1 and

1583 K-1, respectively.

Heating rate—288 K min-1 (At N2 atmosphere)

At the heating rate of 288 K min-1 in atmospheric N2, all

experimentally calculated specific heat capacity are found

negative, 300–358 K, due to damping ratio \1. At tem-

perature range 300–358 K, the specific heat capacity was

negative value in increase of temperature. In temperature

range 360–396 K, specific heat capacity suddenly

increased in negative value with the increase in tempera-

ture and further increased from 402 to 430 K. The specific

heat capacity was negative with the increase in temperature

from 432 to 454 K. Again specific heat capacity suddenly

increased in negative value with the increase in tempera-

ture from 456 to 468 K. This large negative value was due

to rapid loss of mass at above temperature ranges. The

Table 3 Total heat evolve and onset temperature of each heating rate

Heating rate/

K min-1
Heat

evolve/Jg-1
Onset

temperature/K

278 -622.93 441.25

283 -602.00 455.43

293 -597.66 448.44

298 -594.00 458.73

288 (N2 atmosphere) -185.89 457.65
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negative specific heat capacity above peak temperature,

mass of sample continued to decrease due to no oxidation

in N2 atmosphere, increased in temperature range

470–478 K (See Fig. 3).

The activation energy, Ea, and frequency factor, A, from

temperature of onset to peak were 14.22 kJ mol-1 and

4194 K-1, respectively.

The total heat evolved and onset temperature of each

heating rate is tabulated in Table S3. The Table S3 can be

published as supplementary materials. The total heat evolved

decreased with the increase in heating rate.

Conclusions

A new inorganically template metaphosphate of Co(II)

complex synthesized and characterized by different mea-

surements is mainly of thermo dynamical character. The

specific heat capacity of sample was found negative. After

peak temperature, due to slow oxidation of sample, mass of

sample slightly increased. Hence, specific heat capacity is

observed less negative. In the case of nitrogen atmosphere,

the mass of sample declined even after peak temperature

due to no oxidation. The specific heat capacity is found

more negative.
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