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Abstract A new inorganically template metaphosphate
of Ni(II) complex has been synthesized and characterized
by different measurements such as DSC, FT-IR, C-H-N-S,
X-RD and ICP-AES. Differential scanning calorimeter
(DSC) elucidated negative specific heat of the system and
has used to evaluate some thermodynamical constants like
specific heat, enthalpy and entropy of that system. The
specific heat capacity of the system is measured in atmo-
spheric O, at heating rate of 278 and 283 K min~'. The
specific heat is found both positive and negative at
278 K min~".

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(II) for P(V) is observed by Harrison et al. In this case
hydrogen phosphate group, [HPO5]*", which is used as a
new basic building block led to diversity of novel
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structures in organically templated metal phosphates. Many
open-framework metal phosphites are synthesized like
[CoH oNo ] [V(HPO3),], [CoH oN,]-[Fe(HPO3),] [11]; [Cy
H,oN2]-[Co3(HPO3)4] [12]; [CoH oN2]-[Cr(HPO3)F;] [13];
[CoH gN5]- [Mn3(HPO3)4] [14]. Zhang et al. have been
synthesized a new molybdenum(V) nickel phosphate based
on divacant [H3o(Mo(V)16032)Ni 4(PO4)2602(0H)4(H0)s] 15—
wheel and structurally characterized [15]. A series of nic-
kel phosphate (Ni3(POy4),-8H,0) three-dimensional (3D)
hexahedronal and flower-like architectures were synthe-
sized via a simple template-free hydrothermal route by Wu
et al. [16]. Lin et al. have synthesized nanotube arrays of
nickel phosphate by electroless deposition into sub-micro
to nanometer sized pores of the porous alumina templates
by hypophosphite electrolytic solution composed of NiSQOy,
NaH,PO,, NaC,H;0, and Na;CgHs0, at 80—-100 °C and
pH 3.6 [17]. Nickel phosphate Versailles Santa Barbara-5
(VSB-5) was synthesized with microwave for 1 h and
followed by conventional oven for 2 days in the presence
of (2-hydroxyethyl)trimethyl ammonium hydroxide as
template by Samadi-Maybodi et al. [18]. Nanoporous
nickel phosphates Versailles Santa Barbara-n (VSB-n)
attract great interests because their structures are thermo-
stable and include transitional metal [19]. Guillou et al.
[20] showed that the open-framework nickel phosphate,
VSB-1, is sufficiently stable to be rendered nanoporous and
exhibits typical zeolitic properties. However, using only
metaphosphoric acid in the preparation of Ni(II) complex is
not synthesized till now apart from some organically
template complexes. Here, I have evaluated the thermo-
dynamic constants like activation energy, frequency factor,
enthalpy, entropy and specific heat capacity of the complex
at different heating rates of 278 and 283 K min~".

In these heating rates specific heat is found negative.
The negative specific heat is elucidated by Swain [21, 22]
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from metaphosphatecobalt(Il) salt and methionine bridged
cobalt(IlT) and copper(Il) complex. This negative specific
heat is an unusual phenomenon first discovered in statis-
tical models of gravothermal collapse in globular clusters
[23]. 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[24—-30]. Apart from
fundamental thermodynamical questions, the study of
specific heat in the quantum regime is also of interest
because it can be related to entanglement properties [31].
Recently, two different methods towards the evaluation of
a specific heat are proposed and discussed [24]. One pos-
sibility 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 [24, 27, 32-39]. It is defined in terms of partition
functions of the coupled system and of the uncoupled
system.

Z — TrS+Be7ﬁH (1)
T, e Pty
where the total Hamiltonian, H = Hg + Hyg + Hsgpg,

consisted of contributions from the system, bath and
coupling between them. In the absence of coupling
between system and bath, Z reduces to the partition
function of the system. Partition function (1) appears
naturally in the Feynman—Vernon approach to dissipative
systems [24] and can be related to the equilibrium
properties of the system [40]. I have found the same type
of negative specific heat as like metaphosphate cobalt(Il)
salt by Swain [21, 22].

Experimental
Materials and synthesis

In a typical synthesis for this compound 1 mol of
NiSO4-6H,O and 1 mol of metaphosphoric acid (60%
HPO; + 40% NaPOs) 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 KMnO, using an all-glass distillation apparatus.

@ Springer

Experimental procedures

An Infrared spectroscopy (IR) spectrum was obtained using
a Thermo-Nicolet Avatar 370 of solid sample. Differential
scanning calorimeter (DSC) measurements were performed
on a Mettler Toledo, DSC 822 on 278 and 283 K min~!
under atmospheric oxygen. C—-H-N-S analyser was per-
formed on an Elementar systeme, vario EL III. The X-ray
crystallography measurement of powder sample was car-
ried out using Bruker AXS D8 Advance. Inductively cou-
pled plasma-atomic emission spectrometer (ICP-AES)
measurement was performed using Thermo Electron IRIS
Intrepid II XSP DUO system for Ni, P and S determination
as follows. The sample was dissolved in 5 mL HNO; and
made up into 100 mL using HPLC grade water. IR, DSC,
X-RD, ICP-AES and C-H-N-S analyses were performed
at ST&IC, Cochin University of Science and Technology,
Cochin. To determine the crystal structure of nickel com-
pound X-ray diffraction, data are collected at room tem-
perature with graphite-monochromated Mo Ku radiation on
an XPERT PRO diffractometer operating in w/20 scan
mode. The pH measurements were performed using a
Nucleonix type DP 301 digital pH meter equipped with
combination of glass—Ag/AgCl/C1~ (3 mol dm—> NaCl)
electrode. It was calibrated with standard buffers of pH 4.0,
7.0 and 9.0 (Merck).

