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A new crystalline complex (CgH17NH3)2CdCl4(s) (abbreviated as CgCd(s)) is synthesized by liquid phase reaction.
The crystal structure and composition of the complex are determined by single crystal X-ray diffraction, chemical
analysis, and elementary analysis. It is triclinic, the space group is P-1 and Z = 2. The lattice potential energy of
the title complex is calculated to be UpoT (CsCd(s))=978.83 kJ-mol~! from crystallographic data. Low-temperature
heat capacities of the complex are measured by using a precision automatic adiabatic calorimeter over a temperature
range from 78 K to 384 K. The temperature, molar enthalpy, and entropy of the phase transition for the complex are
determined to be 307.3+0.15 K, 10.154:0.23 kJ-mol~!, and 33.05+0.78 J-K—!-mol~! respectively for the endothermic
peak. Two polynomial equations of the heat capacities each as a function of temperature are fitted by using the least-
square method. Smoothed heat capacity and thermodynamic functions of the complex are calculated based on the fitted
polynomials.
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1. Introduction

Phase change material (PCM) is also called a la-
tent thermal energy storage material. It is an environ-
mentally friendly material. It can be used as a low car-
bon building material for new city planning because of
its zero discharge and pollution, which not only suits
low carbon living, but also is good for the global cli-
mate. A variety of PCMs are available and well known
for their thermochemical characteristics. These mate-
rials can be encapsulated by a polymer cover and cur-
rently exist in the market.[!l In recent decades, solid—
solid phase change material (SSPCM) has become one
of the most promising materials because of its excel-
lent energy storage and release performances, such as
little change in volume, no volatilization and shape
plasticity, and so on.

As a kind of solid—solid phase change mate-
rial, plenty of studies®~8 of the complexes (n-
C,Ha,+1NH;3)o M X 4 are reported, in which M is a
divalent transition metal ion (M=Zn?", Cu?*, Mn?*,
Cd?*, Co®**t, etc.), X is a halogen, and n varies be-
tween 8 and 18. (n-C,Ha,+1NHs)2 M X4 has many
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advantages. They can be applied conveniently in
many fields such as solar energy utilization, temper-
ature controlled greenhouses, peak load shifting tech-
nology, waste heat recovery, energy efficient air con-

n.[%19 In the present article, we

ditioning, and so o
extend our investigation to the crystal structure and
phase transition of (CgCd(s)), which needs to develop
its new application fields and to be studied theoreti-
cally.

Adiabatic calorimetry is one of the most effective
and important experimental methods used to measure
the heat capacities of some important substances due
to its high accuracy. And it can be widely used to
study the solid—solid phase transitions by measuring
low temperature heat capacities and calculating rel-
evant thermodynamic data. Heat capacity is one of
the most fundamental thermodynamic properties of a
material and necessary for many theoretical studies in
physics, chemistry, and engineering technology related
to materials. Based on heat-capacity measurements,
thermodynamic properties, such as the temperature,
molar enthalpy, and entropy of the phase transition,
and thermodynamic functions of the material can be
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precisely derived.[!1—14]

In the present article, we synthesize a new crys-
talline complex (CgCd(s)) via liquid phase reaction.
The crystal structure and composition of the com-
plex are determined by using the X-ray single-crystal
diffraction technique, chemical analysis, and element
analysis. The lattice potential energy is obtained from
crystallographic data. Low-temperature heat capac-
ities of (CgCd(s)) are measured by using an accu-
rate automatic adiabatic calorimeter in a temperature
range from 78 K to 384 K and its thermodynamic
properties are derived. The solid-to-solid phase tran-
sition is investigated analyzing the heat capacity curve
of the complex (CgCd(s)).

