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1 Introduction

Plastic crystalline [(C4Hg)sNIFeCl,: reversible
order—disorder phase transitions and potential for
thermal energy storage

Khawla Ben Brahim, 2*2 imen Ibrahmi,? Imed Kammoun, (22
Noweir Ahmad Alghamdi,” Jean-Francois Bardeau,“® Gwenaél Corbel
and Abderrazek QOueslati 2@

C

Alkylammonium halogenoferrates have attracted considerable attention due to their structural versatility
and functional potential. Here, we report the growth of [(C4Hg)4N]FeCly single crystals via slow
evaporation under controlled conditions. X-ray powder diffraction (XRPD) confirmed the formation of
a pure orthorhombic phase. Differential scanning calorimetry (DSC) revealed two reversible phase
transitions between room temperature and 440 K, with a plastic crystalline state stabilized above 400 K.
Temperature-controlled XRPD indicated a symmetry increase consistent with a phase transition, while
Raman spectroscopy up to 423 K evidenced the reorientation of the tetrabutylammonium cation and
displacement of the [FeCly] ™ anion as the driving mechanisms. The large enthalpy changes and reversible
order—disorder dynamics highlight the potential of [(C4Hg)4NIFeCly for thermal energy storage
applications. Electrical characterization, performed through complex impedance measurements in the
temperature range 303-393 K and frequency range 200-1 x 107 rad s, confirmed the presence of
two-phase transitions. The frequency-dependent AC conductivity follows Jonscher's universal power
law and is governed by two hopping mechanisms: correlated barrier hopping (CBH) and non-
overlapping small polaron tunneling (NSPT). Dielectric measurements further revealed relaxation
processes consistent with the dynamic behavior of the cation—anion sublattice. These findings establish
this hybrid halogenoferrate as a model system for probing phase-transition mechanisms in plastic
crystalline materials and for designing next-generation thermal energy storage devices.

fuel cells, and solar cells,® offering significant advantages over
polymer electrolytes, which often suffer from low conductivity.”

In recent years, hybrid halometallate systems have emerged as
a promising class of organic-inorganic materials due to their
adaptable structural characteristics, tunable physical and
chemical properties, and potential applications in functional
devices, electronics, and energy. Photovoltaics,"* lithium
batteries,® photomechanical actuators,* and low-melting ionic
liquids® are among the applications enabled by their combi-
nation of coordination metal halide anions and organic cations.
Of particular interest, these hybrids are increasingly investi-
gated as high-conductivity solid-state electrolytes for batteries,
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Beyond ionic conduction, hybrid organic-inorganic systems
have also attracted attention as phase-change materials (PCMs).
Their reversible solid-solid transitions, often coupled with
dielectric, magnetic, optical, or caloric responses, make them
highly attractive for multifunctional devices including
photonics, optoelectronics, sensors, memory units, and
transducers.>'® These transitions typically involve
ientations of cationic and anionic subunits, in some cases, the
globular and weakly bound nature of the constituents allows the
formation of “plastic crystals.” where molecules retain trans-
lational order while acquiring rotational freedom, resulting in
unusual functional responses.'™** The relatively high latent heat
associated with solid-plastic transitions further enhances their
potential for thermal energy storage (TES) applications.*™**

Although hybrid plastic crystals remain rare, they have
recently emerged as multifunctional candidates capable of
combining TES with other physical properties.*® For example,
[(C,H3p41)aN]FeCl, (n = 1, 2) compounds have been shown to
exhibit coupled magnetic, optical, and dielectric switching, in
addition to storing thermal energy.”>"” Their TES potential is

reor-
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highlighted by the high latent heats accompanying tempera-
tures their plastic transitions, which occur at approximately 386
K and 413 K, respectively. Crucially, these materials can be
easily and affordably processed into thin films, which is
essential for real-world uses.

In this context, we report the synthesis and characterization
of the hybrid compound [(C,H,),N]FeCl,. By extending the alkyl
chain length, this compound exhibits plastic-crystal behavior
with a pronounced enthalpy (~10 kJ kg™') and a transition
temperature window between 380 and 404 K, meeting the
requirements for commercial solar TES applications. The
crystal structure of [(C4Ho)sN]FeCl, consists of tetra-
butylammonium [(C4H,)4N]" cations and tetrahedral FeCl,~
anions (Fig. 1).