Results and discussion
IR spectrometry

The P-H stretching frequency of the complex was
2360 cm ™' [41]. The broad band at 1652 cm ™! was due to
crystal waters [42]. The peak 1397 cm™' was due to S=O
stretching frequency [43, 44]. The asymmetric stretching
vibration of O-P-O was 1059 cm ™! [45]. The (P-O-P)
vibration of BOs in linkages was 888 cm ™! [46—48]. The
Ni-O stretching vibration was 449 cm™! [49].

Elemental analysis

C, H, N, S analysis

The elemental analysis of the bulk product was also con-
sistence with the theoretical values. Anal. Calcd. for
complex {NisP,SH;(Na,O,} is H2.52%, S 1.15%; found H
2.53%, S 1.17%.

ICP-AES analysis

The elemental analysis of complex was carried out by
ICP-AES. The Ni, P and S were also consistent with the
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theoretical values. Anal. Calcd. for complex {NisP,SH7q.
Na,O,} is S 1.15%, Ni 8.446%, P 4.453%; found S 1.15%,
Ni 8.447%, P 4.378%.

X-ray crystallography

Crystal data and experimental details of the title compound
are collected in Table 1. The X-RD spectrum of complex is
shown in Fig. 1.

The H---H bond length was found at 1.319 A and made
an angle of 71.45°. These H atoms of water molecule were
found in difference Fourier maps and refined with H---H
bond length 1.32(2) A. The S-O bond length of the com-
pound is found 1.464 A instead of 1.49-1.51 A [50] and
this plane was made at an angle of 63.46°. The terminal
P-O bond length was 1.504 A instead of average bond
length 1.512 and 1.514 A [51] and made an angle of
61.57°. The terminal P-O(-H) bond length was 1.571 A

Table 1 Crystal data and experimental details of the title compound

instead of 1.569(2) A and made an angle of 58.71°. In this
case P-O(-P) bond length was 1.608 A instead of short-
ened bond length of 1.598(1) A and made an angle of
57.22°. The distance P---O bond length was found 1.750 A
instead of 1.76 A [52] and made an angle of 52.22°. The
P-S bond length was 1.980 A instead of 2.005 A [53] and
this plane made an angle of 45.77°. In the coordination
sphere of Ni', the equatorial bond lengths of Ni—-O was
2.025 A instead of 2.036(2) A [54] and made an angle of
44.70°. The axial bond length was 2.139 A instead of
2.127(2) A [55, 56] and this axial plane made an angle of
42.20°. Some nickel(I) made bond with phosphorous. The
Ni-P bond length was 2.193 A instead of 2.180(2) A [57,
58] and this plane made an angle of 41.11°. The Ni—S bond
length was found 2.286 A instead of 2.24(3) A [59] and
this plane made an angle of 39.37°. The P-O-H bond
length was 2.459 A and made an angle of 36.50°. The
Na-O bond length was 2.645 A. The most probable
d(Na-O) was 2.65 A as per Angeli et al. [60] and this result
was also consistent with average d(Na—-O) from EXAFS
data 2.63 A as given by McKeown et al. [61]. This Na-O
plane made an angle of 33.85°. The Ni-Ni bond distance
was found to be 2.90 A similar to Kriley et al. This was
showing a lack of any Ni-Ni metal bonding. From this
compound was shown to be an intermediate in the syn-
thesis of the bridging phosphido nickel complex [62]. This
plane made an angle of 30.71°. The P-O-P-O bond length
was 3.148 A and made an angle of 28.32°. The axial
Ni—O-Na bond length was 4.772 A and made an angle of
18.57°. The bond length of HO-S-Ni—O-P was 7.47 A In
this plane Ni—O and P-O bonds were axial and terminal of
the compound, respectively. This plane made an angle of
11.83°. In this plane the S—OH bond length was 1.549(3) A
[63]. The numerical values of this pattern are listed in
Table 2.