2. Experiment

2.1. Synthesis of the title complex

The N-octylamine (purchased from J & K Sci-
entific Ltd., China), hydrochloric acid (37% in mass
percent), and hydrate cadmium chloride as reactants
and anhydrous methyl alcohol as solvent are all of ana-
lytical grade. The reactants are accurately weighed at
the molar ratio of n(C, Ha,+1NHs) : n(hydrochloric
acid): n(CdClye2.5H20) = 2:2:1, where hydrochloric
acid is slightly excessive and slowly dissolved in an-
hydrous methyl alcohol. The mixture is heated by an
electric jacket and stirred under boiling and refluxing
for 4 h. The final solution is laid aside, and several
days later, the colourless and transparent crystals are
obtained. The crystals are recrystallized three times
with anhydrous methyl alcohol and washed with ether
three times. Finally, the sample is placed in a vacuum
desiccator at T'= 300 K to dry in vacuum for 6 h, the
final product is put into a weighing bottle and pre-
served in a desiccator. Theoretical contents of C, H, N,
Cd, and Cl in the complex (CgH17NH3)2CdCly(s) are
calculated to be 37.34%, 7.83%, 5.44%, 21.84%, and
27.55%, respectively. Chemical and elemental analy-
ses (model: PE-2400, Perkin Elmer, USA) show that
the practical content values of the C, H, N, Cd, and Cl
in the complex (CgH;7NH3)2CdCly(s) are measured
to be 37.36%, 7.86%, 5.40%, 21.82%, and 27.56%, re-
spectively. These results show that the purities of the
sample prepared are > 0.994 in mass fraction.

2.2. X-ray crystallography

X-ray crystallography is applied to characterize
the crystal structure of the complex. The crystal

is glued to a fine glass fiber and then mounted on

the Bruker Smart-1000 CCD diffractometer with Mo—
Ko radiation, A = 0.71073 A (1 A=0.1 nm). The
intensity data are collected in the p—w scan mode
at T = 298(2) K. The empirical absorption correc-
tions are based on multi-scanning. The structure
is solved by using the direct method and different
Fourier syntheses, and all non-hydrogen atoms are re-
fined anisotropically on F? by using the full-matrix
least-squares method. All calculations are performed
with the program package SHELXTL.!'® We have ap-
plied for the CCDC number 855391 for the new com-

pound (CgH17NH3)QCdCl4(S).

2.3. Adiabatic calorimetry

A precision automatic adiabatic calorimeter is
used to measure the heat capacity of the complex
over the temperature range 78 K< T < 400 K. The
calorimeter is established in the Thermochemistry
Laboratory of the College of Chemistry and Chemical
Engineering, Liaocheng University, China. The princi-
ple and performance of the adiabatic calorimeter and
the procedures of heat capacity measurements have
been described in detail elsewhere.['1:16] Heat-capacity
measurements are continuously and automatically car-
ried out using the standard method of intermittently
heating the sample and alternately measuring the tem-
perature. Liquid nitrogen is used as a coolant. The
heating rate and temperature increments are generally
controlled at 0.1 K-min~! to 0.4 K-min~! and 1 K to
3 K. The heating duration is 10 min, and the tempera-
ture drift rates of the sample cell measured in an equi-
librium period are always kept within #1072 K-min~!
during the acquisition of all heat—capacity data. The
data of heat capacities and corresponding equilibrium
temperature are corrected for heat exchange of the
sample cell with its surroundings.'® The reliability
of the performance of the calorimeter is confirmed by
measuring the heat capacities of the reference stan-
dard material (a-Al;Og3) over the temperature range
78 K< T < 400 K. Deviations of the experimental
results from those of the smoothed curves lie within
+0.20%, while the uncertainty is +0.30% as compared
with the values given by the former National Bureau
of Standards!'™ over the whole temperature range.

The sample mass used for calorimetric measure-
ment is 1.96766 g for (CgCd(s)), which is equiva-
lent to 3.8236x1072 mol in terms of its molar mass,
M (CgCd(s)) = 514.70 g-mol L.
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3. Results and discussion

3.1. Description of crystal structure

The crystal data and details of data collection and
refinements for the title complex are summarized in
Table 1. The selected bond lengths and angles for the

title complex are listed in Table 2, and the hydrogen
bond lengths and angles are presented in Table 3. It
is found from Table 1 that the crystal structure of
the complex is triclinic, and the space group is P-1
and Z = 2. The molecular structure of (CgCd(s)) is
plotted in Fig. 1. The packing of the cell structure is
shown in Fig. 2.

Table 1. Crystal data and structure refinement for CgCd(s).

Empirical formula (CgH17NH3)2CdCly
Formula weight 514.70
Temperature/K 298(2)
Wavelength/A 0.71073

Crystal system, space group

Unit cell dimensions

Volume/A3

Z, calculated density
Absorption coefficient/mm ™1
F(000)

Crystal size/mm?

