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ABSTRACT

Solid-solid phase change materials (ss-PCMs) are promising materials for thermal energy storage ap-
plications because they do not require shape stabilisation or encapsulation. In addition, depending on the
ss-PCM used, they can reduce corrosion issues and allow faster charging and discharging. Organometallic
ss-PCM, particularly layered hybrid organic-inorganic compounds, have been investigated in this work
due to the scientific interest in their potential use as phase change materials to store energy via poly-
morphic transitions. Here we have assessed the synthesis of (C12H2gN),CuCly, a potential material for
thermal energy storage. The transition enthalpy and specific heat are the key values to maximise. Two
different synthesis procedures were followed: reflux and recrystallisation, and direct synthesis. Three
different solvents were also used: methanol, ethanol and isopropanol. In order to find out which pro-
cesses and solvent media were most promising, the synthesis yield, crystal and molecular structure, and
thermal parameters such as transition enthalpy and specific heat were evaluated. Direct synthesis
processes produced the most promising material for thermal energy storage due to higher yield and

better enthalpy ratio.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Phase change materials (PCMs) can absorb and release energy
during a reversible phase transition, at a constant phase transition
temperature. They are normally used for thermal energy storage
and temperature regulation. Three types of PCM are associated
with the type of phase transition. Solid-solid PCM (ss-PCM), solid-
liquid PCM (sI-PCM), and liquid-gas PCM (lg-PCM). The most
studied and established are sI-PCM, due to their high energy den-
sity and wide range of phase transition temperatures. However,
they present some issues, such as low thermal conductivity,
corrosion, and leakage [1—3]. Some of these issues are addressed by
increasing the thermal conductivity by adding carbon nano-fibre/
tubes, graphite nanoplatelets, and graphite oxide, among others
[4], and reducing corrosion and leakage by encapsulating or shape
stabilizing the sI-PCM [5—9].

Nevertheless, ss-PCM do not need to be encapsulated or shape
stabilized for technical use, have fewer corrosion issues, and allow
better heat transfer, which means fast charge/discharge of the TES
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system [10]. There are four types of ss-PCM, referring to the nature
of their composition: organic, inorganic, polymeric and organo-
metallic [11,12]. The organometallic ss-PCM has high potential due
to its intrinsic properties such as good transition enthalpy, thermal
conductivity and chemical and thermal stability, no volume change,
and low toxicity [10]. The phase transition temperature of the
organometallic ss-PCMs is between 305 K and 433 K, which makes
them ideal for use in buildings for thermal regulation, heat recovery
in industries, and thermal management in cooling electronics,
among other applications.

The organometallic ss-PCM called layered perovskites are the
bis(alkylammonium) tetrahalometallates (II) (CyH2n,1NH3)2MX4,
where n varies from 8 to 18, M is a divalent transition metal and X is
a halogen. The phase transitions of these layered perovskites rely
on the motion of the organic part, while the inorganic part remains
immobile, as in a crystalline model of the bilayer [13]. Several
studies suggest that these organometallic ss-PCMs are suitable for
TES [14—16]. It is reported that the layered perovskites CuC,, MnCy,
ZnC, and CoC, present a transition temperature that makes them
suitable for TES [14,17,18]. The energy storage capacity of these
components is strongly dependent on the length of the alkylamine.
The average enthalpy of the first transition of CuCyy is ~69 J/g
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[13,15,18—20], CuCy4 is ~73 ]J/g [13,14], MnCyy is ~77 ]/g
[13,16,18,19,21], MnCy4 is ~87 J/g [13,14], ZnCiy is ~102 ]/g
[13,14,21-23], ZnCy6 is ~104 J/g [16,18,24], CoCy3 is ~78 ]/g [18,25]
and CoCqg is ~114 J/g [18,25].