NiPo

Empirical formula NisP4SH7oNa, O,
Molecular mass/g 2782.6
Temperature/K 298
Wavelength/A 1.542475
Crystal colour Bluish
Theta range for data collection/® 3.0-80
Number of points 9500
Scan axis Gonio
Scan step size 0.01
Time per step 0.2
Scan type Continuous
Kon/Kog 0.5
hkl 000
Fig. 1 X-RD spectrum
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Table 2 X-ray powder diffraction numerical values and pattern of
nickel compound

Peak no. 20/° d value/A /1,
1 11.83 7.473 50
2 13.72 6.447 100
3 18.57 4.772 41
4 26.56 3.352 41
5 28.32 3.148 63
6 30.71 2.908 58
7 32.31 2.768 58
8 33.85 2.645 63
9 36.50 2.459 58
10 39.37 2.286 50
11 41.11 2.193 41
12 42.20 2.139 41
13 44.70 2.025 41
14 45.77 1.980 39
15 49.07 1.854 52
16 50.31 1.812 43
17 52.22 1.750 36
18 57.22 1.608 36
19 58.71 1.571 43
20 61.57 1.504 41
21 63.46 1.464 30
22 71.45 1.319 54

Differential scanning calorimetry

From Eq. 1, one obtained by means of standard thermo-
dynamic relations a specific heat [27]

C = kyff a%zln@) @)

Here, kg is the Boltzmann constant and the temperature
T appears ff = 1/kgT. 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 know 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.

Pz fR 2
= — 4= 3
5 T4 (3)

where fr denotes the spring constant. The complex
governed by the Hamiltonian
P f.

chw-f'EQz (4)

Hy

@ Springer

In the case of free particle, oxidation (O,) (spring
constant f. = 0) and of a harmonic oscillator (f. > 0), the
coupling Hamiltonian is given by

Her = —frgQ +f§Q2 (5)

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 (O,)
was in contact with the single degree of freedom
environment described by Egs. 3 and 5. Complex and
removal particles are assumed to stay in thermal
equilibrium with each other at the inverse temperature /5.
Hence, the density matrix of the total system is given by a
Gibb’s state.

per = Zcg exp[—B(Hc + Hy + Her) (6)

where Zcr = T;exp[—f(Hc + Hr + Hcr)]
partition function of the total system.

The partition function Zr = T, exp[-fHg] of the
removal particle’s degree of freedom is given by

1
- (hpw
2 sin (TO)

where

ot = (&) ®)

wo was the frequency of remove particle oscillator. From
Eq. 2 the specific heat capacity of this removal particles are
given below.

71,8(00)
2

denotes the

R =

(7)

Co = kBg( )

where

s = ()

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
such that the energy level spacing can be neglected in
compared with the thermal energy kg7 [27]. Under this
condition the space of this system will turn out to be
irrelevant in the sequel.

The frequency of underdamped complex (¢ < 1)

o= wo{g + (& - 1)%}

g is called as damping ratio. In this case the complex loses
energy along with removal particles and return to the
thermally stable state.
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The specific heat capacity of complex is given below

CC = kBg (hﬁTw>

The total heat capacity of the system is given below

hfw hpfw
CZCC-FCR:—kBg(ﬁT) +k3g< ﬁz O).

Heating rate 278 K min~!

The damping ratio <1 on T < 592.2 K at 278 K min~', the
specific heat capacity of the complex was negative. Hence,
the specific heat capacity of the total system was negative.

At 278 K min~", at temperature >592.2 K the damping
ratio was >1 and specific heat capacity was positive. The
onset, peak and endset temperatures for two peaks were
305, 363 and 444 K for 1st peak and for 2nd peak 472, 494
and 500 K, respectively. The heat capacity for 1st and 2nd
peak was —250.93 and —98.73 W g~ !, respectively. The
heat capacity was positive after 592.2 K.

Heating rate 283 K min™'

The damping ratio <1 at 283 K min~', the specific heat
capacity of the complex was negative. Hence, the specific
heat capacity of the total system was negative.

At 283 K min~', only one peak obtained. The onset,
peak and endset temperatures for this peak were 304.5,
362.5 and 471 K, respectively. The heat capacity was —
36925 W g~ .

The experimental molar heat capacities, enthalpy,
entropy and specific heat factor are listed in Table Sl1.
These are fitted in polynomial equation with temperature.
The entropy is calculated from CplnT.

40 100 200 800

Sp. heat/mW
&b

Temperature/K —»

Fig. 2 DSC spectrum of complex at 278 K min~" (solid line) from
which negative specific heat was evaluated below temperature
592.2 K and above this temperature heat capacity was positive. The
dotted line at 283 K min~' from which negative specific heat was
evaluated at all temperatures

The polynomial equation for specific heat capacity,
enthalpy and entropy derived from DSC (Fig. 2) is given
below

Y{(Cp), (Hr — H303), (St — S303) }
=a, " +a, \T" '+ -+ aT*+a,T +C.

The values of a;,a;,as,...,a, and C are given in
Table S1.

The complex is heated at atmospheric oxygen at heating
rate of 278 and 283 K min~'. The weight of complex
should increase due to oxidation (addition of oxygen) but
this increase in weight was less than that of weight loss due
to high heating rate. So, the increase in weight is not
detected during DSC measurements.

Conclusions

A new inorganically template metaphosphate of nickel(IT)
complex synthesized and characterized by different mea-
surements is mainly of thermodynamical character. The
specific heat capacity of complex was found negative at
higher heating rates while at lower heating rate the specific
heat capacity was found positive after 592.167 K at
278 K min~' as damping ratio >1.
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