Theta range for data collection
Limiting indices

Reflections collected /unique
Completeness to theta = 25.01
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I > 20([)]

R indices (all data)

Largest diff. peak and hole

triclinic, P-1

a=7.4450(7) A, o =96.397(2)°
b=7.5121(8) A, B = 92.5850(10)°
c=22.658(2) A, ~=90.2200(10)°
1258.0(2)

2, 1.359 Mg/m3

1.294

532

0.48 x 0.42 x 0.38

1.81° to 25.01°

—8<h<8, —8<k<8, —-17<1<26
6635/4353 [R(int) = 0.0680]
98.5%

semi-empirical from equivalents
0.6391 and 0.5755

full-matrix least-squares on F2
4353/1/224

0.977

R; = 0.0983, wR2 = 0.2610

R; = 0.1409, wRy = 0.2942

1.589 and —1.649 eA®

Table 2. Selected bond lengths [A] and bond angles [deg.] for CsCd(s).?

C1(5)-Cd(1) 2.64(2) CI(1)#1-C1(5)-Cd(1) 88(6)
C1(5)-Cd(2)#2 2.66(2) CI(1)#1-C1(5)-Cd(2)#2 88(6)
Cd(1)-C1(2)#1 2.519(4) Cd(1)-C1(5)-Cd(2)#2 175.7(11)
Cd(1)-C1(2) 2.519(4) C1(2)#1-Cd(1)-C1(2) 180.000(1)
Cd(1)-Cl(5)#1 2.64(2) C1(2)#1-Cd(1)-CI(5) 84.4(6)
Cd(1)-C1(3) 2.663(2) C1(2)-Cd(1)-Cl(5) 95.6(6)
Cd(1)-C1(3)#1 2.663(2) C1(2)#1-Cd(1)-C1(5)#1 95.6(6)
Cd(1)-Cl(1)#1 2.66(2) C1(2)-Cd(1)-C1(5)#1 84.4(6)
Cd(1)-CI(1) 2.66(2) C1(5)-Cd(1)-C1(5)#1 180.000(7)
Cd(2)-Cl(4) 2.506(4) C1(2)#1-Cd(1)-Cl(3) 90.13(11)
Cd(2)-Cl(4)#3 2.506(4) C1(2)-Cd(1)-C1(3) 89.87(11)
Cd(2)-Cl(3)#4 2.660(2) CI1(5)-Cd(1)-CI1(3) 89.7(5)
Cd(2)-CI(3)#5 2.660(2) CI1(5)#1-Cd(1)-CI(3) 90.3(5)
Cd(2)-CI(5)#6 2.66(2) C1(2)#1-Cd(1)-C1(3)#1 89.87(11)
Cd(2)-CI(5)#1 2.66(2) C1(2)-Cd(1)-C1(3)#1 90.13(11)
Cd(2)-Cl(1)#3 2.68(2) C1(5)-Cd(1)-C1(3)#1 90.3(5)
Cd(2)-CI(1) 2.68(2) CI(5)#1-Cd(1)-C1(3)#1 89.7(5)
CI(1)-C1(5)#1 0.44(6) C1(3)-Cd(1)-C1(3)#1 180.0
C1(3)-Cd(2)#7 2.660(2) C1(2)#1-Cd(1)-Cl(1)#1 93.9(6)

aSymmetry codes: #1 [—z+ 1,—-y+1,—2+1]; #2 [z + L,y — 1,2]; #3 [-z,—y+ 2,—2 + 1]; #4 [-z,—y+ 1,—z + 1];

#5 [,y +1,2]; #6 [v — L,y + 1,2]; #7 [z,y — 1,2].
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Table 3. Hydrogen bond lengths ( A) and bond angles (deg) for CgCd(s).P

D-H---A d(D-H) d(H---A) dD---A) <DHA
N(1)-H(1A)- - - CI(1)#1 0.89 2.46 3.25(3) 149.6
N(2)-H(2A)- - - C1(3)#1 0.89 2.91 3.324(14) 151.9
N(2)-H(2B)- - - C1(5)#1 0.89 2.82 3.54(3) 138.8
N(1)-H(1A)- -- CI(5) 0.89 2.75 3.52(3) 145.7
N(1)-H(1A)- - - C1(2) 0.89 2.91 3.531(16) 128.2
N(1)-H(1B)- - - CI(5)#8 0.89 2.67 3.32(3) 130.8
N(1)-H(1B)- - - C1(3)#9 0.89 2.72 3.450(15) 139.7
N(1)-H(1B)- - - C1(1)#9 0.89 2.95 3.62(3) 133.4
N(1)-H(1C)- - - C1(4)#10 0.89 2.41 3.280(14) 166.6
N(2)-H(2C)- - - C1(2)#10 0.89 2.38 3.268(13) 176.9
N(2)-H(2A)- - - C1(5)#5 0.89 2.84 3.35(3) 117.7
N(2)-H(2B)- - - C1(1) 0.89 2.55 3.28(3) 139.8
N(2)-H(2B)- - - C1(4) 0.89 2.79 3.481(15) 135.0

bSymmetry codes:

2, —z+1].

