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ARTICLE INFO ABSTRACT

Keywords: Layered hybrid organic-inorganic perovskites have gained interest in the scientific community due to their
Layered Hybrid Organic-Inorganic Perovskites feasibility of being used as phase transition materials to store energy by their polymorphism transitions. These
(LHOIP)

compounds represent excellent candidates for cooling electronic devices, given that approximately 55 % of
electronic device failures or damage is attributed to internal overheating. Here, we synthesized (C;2H25N)2CuCly,
(C14H29N)5CuCly, (C16H33N)2CuCly, (C12H24N)sMnCly, (C14H29N)sMnCly and (Cq6H33N)>MnCly to evaluate their
potential as thermal regulators and to investigate the dependence of their properties on the length of the
alkylamine used. The compounds were synthesized by a liquid phase reaction method and the thermal cycling
effect was evaluated after 0, 50, 100 and 200 cycles, between 298 K and 333 K. The crystal structure, molecular
structure, and thermal properties of the compounds were characterized and compared before and after the
thermal cycling. The maximum enthalpy was obtained for the (C;6H33N)2CuCly and (C;6H33N)oMnCly with 98.1
and 90.5 J-g 1, respectively. Additionally, all the components were thermally stable up to 200 cycles, with no
evidence of structural degradation or thermal properties decreases. Therefore, our results show that these layered
hybrid organic-inorganic perovskites could work as effective thermal regulators. By carefully selecting the

Hybrid Organic-Inorganic Material

Energy Storage Material (ESM)

Thermal Energy Storage (TES)

Solid-Solid Phase Change Materials (ss-PCM)
Phase Transition Material

alkylamine length, it may be possible to optimize their performance further.

1. Introduction

In the modern energy systems, the energy storage materials (ESMs)
are critical components that help attending the global energy issues.
They play a crucial role in tackling challenges like climate change, rising
energy demand, and the shift to renewable sources. ESMs, such as bat-
teries, supercapacitors, and hydrogen storage materials, offer efficient
and reliable energy storage solutions [1]. There are various types of
ESMs, including batteries, supercapacitors, and thermal energy storage
materials, each with its own set of benefits and drawbacks.

Thermal energy storage (TES) is an important technology that at-
tempts the global energy challenge, as it offers a promising solution for
efficient and sustainable energy use. There are various types of TES
technologies, including sensible heat storage, latent heat storage, and
thermochemical storage, each with its advantages and limitations [2-4].
Latent heat storage materials, phase change materials (PCMs), have
emerged as promising solution for thermal management in cooling
electronics. As electronic devices continue to become more compact and
more powerful, it becomes crucial to efficiently manage their heat to
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ensure reliability and lifetime [5]. CPUs and batteries are the main
sources of heat in portable electronic devices, with CPUs producing heat
at densities ranging from 50 kW-m~2 to 1 MW-m~2 [6]. Internal over-
heating causes 55 % of electronic device failure or damage [7,8]. Phase
change materials (PCMs) provide a way to store and release thermal
energy, effectively controlling the temperature of electronic devices.
PCMs present significant advantages in cooling electronics applications
due to their high energy storage density. Moreover, PCMs can maintain a
constant temperature across a wide range of thermal loads, reducing the
necessity for additional cooling mechanism. The use of PCMs opens the
way for the development of cutting-edge, electronic devices that may be
more compact, efficient, and reliable. Conventional solid-liquid PCMs
present several inconveniences which limit their use in electronic de-
vices such as corrosion, leakage, and low heat transfer [9,10]. The ideal
PCMs for electronics devices would be those based on solid-solid phase
transition since they exhibit minimal volume changes, have better
thermal conductivity than normal paraffin used in solid-liquid PCMs,
and do not have leakage problems [11,12].