All cations and anions lie on twofold axes of the orthorhombic
space group Pnna (n°52). The phase transitions were identified by
temperature-dependent X-ray diffraction and Raman spectros-
copy, and are accompanied by reversible changes in dielectric
and electrical conductivity. These results establish [(C4Ho),N]
FeCl, as a new multifunctional hybrid plastic crystal, bridging
structural tunability with energy storage functionality.

2 Experimental
2.1 Synthetic procedures

Single crystals of [(C,H,),N|FeCl, were obtained by slow evapo-
ration at room temperature. Almost saturated aqueous solutions
of stoichiometric amounts of FeCl; (0.1 g, 6.16 x 10~ * mol) and
[(C4Ho),NICI (0.171 g, 6,16 x 10~* moles) were prepared.

The subsequent chemical reaction sequence is the following:

The mixture was stirred for several minutes to ensure
homogeneity and then left to evaporate slowly at a constant
temperature of 30 °C. After 2-4 days, green-yellow crystals
suitable for single-crystal X-ray diffraction appeared and grad-
ually increased in size.

2.2 Characterizations

A portion of the millimetre-sized crystals of [(C,H,),N]FeCl, has
been crushed into micrometric powder in order to verify sample

Fig.1 Projection of the crystal structure of [(C4Hg)4N]FeCly in the (ac)
plane.
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purity by X-ray powder diffraction (XRPD). The pattern was
recorded at room temperature on a PANalytical /6 Bragg-
Brentano Empyrean diffractometer (CuKo,., radiations)
equipped with the PIXcel'® detector. The data were collected in
the [5°-100°] scattering angle range, with a 0.0131° step size, for
a total acquisition time of 10 h.

Previous DSC investigations on [(C4H,),N]FeCl, reported two
endothermic transitions upon heating at 379 and 409 K (106
and 136 °C), and corresponding exothermic events upon cool-
ing near 341 and 390 K (68 and 117 °C).*® These results sug-
gested reversible phase transitions, but their origin remained
unclear.

In the present study, DSC measurements were performed
using a PerkinElmer DSC-7 instrument. Approximately 8 mg of
finely ground sample was sealed in a 40 uL aluminum crucible
with a pierced cap. The measurements were carried out over the
293-443 K range, at a heating and cooling rate of 5 K min ™"
under a constant flow of dry nitrogen gas. Reproducibility was
confirmed by performing two heating—cooling cycles.

Variable-temperature XRPD measurements were performed
on the same diffractometer equipped with an Anton Paar XRK
900 reactor chamber, enabling temperature control between
298 and 378 K. The sample was deposited on a glass-ceramic
Macor® sieve (pore size 0.2 mm) mounted in an open sample
holder, allowing air flow through the specimen. Data were
collected under an air flow of 40 mL min~" with a heating rate of
5 K min~' (20 min stabilization at each temperature) and
a cooling rate of 60 K min~'. For each selected temperature,
diffraction patterns were recorded over the 26 range 7-48° with
a step size of 0.0131° and a total acquisition time of 95 min.

Raman spectra of [(C,H,),N]FeCl, were recorded using a T-
64000 spectrometer (Jobin-Yvon, Horiba Group, Kyoto, Japan)
with excitation at 647.1 nm provided by an argon-krypton ion
laser (Innova, Coherent, France). The laser was focused onto the
sample through a BX41 Olympus microscope equipped with
a MSPlan 50x objective (N.A. 0.55). The laser power was kept
below 2 mW to prevent sample damage. Spectra were collected
twice at each point with an integration time of 60 s. Scattered
light was dispersed by a single monochromator (600 grooves per
mm) and detected with a nitrogen-cooled, front-illuminated
CCD detector. The spectral range was 70-3100 cm ™', and the
temperature range was 298-423 K. Raman spectra were
analyzed using LabSpec V5.25 (Jobin-Yvon, Horiba Group). Peak
positions and full width at half maximum (FWHM) were
determined by fitting Lorentzian line shapes.

To examine the dielectric characteristics of [(C4Hy),N]|FeCl,,
a pellet was made by compressing the powder into an 8 mm
diameter and 1.1 mm thick circular disc while applying a pres-
sure of 5 tons per centimeter. A Solartron impedance analyzer
was used to conduct electrical measurements over a frequency
range of 200 to 1 x 107 rad s~ with an applied AC voltage of
50 mV.