3

The crystallographic independent unit of the com-
plex (CsCd(s)) is composed of two kinds of nonequiv-
alent alkylammonium chains and one [CdCly]?~
(see Fig. 1(a)), and the two different monomers
of [n-Cp,Ha, 1 NH3]T of the same complex (n-
C,Hs,+1NH;3)2CdCly are equal in the chemical com-
position way. From Fig. 1(b) and Table 2, we can see

1 [71+177y+1772+1]; #5 [CL‘,erl,Z]; #8 [7m+277y+1772+1]§ #9 [1'+17y72]§ #10 [7I+1,7y+

that the central ion (Cd?*) adopts the six-coordinated
configuration, an octahedral geometry is formed, and
an infinite net is formed by [CdCly)?"~. Figure 1(b) is
drawn by means of ellipsoid, which can fully explain

thermal effect of the carbon atoms in alkylammonium

chains.

Fig. 1. (colour online) Molecular structure in a crystallographic independent unit of the complex CgCd(s).
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It is seen from Fig. 2 that the monomeric
[CACl4)?"~ moieties bind with the monomeric [n-
C,Hap, 1 NH;3] ' through several hydrogen bonds (see
Table 3) when the crystal structure of (CsCd(s)) is
viewed along the b axis. The classical N-H--- Cl hy-
drogen bonds are included in the complex (CsCd(s)).
For the complex (CgCd(s)), the symmetric unit is
stacked and a sandwich construction is formed, and
the unit [CdACl4]2"~ resides in “sandwich floor”, an
infinite two-dimensional plane along the bc-plane is
formed, and on account of binding action of hydrogen
bonds, the molecule unit is extended to a space super-
molecule, which helps to establish a two-dimensional
perovskite structure. The results indicate that the hy-
drogen bonds play an important role in the stabiliza-
tion of the whole structure. The steric configuration of
the complex (CsCd(s)) is similar to other complexes
(n-CpHap 1 NH3)o M Cly(s).

Fig. 2. (colour online) Packing structure of the complex
CgCd(s). Dashed lines represent the hydrogen bonds. Hy-
drogen atoms are omitted for clarity.

3.2. Lattice potential energy of the com-
plex

Equation (1) is used to estimate the lattice po-
tential energy for the general type of the salts M, X:

UPOT = |Z+| |Z*‘ ’U(O//anl/?) + B/)a (1)

where z; and z_ are the respective charges on the
cation and anion of the complex, v is the number
of ions per molecule and is equal to (p 4+ ¢). For
the case of salt MsX with charge ratio (1:2) such as
(CsCd(s)), z4 =1, 2. =2, p=2,q =1, v = 3,
o' = 165.3 kJ-mol~!-nm, 5’ = —29.8 kJ-mol~!, and

Vi is in units of nm?® and expressed as!*®!

Vin(nm?®) = My, /pNa = 1.66045 x 107> M,,/p, (2)

where N is Avogadro’s constant, and is 6.02245 x

10%® molecule:mol~!. Thus, formula (1) is changed

intol19]

Upor = v(p/Mw)*/3 + 6, (3)

where the values of the constants for MaX (1:2) are:
v = 8375.6 kJ-mol~!-cm and § = —178.8 kJ-mol~!.[19]
The density p (g-cm™3) and molar mass My, (g-mol~!)
are obtained from crystal structure data of the title
complex in Table 1, p = 1.359 g-cm™> and M,, =
514.70 g-mol~!, respectively. Vi, is calculated to be
0.6289 nm?® according to Eq. (2), consequently lat-
tice potential energy of (CgCd(s)) is derived to be
UpoT = 978.83 kJ-mol~1!.

3.3. Low-temperature heat capacity

The experimental results of low-temperature heat
capacities are plotted in Fig. 3.

B | I I T T T
T b 18T CsHy 2N Hy),Cddl,
v 20F7  f |
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Fig. 3. (colour online) Curve of experimental molar heat
capacities for the complex CgCd(s). (“O”, “A” and “x”
denote the first, second, and third series of measurements,
respectively.)