The typical approach to prepare these compounds is to react
between stoichiometric amounts of an alkylamine, metal chloride
and hydrochloric acid in absolute ethanol or anhydrous methanol.
The solution is then refluxed for 4 h and cooled to allow the pre-
cipitation of the desired crystals, then filtered off and recrystallized
several times in chloroform, absolute ethanol or anhydrous meth-
anol [14,19,20]. Needham, G.F. and Willet, R.D. perform a two-step
synthesis procedure in which the desired alkylamine is dissolved in
warm ethanol (95%) and an excess of HCl to obtain the hydro-
chloride alkylamine. Separately, the metal chloride is dissolved in
warm ethanol and the two solutions are mixed together in a 2:1
ratio. After cooling the solution, the solid is obtained [13]. Kan J.K.
et al. Prepare the material in a two-step synthesis procedure similar
to Needham, G.F and Willet R.D, where firstly the hydrochloride
alkylamine is obtained by bubbling gaseous hydrochloric acid
through the alkylamine dissolved in benzene and the product is
recrystallized and filtered. Secondly, the hydrochloride alkylamine
obtained is dissolved in ethanol and mixed with the metal chloride
in a stoichiometric ratio and kept under reflux for one day. The final
product is then recrystallized twice in absolute ethanol [15]. These
reported synthesis procedures are mainly aimed at obtaining a pure
crystal.

The main objective of the present study is to evaluate and
optimise the synthesis of bis(dodecylammonium) tetra-
chlorocuprate ((Ci2H2gN)>CuCly), also named CuCyy, for thermal
energy storage. Here, the synthesis of CuCy; in different solvent
media and recrystallization media is studied to determine the
importance of recrystallization for TES applications. In addition, the
synthesis yield was evaluated, and a comprehensive morphological,
structural and thermal characterization has been carried out to
elucidate which synthesis procedure is most promising.

2. Materials and methods
2.1. Materials and reagents

The solvents used for the synthesis were methanol (MetOH)
anhydrous for analysis (max. 0.003% H,0) (N° CAS 67-56-1) from
Merck Group, 2-propanol (IspOH) (max. 0.05% H,0) (N° CAS 67-63-
0) from VWR international and ethanol (EtOH) 96% (N° CAS 64-17-
5) from Labbox. The reactants used for the synthesis of the ss-PCM
were 1-dodecylamine (98%) (N° CAS 124-22-1) from Acros organics
B.V.B.A, copper (II) chloride dehydrated (N° CAS 10125-13-0) from
VWR international and hydrochloric acid 37% (N° CAS 7647-01-0)
from Labbox.

2.2. Synthesis procedure

The synthesis and recrystallization procedures are presented in
Fig. 1. To evaluate the solvents, a solution of dodecylamine (3.7 g,
20 mmol) in MeOH, EtOH or IspOH (45 mL) was placed in a round-
bottom flask containing CuCl-2H,0 (1.7 g, 10 mmol) at room
temperature. Then a solution of HCI (1.7 mL, 20 mmol) in MeOH,
EtOH, or IspOH (5 mL) was added dropwise through the condenser
under magnetic stirring. The final molar ratio of the reagents
C12H27N:HCl:CuCl,-2H,0 was 2:2:1. The mixture was refluxed at
337 K for 4 h with vigorous and constant stirring. After this time,
the heat source was removed, and the solution was allowed to
stand for one day. The resulting solid was filtered under a vacuum
to obtain a crude precipitate (S1). The solvent of the filtrate solution
(residual water, RW) was removed and dried on a rotary evaporator
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to obtain a new solid (RW1). Subsequent crystallizations of S1 were
carried out by adding ~15 mL (required amount) of solvent to
dissolve the product. The mixture was then refluxed at 337 K for
45 min. Following the same procedure, the solution was left in a
round bottom flask for one day to crystallize. It was then filtered to
obtain a new solid (S2) and residual water (RW2). The recrystalli-
zation procedure was repeated twice to obtain S3, S4, RW3 and
RW4 [26]. For the evaluation of the solvents for recrystallization,
the same procedure was carried out using IspOH as the solvent for
the recrystallization step.