At temperatures higher than 398 K, the pellet showed greater
pliability during the measurements, indicating plastic behavior
in the organic-inorganic crystals. As a result, only up to 393 K
could dielectric characterization be done with confidence.

RSC Adv, 2026, 16, 5904-5914 | 5905
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H,O

[(C4Ho)aN]CI + FeCls3

3 Results and discussion
3.1 X-ray powder diffraction analysis

Few randomly selected crystals of the preparation were ground
and then analysed by X-ray powder diffraction (XRPD). The X-
ray powder diffraction (XRPD) pattern of [(C4H,),N]FeCl, was
recorded at room temperature, as shown in Fig. 2. All peaks
observed in the XRPD pattern can be indexed with the unit cell
parameters and the orthorhombic Pnrna (1n°52) space group re-
ported by Hay et al.*® The cell parameters determined from the
refinement of the XRPD pattern by the Le Bail method* of the
Fullprof program?! are a = 18.4460(7) A, b = 11.5316(5) A and ¢
=11.4121(4) A. These values are close to those obtained by Hay
et al.* from the single-crystal XRD data of [(C4H,),N]JFeCl,.
Consequently, slow evaporation of a solution containing FeCl;
and [(C,Ho),N]Cl salts leads only to the formation of the
compound [(C,4H,),N]FeCl,.

3.2 Thermal analysis

The DSC thermogram of [(C,H,),N]FeCl, (Fig. 3) reveals two
reversible endothermic transitions upon heating at 378 and 400
K, with corresponding exothermic events during cooling at 355

RT [(C,H,),NIFeCl, e Obs.
CuKay,, — Calc.
— Obs.-Calc.
| Bragg peak

Intensity (a.u.)

I LD TUNN IMEIN T NI -’
o
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26 (°)

Fig. 2 Comparison of the observed diffraction pattern of [(C4Hg)4N]
FeCly (red dots) with the pattern calculated by the Le Bail method
(black line). The blue curve corresponds to the difference between
observed and calculated patterns. Vertical markers give Bragg peak
positions (space group Pnna (n°52)).
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and 378 K, indicating thermal hysteresis of 23 and 22 K,
respectively (Table 1). These transition temperatures are
comparable to those reported for other hybrid molecular crys-
tals exhibiting reversible order-disorder phase transitions.”>*
In particular, [(C,H;),N]FeCl, shows phase transitions around
318 and 396 K, while [(CH3)4N]JFeCl, exhibits multiple transi-
tions at approximately 312, 347, and 386 K.

With M ([(C4Ho)4N] FeCl,) = 440.12074 g mol .

The associated entropy changes, AS, yield configurational
numbers of states, N, of 5.088 and 8.465, reflecting a substantial
increase in accessible configurations in the high-temperature
phase, characteristic of plastic crystals.

The first transition at T; = 378 K is attributed to rotational
activation of the FeCl,” anion, consistent with previous obser-
vations in [(CHj3),N]FeCl, (ref. 25) and [(C,H5),N]FeCl,."” The
high-temperature phase is locally disordered, resulting from
rotational freedom of both the [FeCl,]” anions and the
[(C4H,)4N]" cations. The large entropy changes confirm that both
anomalies correspond to order-disorder transitions into a plastic
state.>**® Minor variations in peak shapes between the first and
second heating cycles indicate that partial dehydration does not
alter the number of transitions but helps stabilize the material.

5 — T T T T T T T T T T T T 1

Cycle 1
44 ——Cycle 2 b

N~ (]
1 1
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1
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AN}
J
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T T T T T
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T (K)
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280 300 340 460

Fig. 3 DSC thermogram collected under N, on crushed crystals of
[(C4Ho)aNIFeCly.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Heat exchanges and nature of phase transitions in [(C4Hg)4N]FeCly

[293-443 K] (cycle 1)

Heating Cooling

AH AS AH AS
T (K) (k] mol ™) Jmol™* k™) N Nature of transition T (K) (kJ mol ™) g mol ' K™
382 4.209 11.018 3.599 Order-disorder 344 5.157 14.991
404 11.284 27.93 9.131 Order-disorder 383 9.122 23.817
[293-443 K] (cycle 2)
Heating Cooling

AH AS AH AS
T (K) (kJ mol ™) mol 'K N Nature of transition T (K) (kJ mol ™) mo 'K
378 5.883 15.564 5.088 Order-disorder 355 5.383 15.163
400 10.356 25.89 8.465 Order-disorder 378 10.136 26.815

3.3 Temperature-controlled X-ray powder diffraction

Temperature-controlled X-ray powder diffraction (XRPD)
patterns of [(C4Hs),N]FeCl, were collected between 298 and 383
K (Fig. 4) to investigate structural changes associated with the
transition at T; = 378 K measured by DSC. The XRPD data
collection were limited to 383 K to prevent reactions between
the compound and the glass-ceramic sample holder. A total of
27 patterns were recorded at 2-5 K intervals.