There are four main families of solid-solid PCMs or solid-solid phase
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change materials (ss-PCMs) materials: polymeric, inorganic, organics,
and organic-inorganic hybrids [13-15]. The organic ss-PCM mainly in-
cludes polyalcohol, plastic crystals and organic-salt-based materials,
they present a transition between 298 and 463 K with an enthalpy be-
tween 15 and 270 J- g_1 [16-18]. The solid-solid transition in organic ss-
PCMs relies on the change from one crystalline arrangement to another
while the temperature increases. Similar behaviour happens with some
inorganic ss-PCMs, but a magnetic field induces the crystalline trans-
formations, the average transition temperature is from 250 to 988 °C
with enthalpies from 34 to 56 J-g}, this family includes ceramic and
metallic-based materials such as Ni-Mn-Ti or Fe-Co alloys [19,20].
Polymeric ss-PCMs, on the other hand, have a phase transition tem-
perature of 15 to 60 °C and enthalpy of 10 to 252 J-g~ 1. The solid-solid
transition in polymers could be due to the presence of a macromolecular
backbone like lamellar plates in semicrystalline polymers, hyper-
branching or crosslinking that will act as a “hard segment”, restricting
the movement of the “soft segment” (polymer) to avoid reaching the
melting state, as happens with poly(ethylene oxide) (PEO), poly
(ethylene glycol) (PEG) and polyurethanes (PU) [21-24]. The same
happens with the organic-inorganic hybrids ss-PCMs, which are
composed of inorganic two-dimensional crystal that acts as a frame-
work, a ‘hard segment’, for attaching crystallizable organic segment that
acts as a ‘soft segment’ [25-27]. The transition temperature of organic-
inorganic hybrids ss-PCMs, especially layered hybrid organic-inorganic
perovskites (LHOIP), are between 32 and 160 °C, and the enthalpies
are between 62 and 154 J- g’l [13,14]. It is noticeable that inorganic and
organic-inorganic hybrids ss-PCMs present thermal conductivities
higher than those of polymeric and organic ss-PCM. Fig. 1 shows the
figure of merits, which illustrates the quantifiable measure of PCM
performance described by Shao et al. [26] as the product of density (p),
latent heat of transformation (AH) and thermal conductivity (kgyr) in the
high temperature phase (FOM = p-AH-kgr). It is noticeable that organic-
inorganic hybrids ss-PCMs present a better FOM result than the others.

In this study, we present the synthesis and characterization of copper
and manganese-based layered hybrid organic-inorganic compounds as
ss-PCMs. This study aims to investigate the effect of alkylamine chain
length and composition on the thermal properties and energy storage
capacity of these materials. We hypothesize that by tuning the alkyl-
amine chain length and composition, we can achieve optimal thermal
properties and high energy storage capacity. To validate this hypothesis,
a series of copper and manganese-based layered hybrid organic-
inorganic ss-PCMs with varying alkylamine chain lengths and compo-
sitions were synthesized. A deep characterization of their thermal
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Fig. 1. Figure of Merits vs transition temperature for some PCMs. Data
extracted from [13,14,28-32].
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thermogravimetric analysis (TGA), and X-ray diffraction (XRD) analysis
was performed. Additionally, their specific heat capacity and thermal
stability were also evaluated.

2. Experimental procedure
2.1. Synthesis procedure

The reactants n-dodecylamine 98 % (N° CAS 124-22-1), n-tetrade-
cylamine 98 % (N° CAS 2016-42-4) and n-hexadecylamine 90 % (N° CAS
143-27-1) were purchased from Acros Organics, copper (II) chloride
dehydrated (N° CAS 10125-13-0) and manganese (II) chloride tetrahy-
drate (N° CAS 13446-34-9) were purchased from VWR international,
hydrochloric acid 37 % (N° CAS 7647-01-0) from Labbox and anhydrous
methanol (max. 0.003 % H30) (N° CAS 67-56-1) from Merck Group. To
synthesize the LHOIP solid structure, we employed the following reac-
tion with stoichiometry given by Eq. (1), using a slight excess of HCl,

2(R — NH,) + 2HCI + MCl,—(R — NH5),MCl, )

where M corresponds to the desired cation (Cu or Mn) and R represents
the organic components with the desired length (C;oHas, Ci14Hag or
Cy6Hss), in an anhydrous methanol medium. The synthesis procedure is
the same as that previously reported [33]. The molar stoichiometric
amount of each component was added into a round-bottomed flask with
45 mL of anhydrous methanol. While the products were under constant
stirring the HCl, dissolved in 5 mL of anhydrous methanol, was added
dropwise through the refrigerant. The solution was refluxed for 4 h, at
64 °C under constant stirring. After the reflux step, the solution was
poured into a petri dish and let dry for 7 days in a desiccator. The final
dried product was ground with an Agatha mortar for further analysis.
The scheme of the synthesis route followed is seen in Fig. 2.