To increase the yield of the synthesis, an alternative synthesis
approach (method D) without filtration and recrystallization steps
was evaluated. In this alternative procedure, shown in grey in Fig. 1,
the solution is poured into a Petri dish after being refluxed at 337 K
for 4 h and dried in a desiccator for 7 days.

2.3. Characterization

The crystal and chemical structure, the phase transition and
the specific heat of all solids obtained were analyzed to determine
the optimal synthesis route in terms of stability and latent heat. In
addition, the residual water samples (RW2, RW3 and RW4) were
dried by rotatory evaporation, and the chemical structure, as well
as the phase transition, were analyzed to evaluate the efficiency of
the recrystallization steps. It is important to note that the solid
MetOH S4 did not precipitate, so it was obtained by rotatory
evaporation. As a result, no MetOH RW 4 was obtained. In
2addition, the reaction yield and mass loss due to the recrystal-
lization process were evaluated to determine the optimal syn-
thesis route.

2.3.1. Morphology

A scanning electron microscope (SEM) was used to examine the
morphology of the synthesized structures, using an XTE 325/
D8395, Quanta 200 FEIL. Several representative flakes were selected
and attached to a carbon adhesive and coated with carbon to ac-
quire SEM images and perform energy-dispersive scattering (EDS)
analysis of the surface.

2.3.2. Crystal structure characterization

The structure of the resulting samples was determined by X-ray
powder diffraction (XRD) (PANalytical X'Pert PRO MPD). The tests
were done with Cu Ko, radiation (A = 1.5418 A), a voltage of 45 kV
and a tube current of 40 mA. The measurements were obtained in
continuous scan mode and the 26 range from 1° to 40° with a step
size of 0.026° 26 and a measuring time of 300 s per step.

2.3.3. Chemical structure characterization

Fourier transform infrared spectroscopy (FTIR) combined with
attenuated total reflectance (ATR) (Perkin Elmer Spectrum Two™)
was used to determine the molecular structures and analyze the
chemical changes that occurred during the synthesis. The FTIR
measurements were performed on a KBr disc at room temperature.

2.3.4. Phase transition characterization

The thermophysical properties of the resulting samples were
investigated using differential scanning calorimetry (DSC) (Mettler
Toledo DSC 822e Star 3+). The phase transition temperature (T;)
and enthalpy (AH) were evaluated between 303 K and 353 K with a
heating rate of 1 K/min and a nitrogen flow of 50 ml/min. Each
analysis was repeated three times, the first analysis being discarded
due to contact issues between the sample and the crucible.
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Fig. 1. Diagram of the synthesis procedure.
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Table 1
Reaction yield and mass loss of the different syntheses.
MetOH EtOH IspOH MetOH-IspOH EtOH-IspOH MetOH_D EtOH_D IspOH_D

S1, yield (%) 66.28 73.62 85.61 67.12 75.96 88.28 89.36 95.24
S2, mass loss (%) 43.72 12.60 4.26 8.99 4.38 — - -
S3, mass loss (%) 65.37 15.38 417 2451 7.71 - - -
S4, mass loss (%) - 10.81 3.85 4.75 6.15 — — —

2.3.5. Specific heat capacity et al. [27]. His approach, the sapphire is analyzed as an internal

DSC was used to determine the specific heat (C,) at 313 K, 323 K, standard and the sample is analyzed in successive isothermal
333 K, 343 K, and 353 K using the approach established by Ferrer segments, without heating ramps and with a temperature

Fig. 2. Images of the solids obtained; (a) is MetOH_S3, (b) is EtOH_S4, (c) is IspOH_S4, (d) MetOH-IspOH_S4 and (e) EtOH-IspOH_S4.