Fig. 4 shows the thermal evolution of the XRPD diagrams of
[(C4Ho)4N]FeCl, in the range 298-383 K. The XRPD patterns
collected above 376 K differ from those collected below 343 K.
These patterns above 376 K can only be attributed to a high
temperature crystallographic form of [(C4Ho)4N]FeCl,, as no
decomposition occurs in this temperature range according to
ref. 18. It confirms the existence of structural phase transition,
as detected at 378 K by DSC.

More specifically, upon heating above 376 K, several char-
acteristic reflections located at 20 = 16.25°, 20.62°, 24.71°,
28.36°, and 29.62° progressively weaken and disappear. The
extinction of these peaks, together with the overall reduction in

15 16 17 18 19 20 21 22 23
20 (%)

it \ e 1 383K
1 376K
368K
1361K

1 351K

1+343K
1336 K

| = N ==Y == 1 198Kk

the number of diffraction reflections and partial peak merging,
provides direct evidence of a symmetry increase, consistent with
a transition from a low-symmetry phase to a higher-symmetry
crystallographic form.

In the temperature range between 343 and 376 K, the XRPD
patterns result from the superposition of the patterns of the two
forms (i.e. low and high temperature) of [(C,Hs),N]FeCl,. This
coexistence is due to a progressive and slow conversion of the
low-temperature form into the high-temperature form. It
should be noted that the endothermic peak at 378 K is quite
large when the [(C4H,),N]FeCl, powder is heated at 10 K min "
during the first cycle of DSC measurements and much narrower
during the second cycle. A much slower conversion is likely in
the temperature-controlled powder X-ray diffraction experi-
ment, as the patterns were recorded for 95 minutes at several
temperatures with a lower heating rate (5 K min~') than that
used in the DSC experiment. Such smooth transition could be
due to progressive displacements/reorientations of the
[(C4H,)4N]" cations and tetrahedral FeCl, ™~ anions in the crystal
structure of [(C4H,),N]FeCl,. The Raman spectroscopy will later
give evidence for such displacements/reorientations. It is very

Fig. 4 XRPD patterns recorded during heating of the [(C4Hg)4N]FeCly powder in air from 298 to 383 K.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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difficult to determine the crystal structure of an inorganic-
organic compound from the Rietveld refinement of XRPD data.
This is why we did not attempt to determine the crystal struc-
ture of the high-temperature form of [(C,H,),N|FeCl,, existing
above 376 K, from the XRPD data.

Only refinements of the XRPD patterns collected below 343 K
were carried out by the Le Bail method. Successively, the
orthorhombic cell parameters determined from the refinement
of a lower temperature XRPD pattern was used as starting values
for the refinement of the next higher temperature pattern. All
XRPD patterns can be satisfactorily fitted in this way, confirm-
ing that the low temperature crystal structure of [(C,Hs),N]FeCl,
is preserved in the temperature range 298-343 K. The thermal
evolutions of the cell parameters of the low-temperature form
are displayed in Fig. 5. The three orthorhombic cell parameters
linearly increase with temperature in the range 298-343 K. From
these linear evolutions, thermal expansion coefficients (TEC)
along the different crystallographic axes are calculated: TEC, =
35.03 x 10 2K %, TEC, = 12.75 x 10 > K ' and TEC, = 11.67 X
10" 2K . Thermal expansion in the [100] direction is more than
two times greater than in the basal plane (bc).

3.4 Raman spectroscopy as a function of temperature

The temperature evolution of the Raman spectra of [(C,Ho),N]
FeCl, was investigated from 298 to 423 K (Fig. 6-8). For clarity,
the spectra are shown in three wavenumber ranges, omitting
regions without bands. At room temperature, the bands of the
[FeCl,]” anion (70-400 cm ') and the [(C4Ho),;N]" cation
(>400 cm™") were assigned based on previous literature?-*2
(Table 2).