In Fig. 3, only one obvious endothermic peak ap-
pears in a temperature range between 303 K and 310 K
for (CgCd(s)). The experimental heat capacity values
in temperature ranges between 78 K and 303 K and
between 310 K and 384 K are, respectively, fitted by
means of the least-square method, and two polyno-
mial equations of experimental molar heat capacities
(Cp.m) versus reduced temperature (X), X = f(T),
are obtained as follows.

Before the phase transition from 78 K to 303 K,

Co . (J-K™' mol™1)

p,m

= 601.601 + 226.375X — 22.339X2 — 0.944X3; (4)
After the phase transition from 310 K to 384 K,

Com (J- K~!-mol™)
= 800.877 + 12.839X — 0.782X2
—0.496X° + 1.094X*, (5)
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in which X is the reduced temperature, X = [T —
(T + Tontn)/2]/ [(Tonase — Tonin)/2] with T being the
experimental temperature, T ax and Ty, are the up-
per and lower limits in the temperature regions from
78 K to 303 K and 310 K to 384 K. The correlation co-
efficients of the fitting R? equal 0.99988 and 0.99991,
corresponding to Eqs. (4) and (5).

3.4. Molar
solid—solid phase transition

enthalpy and entropy of

Three series of repeated heat capacity experi-
ments in the phase transition region with different
cooling rates for the sample are carried out so that the
reversibility and repeatability of the phase transition
of the sample are verified. The cooling rate of series
1 is about 15 K-min~! (liquid nitrogen as the cool-
ing agent), that of the series 2 is about 2.5 K-min—!
(ice-water cooling), and that of the series 3 is about
0.5 K-min~! (natural cooling). The results of three se-
ries of repeated measurements are plotted in the inset
of Fig. 3. It can be seen from the inset that there are
some slight differences in the height and width of the
peak between series of heat-capacity measurements
during phase transitions of the sample. However, the
phase transition basically exhibits good reversibility
and repeatability, and different cooling rates do not
The C?

p,m
series of repeated experiments are in good agreement.

affect the experimental results. values of

The molar enthalpy of the phase transition (A¢.sHy,)

3 ()
in Cp

entropy A¢sSm of the phase transition is calculated
.[20]

~T curve is obtained from Eq. (6). The molar

with the following thermodynamic Eq. (7)

Tirs T¢
Cpo)(i) dT —n -

i trs

AtrsHm = |:Q —-—n- Cg(f) dT

Tt

- HOdT} /n kJ - mol ™! (6)
T;

as
AtrsSm = AtrsHm/,‘rtrs J-K- m01717 (7)

where T in Eq. (6) the temperature is slightly smaller
than the starting phase transition temperature; Tt is
the temperature that is slightly higher than the finish-
ing phase transition temperature; C’;m(i) is the heat
capacity at temperature 7j; C’g,m(f) is the heat capac-
ity at temperature T¢; @ is the total heat quantity in-
troduced to the calorimeter from temperature 7; to Tt;
Tirs is the peak temperature of the phase transition of
the sample; n is the mole number of the sample; Hy is
the heat capacity of the empty sample cell. The values
of @ and Hj are calculated with the program stored
in the computer linked with the adiabatic calorimet-
ric system, and printed along with the experimental
results of the heat capacities. The results of T}, (K),
ApsHpy (kJ-mol™1), AgsSy (J-K~Hmol 1), and their
average values obtained from every series of repeated
experiment are listed in Table 4.

Table 4. Results of the phase transitions obtained from three series of repeated experiments of CgCd(s).

Thermodynamic properties Series 1 z; Series 2 x; Series 3 x; Mean value® (T + 0a)
Tirs,1/K 307.51 307.01 307.42 (307.3 £ 0.15)
Atrs Hin 1/ (kJ /mol) 10.24 10.51 9.714 (10.15 + 0.23)
AtrsSm,1/(J/K mol) 33.30 34.25 31.60 (33.05 £ 0.78)

a

single value in a set of measurements.

For the title complex (CgCd(s)), there is a big
phase change, which begins at about 303 K. The mech-
anism of the phase transition may be analogous to
other complexes (n-C, Ha, 1 NHz)o M X 4.21=24 With
the increase of the temperature, the hydrogen bonds
become weakened, which makes constraints between
alkylammonium chains and [CdCly]>~ become weak-
ened. The partial disorder of alkylammonium chains
occurs together with the reversal of polar NH3 groups,

thus the structure of the molecule is transformed, and

Z is the mean value of a set of measurement results; ca = /> r_; (@i — Z)2/[n(n — 1)], n is the experimental number; z;, a

another kind of free and partly disordered solid phase
is formed, and leads to a dynamic order—disorder tran-
sition of rigid alkyl chains at the beginning, then,
further conformational changes of the hydrocarbon
part are dominant, complete disorder of the confor-
mation is assumed to be similar to a “molten” state.
When the phase transition is over, the whole solid
phase is fully in disorder. After that, the whole solid—
solid phase change finishes, and the complex holds the

stable structure of new solid phase until solid-liquid
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phase change occurs. Further research will continue
to check the reasonableness of the analogy with the
help of the variable temperature FTIR spectroscopy.