The nomenclature used to identify each product was XC,, where X
represent the cation used (Cu or Mn) and n is the length of the amine
used (12, 14 or 16).

2.2. Crystal and molecular structure characterization

To evaluate the crystalline structure in front of the amine length X-
ray powder diffraction was applied. The measurements were conducted
in a PANalytical X'Pert PRO MPD 6/0 powder diffractometer of 240 mm
of radius, in a configuration of a convergent beam with a focalizing
mirror and a transmission geometry. The samples were sandwiched
between polyester mylar films of 3.6 pm thickness and the test was
performed with Cu Ka radiation (A = 1.5418 f\), a voltage of 45 kV and a

(@) \ (b) (HCI in MetOH) @mine in Meto@

CuCl,-2H,0 or
MnCl,-4H,0 in ‘
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Relux at 60 °C for 4
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Final Solid

Fig. 2. (a) Images of the solid obtained of Copper and Manganese; (b) Diagram
of the synthesis procedure employed.
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tube current of 40 mA. The measurements were obtained in continuous
scan mode and the 20 range from 0.5 to 60°20 with a step size of
0.0263°260 and a measuring time of 300 s per step.

To determine the molecular structure and to evaluate the chemical
change Fourier transformed infrared spectroscopy coupled with Atten-
uated Total Reflectance (FTIR-ATR) was performed, by using a Spectrum
Two from Perkin Elmer. The measurements were conducted with 32

scans over the range of 4000-450 cm ™! at a resolution of 4 cm™".

2.3. Calorimetry study

The effect of amine length and thermal stability was evaluated with a
differential scanning calorimeter, DSC 822e Star 3+, from Mettler
Toledo. The polymorphic transitions were evaluated with ~2.5 mg
which was encapsulated into an Al crucible and a heating ramp from
300 K to 370 K was carried out at 1 K-min__1

The specific heat (Cp) was measured at 300, 320, 340, 360 and 380 K
following the approach established by Ferrer et al. [34], where the
sapphire is analysed as an internal standard and the sample is analysed
in successive isothermal segments, without heating ramps and with a
temperature difference between the isothermal steps of 1 K. The Cp
calculation was made by integrating the heat flow peaks between the
isothermal step following the Eq. (2), where C, is the specific heat, A
[J-g 1] is the integrated area, and the sub-indices s and m correspond to
the sapphire (internal standard) and sample, respectively.

ComAn
Cpm = FA

(2)

All the tests performed with the DSC were carried out under 50 mL of
nitrogen atmosphere, three measurements per sample were carried out
and the average was made discarding the first measurements for the
enthalpy and specific heat measurements.

2.4. Thermal cycling stability evaluation

The stability of the layered hybrid compounds was evaluated after
50, 100, and 200 thermal cycles from room temperature to 373 K at 4
K-min !, performed with a thermal cycler Q T-18 from Bioer Gene.
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3. Results and discussion
3.1. Crystal and molecular structure

The XRD patterns of Cu and Mn components are presented in Fig. 3
(a). It is known that LOIPs presents a two-dimensional structure of
alternate staking of alkylammonium and perovskite layers [35]. Clearly,
this structure is observed in Fig. 3 (a) where a layered structure is ob-
tained in all the cases due to the observation of diffraction peaks at
angles ~6°, 9°, 12°, etc., which corresponds to the (00l) plane perpen-
dicular to the c-axis, which corresponds to the distance between
(XClg)?~ layers [36-40]. The layered structure is formed by alternate
staking of (XC14)2’ and the organic part 2(R-NH3)1+, hence the inter-
layer distance, d, is in direct dependence on the organic part [41,42].
Also, it is observed a shift to lower angles by the increase of the amine
length, and in general, the Mn compound diffraction peaks are detected
in lower angles, this is due to the size differences between Cu and Mn.