Between 300 and 370 K, the crystal remains stable. Near T; =
378 K, the symmetric deformation mode d4(FeCl, ) shifts
~2 ecm~ " to higher frequencies and narrows by 3 cm ™', while
das(FeCl, ™) shifts by 1 em™" and broadens by 5 cm™'. The
symmetric stretching mode v4(FeCl,”) at 266 cm ' shifts
+1cm tat T, and —2 em ™t at T, = 400 K. The cationic bands are
also affected: 6(C-C-C) at 883 cm ' shifts to lower frequency
with discontinuities at T and T,, with the width increasing by
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Fig. 5 Thermal evolutions of the orthorhombic cell parameters a,
b and c of the low temperature form of the [(C4Hg)4N]FeCly
compound determined from the refinement by the Le Bail method of
the XRPD patterns collected in the temperature range 298-343 K.
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9 ecm ™! after Ty; vi(N-C) shows a 2 em ™" jump at Ty and narrows
by 6 cm™" near T,. Several C-C stretching modes disappear
above Tj, while §(C-C-C) + ¢(C-N-C) and 6(CHj) + 6(CH,)
broaden by 2-6 cm ™" before T5.

These changes clearly demonstrate two reversible phase
transitions at T; = 378 K and T, = 400 K, consistent with DSC
measurements. The transitions are associated with rotational
and reorientational motions of both the [(C4Ho),N]" cations and
[FeCl,]” anions. In particular, T; corresponds to thermal acti-
vation of FeCl,™ rotations, as observed in [(CH;),N]FeCl, and
[(C,H;),N]FeCl,."”** The increased peak widths above 400 K and
the tendency towards a highly symmetric cubic phase indicate
the formation of a plastic crystal state, in agreement with the
large entropy changes observed in DSC.

3.5 Electric properties

3.5.1 AC electrical conductivity. The AC conductivity (o)
was evaluated from the complex impedance data using the well-
established relation. Fig. 9 illustrates the frequency dependence
of g, at different temperatures. The conductivity spectra clearly
exhibit two regions: a frequency-independent plateau at low
frequencies, followed by a strong dispersive increase at higher
frequencies. The low-frequency plateau corresponds to the dc
conductivity regime, where the applied field drives charge
carriers over long distances, enabling long-range translational
motion.*® At elevated frequencies, however, the conductivity
rises due to localized hopping or reorientation of charge
carriers over shorter distances, producing a dispersive
behavior.?*-3¢

This frequency dependence is well described by Jonscher's
universal power law:*’

o'ac(w) =04c t Aw® (1)

where o4, represents the frequency-independent conductivity at
low frequencies, A is a temperature-dependent constant, and s
(0 < s< 1) is the frequency exponent that provides information
on the conduction mechanism. The increase of conductivity
with frequency can thus be attributed to the enhancement of
the hopping frequency of charge carriers, which accelerates
charge transport and strengthens the conduction process.
Furthermore, the overall temperature dependence of o,
indicates a thermally activated transport mechanism, consis-
tent with the idea that increasing temperature supplies
additional energy to the carriers, enabling them to overcome
potential barriers.

The temperature dependence of DC conductivity, plotted as
In(o4.T) versus 1000/T (Fig. 10), reveals a clear increase in
conductivity with rising temperature, indicating thermally
activated charge transport consistent with Arrhenius behavior:

E,
odCxT:aoexp(fk T) (2)
B

where E, is the activation energy, k is the Boltzmann constant,
and T is the absolute temperature.

Three distinct conduction regions, labeled I, II, and III, are
observed, separated by slope changes at T; = 343 Kand 7, = 378

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Raman spectra of [(C4Hg)4NIFeCly compound between 298 and 423 K. Spectral regions without observable bands have been omitted.