3
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difference between the isothermal steps of 1 K. The heat difference
between the isothermal steps is represented by heat flow peaks. By
integrating these peaks on the sapphire and the sample, the C,
value is calculated using Eqgs. (1) and (2).

As:%zchs‘ﬁ (1)
An =2 = Gy )

Where A [J/g] is the integrated area, Q [mW] is the heat flux, m [mg]
is the mass of the sample and 8 [K/min] is the heating rate, and the
sub-indices s and m correspond to the sapphire and sample,
respectively. Since the Cp, of the sapphire is known and all required
parameters are known, the C, of the sample material can be
calculated with Eq. (3).

Com =721 (3)

3. Results and discussion
3.1. Reaction yield obtained and mass loss

The reaction yield and mass loss during the recrystallization of
the different synthesis routes are shown in Table 1. The higher re-
action yield is obtained with the synthesis method D, which does
not require a filtration or recrystallization step, thus the solid is
obtained directly by solvent evaporation. The following higher re-
action yield is obtained when synthesizing with the isopropanol,
followed by the ethanol and, finally methanol. This behavior is
related to the solubility of CuCy; in the different solvents. Indeed,
this component is more soluble in methanol than in isopropanol, as
shown by the mass loss in the recrystallization steps (Table 1).
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3.2. Morphology study

Clear differences can be seen in the morphology of the solid
obtained, as shown in Fig. 2. The solid produced by the direct
method has similar morphology with MetOH, EtOH and IspOH. It
can be seen that MetOH_S3 and EtOH_S4 have comparable mor-
phologies that resemble flakes, while IspOH_S4, MetOH-IspOH_S4
and EtOH-IspOH_S4 have similar morphology that is powdery.
These morphological differences could be related to a decrease in
the crystallinity of the solids, which could be reflected in the
transition enthalpy values.

In addition, a secondary electron microscope was used to thor-
oughly examine the morphology of the solids obtained (Fig. 3).
MetOH_S3, MetOH_D, EtOH_S4 and EtOH_D exhibited similar
morphology reminiscent of two-dimensional crystals. The samples
prepared with isopropanol under reflux IspOH_S4, Met-Isp_S4
and Et-Isp_S4 appear to be more of an aggregation with
lower crystallinity. However, the IspOH_D has a morphology
somewhere in between the two, with some crystalline crystals and
aggregates.

3.3. Crystal structure analysis

The experimental XRD results of the CuCq, obtained with the
different solvents are shown in Fig. 4. The diffraction peaks at 6°,
9°,12°, etc. Prove the formation of a layered crystalline structure
as each peak is related to the reflections of the (00!l) [ = 1,2,3,
...] planes, which are strongly oriented along the c-axis
[20,28—30].

The main peaks obtained in the XRD diffractograms are related
to the CuC12. However, in some cases, the unreacted material is
detected. Some extra peaks related to unreacted reactants are
detected in some of the structures. The peaks at 16.14° and 21.90°
20 correspond to the two more intense peaks of CuCl,-2HO, and
the peaks at 9.90°, 14.90°, 22.50° and 29.40° 26 correspond to the
alkylamine (Cqi2H24N2) [31,32]. Unreacted CuCly-2HO, and
C12H24N; are mainly detected in RW samples. Also, in EtOH_S4 and
EtOH_D is able to see that some CuCl,-2HO, is unreacted. Despite
this, the main peaks of the RW sample are related to the main
structure, illustrating that some of the synthesized components
remain in the solution after the recrystallization process.

MetOH_ST
MetOH_S4
MetOH-IspOH_S4

MetOH_D
MetOH_RW1

L= )

~ [T® ——EtOH_S1 ——EtOH_D

= —— EtOH_S4 EtOH_RW1
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Fig. 4. XRD diffractograms of the samples in different synthesis and recrystallization
solvents at different recrystallization steps.
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3.4. Chemical structure analysis

The FT-IR spectra of the different samples of CuCq, are shown in
Fig. 5. All samples show a similar FT-IR spectrum.