A triclinic (P1) system for each ss-PCM was obtained after re-
finements of the powder patterns profile using FullProf (profile match-
ing), where the crystal parameters (cell parameters) are obtained and
presented in Table 1. Furthermore, the results reveal differences in the
cell parameters (a, b and c¢) and therefore in the cell volume. Notice that
cell parameter c corresponds to the interlayer distance, (d) [43,44]. A
clear trend is observed, whereby longer alkylamine corresponds to
larger cell volumes and increases in interlayer distance. The relationship
between the interlayer spacing and the number of carbon atoms (n) is
depicted in Fig. 3 (b). The interlayer spacing increases with an increase
in the alkyl chain length of the amine and shows a linear dependence
between d and n (Pearson's R: Rcucn = 0.99954 and Ryincn = 0.99985),
that is in good agreement with the literature [44-46]. Otherwise, the
slope of the linear regression of the interlayer distance (d) as a function
of the carbon number (n) could be an estimator for the tilt angle [47].
When the chain length increases the chains move from a tilted orien-
tation into the perpendicular direction, therefore, chain tilt decrease
with the basal spacing increase. A decreasing chain tilt is indicated by
the linear regression slope when it increments exceeding 1.27 A corre-
sponding to the monolayer packing of alkyl chains per CH; unit, that is
the case of both CuC, and MnC, systems, Fig. 3 (b) [47].
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Fig. 3. (a) XRD spectra of the synthesized compound; (b) Interlayer spacing, d (f\), as a function of the number of carbon atoms in the alkylamine, n.

Table 1
ss-PCMs direct cell parameters (a, b, and ¢ in 10\) and direct volume cells (['\3) for CuC,, and MnC, with 12, 14 and 16 carbon atoms in the alkylamine length.
Carbon number, n CuC, MnC,
a(A) b (A) c(A) Direct volume cell (%) a(A) b (A) c(A) Direct volume cell (A%)
12 5.3468 5.3361 28.9919 808.56 30.3348 4.8634 5.1562 755.42
14 5.3353 5.3358 32.9050 907.92 34.1556 5.1853 5.2398 906.94
16 5.9672 6.0804 36.4016 1138.07 38.0183 5.7652 5.2494 1101.86
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Fig. 4. Infrared spectra of the synthesized compound.

Similar profiles are obtained for the Cu and Mn components in the
FTIR-ATR spectra in Fig. 4, showing the main vibration bands of the
organic part. The vibrations corresponding to the carbon chain are 2955,
2871, 2917 and 2849 cm ! bands that are the asymmetric and sym-
metric stretching of R—CH3 and R—CHy—R, respectively [36,48]. The
1472 and 1463 cm™! bands are related to the bending of R-CHy-R. The
band at 1377 cm ™ is assigned to the symmetrical bending of R—CHg.
The 728 and 720 cm ™! bands of R—CHy—R rocking and 891 cm ™! bands
of terminal C—C stretching [10,36,45,49]. From the primary amine, the
main vibration bands are 3400-3250 cm ! assigned to the stretching
vibration of N—H, 1581 cm ™! assigned to asymmetric deformation of
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Fig. 5. Infrared spectra of the synthesized compounds over the thermal cycles.
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NH3Z,1491 and 1480 cm ™' symmetric deformation of NHf and 1215
cm™! of C—N stretching and 769 cm™! of NH3 wagging [36,45].

Slight differences between the Cu and Mn compounds are found in
FTIR, the 3400-3250 cm ™! band assigned to the N—H stretching vi-
bration seems to be shifted to a lower wavenumber in the Mn compo-
nents however the symmetric and the asymmetric deformation of NH3
are shifted to higher wavenumber values for the Mn components. These
differences are related to changes in the polarity of the bonds [50].

The infrared spectra of the thermally cycled samples are displayed in
Fig. 5. The analysis reveals that no significant spectral changes occur
across the cycles examined. However, for the 100 and 200 cycles cases,
we observe differences in absorbance that cannot be attributed to the
emergence of new vibrational modes or shifts in existing modes. These
changes may stem from a reorganization of the carbon chains within the
sample, leading to variations in the amplitudes and frequencies of
stretching and bending vibrations.

3.2. Calorimetric study

The heat flow curves from the DSC and the values of transitions from
all Cu and Mn components are presented in Table 2 and Fig. 6. Clear
differences between materials are observed. The Cu base ss-PCMs pre-
sent two, three and four transitions, increasing the number with the
amine length. The total enthalpy (AH), a sum of all the transitions
involved in the material, for CuCy5is 74.5 J ~g’1, CuCq4is 87.1J -g’1 and
in CuCyg is 98.1 J-g~1. The Mn base ss-PCMs present mainly two tran-
sitions, however, it is noticeable that the first transition of MnC16 seems
to be two overlapped transitions. The total enthalpy in MnCj3 is 79.9
J-g~1, MnCy4is 73.5 J-g ! and in MnC16 is 90.5 J-g~ .. The values agree
with published data [25,45,51-53]. However, it is found that either
CuCi as MnCi4 ss-PCM present an additional transition that is not re-
ported in the literature, this could be due to the method used to syn-
thesize the material since the heating rate for the present study is slower
than the applied in [52-54]. The additional transition was found to
overlap with those reported, but it is not described like this in the
literature [52-54].