K which may be corresponding to a conduction-related phase
transition in the material. Linear fits in these regions yield the
activation energies: E,; = 0.21 eV, E,, = 0.58 eV, and E,; =
1.71 eV. The progressive increase in activation energy from
region I to III indicates that proton transport requires over-
coming increasingly significant energy barriers.*

3.5.2 Theory investigation of the conduction mechanism.
The AC conductivity spectra were successfully analyzed using
the Jonscher equation (eqn (1)), showing good agreement
between the experimental data and the theoretical fits, and
enabling the extraction of the frequency exponent s at different
temperatures. The exponent s has a clear physical meaning:
values of s < 1 correspond to a translational hopping mecha-
nism involving long-range motion of charge carriers, whereas s
> 1 indicates localized hopping characterized by short-range
motion within the vicinity of the charge carriers. To identify
the dominant conduction mechanism in [(C,Hg),N]JFeCl,,
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3913 | ol | o g
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several theoretical models proposed by Long et al were
considered to correlate the AC conduction process with the
temperature dependence of s, including the Quantum
Mechanical Tunneling (QMT), Overlapping Large Polaron
Tunneling (OLPT), Non-overlapping Small Polaron Tunneling
(NSPT), and Correlated Barrier Hopping (CBH) models.?>**

Fig. 11 depicts the temperature dependence of the exponent
s, which exhibits a pronounced non-monotonic behavior,
revealing the coexistence of two distinct conduction mecha-
nisms across different temperature regions.

In regions I and III, the exponent s decreases with increasing
temperature, indicating that the CBH model governs the charge
transport in these phases. Within this framework, charge
carriers hop between localized states by surmounting potential
barriers, with the hopping probability being strongly
temperature-dependent. In contrast, in region II, s increases
with rising temperature, suggesting that the NSPT model is the
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Fig. 7 Temperature dependence of the positions and full width at half maximum (FWHM) of the Raman vibrational bands of the inorganic

component. (DSC transitions in blue vertical lines).
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most appropriate to describe the electrical conduction mecha-
nism in this phase. This behavior is characteristic of thermally
activated small-polaron transport, where polarons tunnel
between localized sites without significant wave-function over-
lap, rendering the conduction process weakly dependent on the

5910 | RSC Adv, 2026, 16, 5904-5914

inter-site distance. Overall, these findings demonstrate that the
AC conductivity of [(C4Hy),N]JFeCl, is governed by a tempera-
ture-dependent interplay between hopping and tunneling
mechanisms, with CBH dominating at low and high tempera-
tures (regions I and III) and NSPT prevailing at intermediate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The observed bands at room temperature

Wavenumber

(em™) Vibrational mode Intensity
115 05(FeCly) Mean
138 0as(FeCly) Mean
333 v(FeCly) Forte
382 vas(FeCly) Weak
453 Weak
523 Weak
597 Weak
740 ¥(NC,) Weak
778 »(NC,) Weak
883 8(C-N-C)+ §(C-C—C) Mean
904 r¢(N-C) Forte
926 v5(C-C) Mean
992 6(C-N-C) + »(C-C) Weak
1035 6(C-C~C) + §(C-N-C) + »(C-C) + 6(N-C-C)  Mean
1057 6(C-N-C) + ¢(C-C-C) Strong
1112 6(C-C-C) Strong
1131 4(C-C-C) Weak
1173 t(CH,) Weak
1284 w(CH,) Weak
1323 w(CH,) + t(CH,) Mean
1362 w(CH,) Weak
1405 645(CH;) Weak
1454 0.5(CH3) + sci(CH,) Strong
2870 v5(CH,) — v4(CHj) Mean
2880 v5(CH,) — v{(CH,) Mean
2918 vas(CHy) Mean
2935 v,5(CHy) Mean
2976 vas(CH3) Mean
3000 Vas(CH,) + v45(CH3) Weak

“vg: symmetrical stretch; v, asymmetrical stretch; g symmetric
deformation; d,s: asymmetric deformation; ¢: twisting; p: rotation; w:
wagging.

303K
313K
323K
333K
343K
348 K
353K
358 K
363K
368 K
373K
378 K|
383K
388 K
393 K|
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Fig. 9 The frequency-dependent conductivity data, which are fitted
to Jonscher's universal power law.

temperatures (region II). The observed change in the slope of
s(T) around 343 K is therefore directly associated with a transi-
tion in the conduction mechanism, providing deeper insight
into the microscopic charge transport processes within the
material.
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Fig. 11 Temperature dependence of the exponent s.