The bands associated with the amine functional group are:
3400-3250 cm~! bands assigned to the stretching vibration of
N—H, 1581 cm~! assigned to the asymmetric deformation of
R—NHJ7 of the primary amine salt, and the symmetric deformation
of R—NH3 band corresponds to the 1491 and 1480 cm~! bands,
1215 cm~! band of C—N stretching and 769 cm~! bands of R—NH§
wagging [15,28]. The bands associated with the carbon chain are:
2955, 2871, 2917 and 2849 cm~! bands are the asymmetric and
symmetric stretching of R—CH3 and R—CH»-R, respectively [28]. The
1472 and 1463 cm™! are related to the bending of R—CH,-R. The
band at 1377 cm ! is assigned to the symmetric bending of R—CHs.
The bands at 728 and 720 cm~! for R—CH,-R rocking and the bands
at 891 cm™! for the terminal C—C stretching [15,28,33,34].

In the FT-IR spectra, some bands are non-localized vibration
modes, where the frequency and intensity of these bands depend
on the chain length and conformation, and localized modes, where
the frequency depends only on the local conformation and is
practically independent of the chain length [33]. The non-localized
modes are the R—CH-R bending which appears at 1472 and
1463 cm~!, and the R—CH,-R rocking vibrations at 728 and
720 cm~!, but which normally appear around 1453 cm~! and
730 cm~ ! respectively.

In addition, the splitting of some bands, R—NH3symmetric
deformation, R—CH3-R bending, and R—CH;-R rocking was detec-
ted. The origin of the band splitting is based on the intermolecular
coupling due to the dipole-dipole interaction between the C—H
bonds and the short range of the repulsive force between the two
nearest hydrogen bonds [34].

3.5. Phase transition analysis

Bis-alkylammonium tetrachlorometallates are known to exhibit
a variety of structural phase transitions determined by the dy-
namics of the alkylammonium group and the rotation of the
chlorometallates. For alkylammonium, there are two types of
phases: (1) order-disorder of the rigid alkylammonium chain and

(a) &4 MetOII_S1 MetOH-IspOH_S4|
MectOH_S4 Met-Isp RW4
MetOH_D

= ——EtOH_SI EtOH_D
5: ——FEtOH_$4 ——— EtOH_RW4|
P 1 —— EtOH-IspOH_S4 Et-Isp_RW
5] M\
: SA\ TN A
<
2
S
o
w
2
<
IspOIL_S1 IspOIL D
IspOH_S4 IspOH_RW4|

T T /7T T T T

T T
4000 3500 3000 1600 1400 1200 1000 800 600
‘Wavenumber (cm'l)

Fig. 5. Infrared spectra of samples in different synthesis and recrystallization solvents
at different recrystallization steps.



R. Salgado-Pizarro, C. Barreneche and A.lL Fernandez

Materials Today Chemistry 30 (2023) 101491

a b
( )0’0_ (b) %0
70 A
0,1 4
60 +
=
2002 @
z S 50 -
(- =
>
5'0’3_ %40_
= =
= =
L 044 .
= 0, = 30
054 20 4
10
0,6 1
0+

T T T T T T T T T T
305 310 315 320 325 330 335 340 345 350

Tempreature (K)

1% Transition
[ s1

[ s4 .
I X-1spOH
[

e rws ‘
[ X-IspOH_RW4

2" Transition

[ Irwa

[ ]X-IspOH RW4"

"X = MetOH, EtOH
or IspOH

MetOH

EtOH IspOH

Fig. 6. (a) Heat flow signal vs temperature of the MetOH_S4 sample; (b) Enthalpy of the first and second transitions of the samples in different synthesis, recrystallization, and

residual water.