As a general behaviour, ss-PCM with a shorter amine length presents
lower values of peak temperature (T},) and lower values of enthalpy. This
phenomenon may be related to the energy released during the reor-
ientation of the carbon chain. The longer the amine chain, the higher the
energy needed to reorganize the chain [25-27,40].

The stability of the phase transition enthalpy over thermal cycles for
all the samples under study was evaluated, see Fig. 7. Small variations of
the enthalpy are detected in all the samples, around 7 % taking as a
referent the uncycled sample (0 cycles). Those variations may be related
to a crystallinity loss or a reorganization of the carbon chain that could
affect the enthalpy values. Regarding the peak temperature, no differ-
ences were observed.

The specific heat of the samples was measured at temperatures
ranging from 300 to 380 K, as shown in Table 3. Although different
profiles of specific heat were obtained for each sample, the trends are
similar. The specific heat at 340 K in CuCy4, CuC;6, MnCy4 and MnCyg
could not be determined due to its proximity to the polymorphic tran-
sition. The highest specific heat values were determined for the samples
CuCj 5 and MnCj 5, with a maximum value of 2.41 J -g’l-K’1 observed in

Table 2
Enthalpy of each transition of the different ss-PCMs.
Transition CuCy, CuCy4 CuCye MnC,, MnCi4 MnCqe
1st AH (J-g™h 63.2 60.0 66.2" 72.5 64.9 77.7%
T, (K) 330.9 343.6 354.1 331.7 341.3 352.3
2nd AH (J-gH 11.3 9.9 11.3 7.4 8.6 12.8
T, (K) 338.1 346.0 358.7 336.0 352.5 370.7
3rd AH@U-g™) - 17.2 20.6 - - -
T, (K) - 353.8 365.9 - - -

# Overlapped transitions.
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Fig. 6. Heat flow vs temperature profiles of the synthesized compounds: (a) Copper-based samples; (b) Manganese-based samples.
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Fig. 7. Enthalpy of the synthesized compounds over the thermal cycles.

Table 3
Specific heat of copper and manganese based samples.

Temperature Specific heat (J-g71-K™1)
® CuCio CuCy4 CuCyg MnC,» MnCi4 MnCi¢
300 1.71 + 1.47 + 1.37 + 1.6 £ 1.60 + 1.58 +
0.12 0.18 0.05 0.00 0.01 0.01
320 241 + 2.04 + 1.64 £ 2.38 + 1.92 + 1.68 +
0.05 0.03 0.05 0.03 0.00 0.22
340 1.94 + - - 1.75+ - -
0.02 0.01
360 1.88 + 1.97 £ 217 £ 1.77 £ 1.97 + 2.21 +
0.03 0.03 0.10 0.04 0.03 0.02
380 1.95 + 2.06 + 1.81 + 2.84 + 1.93 + 2.01 +
0.05 0.06 0.03 0.01 0.04 0.00

the CuCy2 sample at 320 K. Regarding the extreme values of 300 and
380K, a clear trend was observed where the specific heat decreased with
increasing alkylamine length. This observation is consistent with the
higher organic behaviour of the sample with a larger alkylamine part,
resulting in lower specific heat.

4. Conclusions
The dependence of the alkylamine length of LOIPs has been studied

in this study. The crystal structure analysis shows a strong dependence
on the alkylamine length, increasing the interlayer distance and the

volume of the cell by increasing the number of carbons of the alkyl-
amine. The thermo-cycled samples did not show any effect on the crystal
and molecular structure. The enthalpy associated with the polymorphic
transitions also depends on the alkylamine length. However, the specific
heat exhibits an inverse dependence, since the longer the alkylamine
chain the lower the specific heat.

These findings provide valuable insights in terms of the structural
and thermal behaviour of the present LOIP materials and can be useful in
the design of specific PCM with tailored thermal properties. Also, these
compounds hold great potential for applications in electronic devices
and other fields where temperature regulation is critical, and liquids are
incompatible. However, further investigations of materials compati-
bility and shaping must be done.
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