3.5.3 Dielectric properties. The dielectric characteristics of
materials are intrinsically linked to their molecular character-
istics and play a central role in systems where electron mobility
can occur. When subjected to an external electric field, this
mobility induces polarization within the material. The delayed
response of the dipoles, often referred to as charge moment
inertia, leads to polarization relaxation phenomena.*

Dielectric relaxation is therefore a powerful tool for probing
the underlying mechanisms of electrical conduction, identi-
fying the origin of dielectric losses, and providing valuable
insight into structural transformations such as phase transi-
tions, which are also evidenced by the DSC curve.

The complex dielectric function is expressed as:

e* =¢ — i’

RSC Adv, 2026, 16, 5904-5914 | 5911


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09848c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 January 2026. Downloaded on 3/3/2026 6:58:32 PM.

(cc)

RSC Advances

where ¢ is the real part of the dielectric constant (related to the
material's ability to store electric energy) and ¢” is the imaginary
part of the dielectric constant (related to the material's ability to
dissipate electric energy as heat).

The temperature evolution of the real ¢ and imaginary ¢”
components of the dielectric permittivity for the investigated
compound is presented in Fig. 12(a) and (b). At temperatures
below 340 K, both ¢ and ¢” remain nearly constant. This
behavior can be attributed to the restricted reorientational
motion of the organic [(C4Ho)N]" cations and the inorganic
[FeCl,]” anions, which are unable to align with the applied
electric field and thus contribute only weakly to the overall
polarization.****

A change in the conduction mechanism is responsible for
a minor anomaly in ¢ that was discovered at around 343 K. On
the other hand, the sharp rise in both ¢ and ¢” around 378 K
supports the crystalline dynamics observed in both Raman and
XRD studies as well as with the phase transition detected by
DSC. The cations’ reorientational dynamics are thermally acti-
vated as the temperature rises over 378 K. The cations can more
readily reorient under the external field when sufficiently
excited thermally, which increases their contribution to
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Fig. 12 Temperature dependence of (a) the dielectric constant ¢ and
(b) the dielectric loss ¢” at different frequencies for [(C4Hg)4N]FeCly.
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polarization and raises the dielectric response noticeably.
Lastly, the compound's increased electrical conductivity, which
is controlled by charge carrier motion, is directly linked to the
decrease in ¢ and ¢’ with increasing frequency.

The dielectric losses were further analyzed through the
dissipation factor (tan ¢), defined as the ratio of the imaginary
permittivity to the real permittivity:**

tan(s) = i—

/

Fig. 13 illustrates the variation of tan(¢) with temperature at
different frequencies. The dielectric loss exhibits a similar
temperature-dependent trend as ¢, confirming the strong
correlation between polarization processes and charge
transport.

Moreover, the increase in tan(d) values at higher tempera-
tures indicates a growing contribution from conductivity, rein-
forcing the mixed dielectric-conductive nature of the relaxation
mechanism in this material.

4 Conclusion

Our work presents [(C,Ho),N]FeCl, as a unique plastic crystal
exhibiting intriguing functional properties, with potential for
multi-energy storage applications, including both electrical and
thermal energy storage. The compound undergoes two revers-
ible, first-order phase transitions near 378 and 400 K, charac-
terized by notable latent heats (AH = 15.564 and 30.415 J mol "
K™') and relatively large thermal hysteresis (23 and 22 K).
Electrical and dielectric analyses indicate that charge transport
follows a combination of correlated barrier hopping (CBH) and
non-overlapping small polaron tunneling (NSPT) mechanisms,
while dielectric relaxation reflects its dynamic behavior.
Comprehensive investigations combining DSC, temperature-

dependent XRPD, Raman spectroscopy, and dielectric

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measurements reveal that these phase transitions are driven by
order-disorder dynamics, involving both the rotational flexi-
bility of the tetrabutylammonium cation and the reorienta-
tional dynamics of the [FeCl,]” anion. The strong coupling
between the organic and inorganic sublattices is evident from
the consistent behavior observed across structural, vibrational,
and dielectric measurements.

These features, together with the large enthalpy changes and
reversible plastic behavior, make [(C4Ho),N]FeCl, a promising
candidate for thermal energy storage, with an operating
temperature window between 378 and 400 K. Beyond thermal
applications, this compound provides valuable insights into
dynamic disorder in hybrid plastic crystals and holds potential
for advanced ionic conductors, sensors, and switchable capac-
itors. While additional studies are warranted to fully explore the
plastic crystalline state, [(C4Ho),N]FeCl, represents a versatile
platform for future multifunctional applications.
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