—
_;M (a) —=— MctOH_SI (b) —=— EtOIL_S1 2 (c) —=—TIspOIT_SI
' 2.0 —=— MctOH_S4 2.0 4 —=—TLI1011_S4 53] —=— IspOH_S4
S ] —=— MetOlI-IspOl1_$4 —=— CIOI1-IspOIT_S4|™ —s— IspOH_D
Uisd —=— MetOH_D 184 —=—LOH_D g

gl.ﬁ— 1.6 - ol ] ¥

-

&} 1.6 1

= 14 1.4 4 \

@ 1.4 -

==

& 1.2 1.2 1 124

£ .

@ T T T T T T T T T T T T T T T

& 310 320 330 340 350 310 320 330 340 350 310 320 330 340 350

Temperature (K) Temperature (K) Temperature (K)
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(2) conformational transition “partial melting” of the hydrocarbon
chain; this second phase only occurs when the hydrocarbon chain
contains >4 carbons [33]. CuCy2 shows two solid state transitions at
329.15 K and 336.15 K with an associated AH of 72 and 12 J/g,
respectively. The transition at 329.15 K corresponds to type (1) and
at 336.15 K to type (2) of phase transitions, see Fig. 6 (a) [35].

Relative differences in AH are found in the different products
obtained in each step of the synthesis procedure see Fig. 6 (b). In all
cases, the first product obtained (S1) is the one with a higher AH in
the first transition. This is due to the higher crystallinity of the
product in the first step of the synthesis. The following products
obtained have a lower AH after the recrystallization step: part of
the crystallinity of the product is therefore lost during this process.
No differences were found with respect to the solvent. As expected,
the sample MetOH-Isp_S4 shows lower enthalpy values than
MetOH_S4 and EtOH-IspOH_S4 shows higher values than EtOH_S4.
This is due to the differences in crystal growth in the different
media. In addition, the samples synthesized by method D have
lower enthalpy than the S1 samples. Better crystals are obtained
when a slower cooling rate is applied, which is the case when
synthesizing in a round-bottom flask, as the residual heat of the
aluminium reaction block is released slowly. In contrast, a fast
cooling rate is obtained when the product is poured into a Petri dish
directly after the synthesis (Method D).

With respect to the RW samples, these solids present the two
solid state transition characteristics of CuCyy. Lower enthalpy
values are obtained than for the S1 sample, which can be attributed

to a lower crystallinity of the component, which could be due to the
use of the rotatory evaporator.

3.6. Heat capacity

The specific heat of the samples was measured between 313 K
and 353 K, see Fig. 7. All samples present a similar profile of specific
heat as a function of temperature, with a maximum Cp value at
323 K, which is due to the proximity of the main polymorphic
transition of this compound. It is noticeable that the samples syn-
thesized by method D show higher Cp values. The difference in Cp
could be due to differences in crystallinity between the samples or
the presence of residual solvent as an impurity.

4. Conclusions

In this study, the CuCy, organometallic layered perovskite phase
change material was successfully synthesized by two different
synthesis procedures and with three different solvent media and
recrystallization media (MetOH, EtOH and IspOH). A total of 21
samples were evaluated, eight of which were the product of the
residual water obtained.

It was found that the structure of the compound does not
change with the solvent or the recrystallisation media, as shown by
the XRD and FTIR results. However, some unreacted reactants were
found on EtOH_S4 and EtOH_D. In terms of reaction yield and
specific heat capacity, better results are obtained with the non-
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filtered and non-recrystallized method (Method D), which has
higher of specific heat values. However, no significant differences
were found in the enthalpy values between the different methods.
As for the recrystallization products (RW), the presence of the
compound was observed in the XRD and FTIR results, implying that
the recrystallization process reduces the yield of the synthesis.
Although, some unreacted reactants were detected in the XRD in
the RW samples. It is concluded that for thermal energy storage
purposes, method D is the optimal synthesis route to obtain CuCy;
organometallic layered perovskite.

Furthermore, for the future use of this type of material in TES
applications, thermal stability, cyclability, chemical compatibility
with other materials, and in-situ validation should be investigated.
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