3.5. Smoothed heat capacities and ther-
modynamic functions of the com-
plex

The smoothed molar heat capacities and thermo-
dynamic functions are calculated based on the fitted

polynomial equations of the heat capacities, each as a

function of reduced temperature (X) according to the
following thermodynamic equations:°]

T

H:cz)“ - H§98.15 = / Cﬁ,de, (8)
298.15
T Co -
S% - S§98.15 = / 7;4 dT. (9)
298.15

The polynomial fitted values of the molar heat
capacities and fundamental thermodynamic functions
of the sample relative to the standard reference tem-
perature 298.15 K can be calculated at intervals of
5 K.

3.6. Thermodynamic properties of the
complex

The thermodynamic properties of the complex ac-
cording to the experimental data are described as fol-
lows.

Firstly, the lattice potential energy
Upot(CgCd(s)) = 978.83 kJ-mol~!. The result indi-
cates that a strong electrostatic attraction exists be-
tween [CgHy7NH3]™ and [CACl]?~ in the (CgCd(s)).
The value of lattice potential energy (LPE) shows
that the structure of (CgCd(s)) is very stable from
the viewpoint of energy. Secondly, from Table 4 and
Fig. 3, we can see that molar heat capacity of the
(CgCd(s)) is bigger, which shows that the strong in-
termolecular acting force exists in (CgCd(s)), this
may be caused by the high symmetry in the molecule
(CgCd(s)). Finally, from Table 4, Ti.s(CsCd(s)) is
307.3 K (34.15 °C), which is lower.
that the complex CgCd(s) is suitable for practical

It indicates

applications of phase-change energy storage. The mo-
lar enthalpy and entropy of the phase transition of
(CgCd(s)) are lower, this may be ascribed to an ad-
ditional number of (~CHs—) groups adding into the
cation and the enhancement of the steric hindrance,
which results in decreases of enthalpy and entropy
in the solid-solid phase transition.?! According to

Fig. 3, it is suggested that the solid-to-solid phase
change is an order—disorder transition process.

Compared with a similar complex (C12Ho5NHg3)o
ZnCly(s)* reported previously, the molar en-
thalpy and entropy of (CgHi7NH3)2CdCly(s) are
smaller than those of (Ci2HasNH3)oCdCly(s),
but  Tips(C12HosNH3)2ZnCly(s) is  larger than
Tis(CsH17NH;3)2ZnCly(s). It may be attributed
to the different metallic ions and cation radii of
[CsH17NH;3]T and [C12HosNH3]™ existing in the two
complexes. Lower or close to room temperature phase
transition temperature is one of many measurement
criterions determining whether a kind of phase transi-
tion material is useful in practical application in daily
life. Consequently, based on the lower phase change
temperature and larger phase transition enthalpy of
the title complex, the complex (CsCd(s)) is relatively
appropriate for practical applications in the utiliza-
tion of green energy. It can play an important role
in effective utilization and storage of solar energy in
future.

4. Conclusion

In this article, we mainly report on the crys-
tal structure, lattice potential energy, and low tem-
perature heat capacities of the crystalline complex
(CgCd(s)) in a temperature range from 78 K to 384 K.
An obvious solid-to-solid phase transition is found in
the Cp ,,~T curves. The temperature, molar enthalpy,
and entropy of the solid—solid phase change are ob-
tained. The relevant thermodynamic properties of the
title complex are determined. The crystalline complex
(CgCd(s)), as a kind of phase change material, has
significant applications in effective storage and utiliza-
tion of solar energy. As is well known, a solar energy
water heater cannot produce hot water without sun-
shine, while the phase-change materials of (CsCd(s))
can be applied to a solar energy water heater to keep
hot water at phase transition temperature for a long
time. In addition, because the phase transition start-
ing temperature (303 K) of (CgCd(s)) is close to room
temperature, it can be used for floor heating, which is
good for human health.
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