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Hybrid metal halide materials have attracted significant attention due to their diverse functional properties.
In this study, we prepared, characterized, and evaluated the multifunctional properties of two hybrid tetra-
chloromanganate(i) compounds with the general formula [(CH3zCH2)sN(CH2X)[2[IMnCly], where X is Cl or
Br. From the structural point of view, these compounds consist of two isolated ionic species with an
antifluorite crystal arrangement: 0D tetrahedral IMNCL,]>~ anions and large, quasi-spherical and polar
[(CH3CH.)sN(CH,X)I* cations. These cations are responsible for the first-order phase transition observed
at T, ~ 318 K for the Cl-compound and T; ~ 343 K for the Br-compound. We investigated various func-
tional properties—specifically dielectric, photoluminescent, and pressure responses—and our results
demonstrate that these compounds are highly versatile, exhibiting broad responses to external stimuli.

Received 28th May 2025, Furthermore, we found that substituting the halogen in the ammonium cations from Cl to Br induces
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important modifications in their functional properties. In particular, this halogen exchange increases the
phase transition temperature, reduces the thermal hysteresis, improves the photoluminescence quantum

rsc.li/frontiers-inorganic yield, and enhances the reversible entropy changes under compression—decompression cycles.
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1.

Multifunctional stimuli-responsive materials represent an
emerging class of advanced materials that exhibit adaptive
responses to a wide range of chemical and physical stimuli."

Introduction
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These materials can respond to variations in temperature, pH,
light, electric or magnetic fields, pressure, and other factors,
leading to changes in thermal, optical, electrical, magnetic,
mechanical properties, as well as guest molecule
adsorption.>” Consequently, these materials are increasingly
in demand for applications in nanotechnology, biomedicine,
optoelectronics, and smart material engineering, opening new
possibilities for the fabrication of adaptive and highly efficient
devices."®

In recent years, hybrid metal halide compounds, which
integrate organic cations with metal halide anions, have gar-
nered significant attention in scientific community.>*>° These
materials showcase a diverse array of functional properties,
including ferroelectric,">*° magnetic,"> optoelectronic'’™*° and
barocaloric.'"'* Their properties can be finely tuned by modify-
ing the organic and inorganic components. Furthermore, the
structural motifs of these compounds vary widely, ranging from
highly extended structures to lower dimensional ones, contin-
gent upon the combinations of metal halide anions and
organic cations.

Mn>*-based halide hybrids in particular, have garnered
attention for light-emission related applications due to their

This journal is © the Partner Organisations 2025
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advantages, tuneable luminescence, stability, nonlinear optical
effects and high photoluminescence quantum yield
(PLQY).”"*? 1t is well known that the emission colour of Mn**
is significantly influenced by the metal’s coordination
environment.*>** Specifically, when Mn®>" is coordinated in an
octahedral arrangement, the emission colour is red. In con-
trast, zero-dimensional (0D) hybrid Mn>* halides containing
isolated tetrahedral anions MnX,>~ (X = Cl, Br) exhibit green
emission, which is characterized by a large Stokes shift and a
high PLQY that can reach up to 90%.>*

In previous studies, we have designed and studied hybrid
organic-ionic plastic crystals for multi-energy storage, specifi-
cally solar thermal energy storage and electric,*'® as well as
for multipurpose pressure-induced barocaloric refrigeration
and passive cold-storage.*® 28

Now, we extend these studies trying to identify new hybrid
plastic crystals with multifunctional stimuli-responsiveness for
different technological applications, including solid-state
refrigeration induced by pressure and UV-activated photo-
luminescence modulated by temperature. We also aim to
modify those properties and stimuli-response by simple
chemical modifications.

For that purpose, we focus on two analogue compounds
formed by tetrachloromanganate() anions -[MnCl,]* - com-
bined with polar cations of large-size and quasi-spherical,
specifically the [(CH3CH,);N(CH,X)]" (X = Cl, Br) cations.
These spherical cations feature a rigid inner core and a flexible
outer shell with a significant degree of rotational freedom due
to the rotatable C-N and C-C bonds.?® The polar nature and
structural flexibility of these cations make them particularly
suited for designing multiresponsive materials that can react
to electric fields, temperature and external pressure.

We have synthesised these compounds, were the Cl-ana-
logue is already described®® while the Br-analogue is novel,
and characterized their crystal structure by variable tempera-
ture single crystal X-ray diffraction and variable temperature
synchrotron powder X-ray diffraction. Additionally, we have
investigated their response towards different external stimuli,
including temperature, light, alternating electric fields and
pressure. The observed responses reinforce the versatility of 0D
hybrid tetrahalidemanganate(n) compounds as chemically-
tuneable multifunctional and stimuli-responsive materials.

2. Experimental section

2.1. Synthesis

Commercially available reagent grade manganese(u) chloride
tetrahydrate (>97% Sigma-Aldrich), triethylamine (99% Sigma-
Aldrich), dichloromethane (>99.9% Sigma-Aldrich), dibromo-
methane (99% Sigma-Aldrich) and hydrochloric acid (37%
Thermo Scientific) were used as starting materials without
further purification.

As we previously described,’ the compounds [(CH;CH,);N
(CHX)]X with X = Cl, Br were prepared by mixing triethyl-
amine with an excess of CH,X, and stirring at room tempera-
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ture for 72 hours. The resulting white solids were obtained by
removing the solvent under reduced pressure at 343 K, and the
formation of [(CH3;CH,);N(CH,CI)]Cl and [(CH;CH,);N
(CH,Br)|Br was corroborated by NMR spectroscopy.

In the next step, [(CH3CH,);N(CH,Br)|Cl was prepared by
anion exchange of the previously obtained [(CH;CH,);N
(CH,Br)JBr. For this purpose, an Amberlite IRA-400 chloride
form ion-exchange resin was used. The [(CH3;CH,);N(CH,Br)]
Br compound was passed through the resin three times. To
ensure the complete replacement of Br~ anions by Cl~, AgNO,
was added to a solution of [(CH3CH,);N(CH,Br)]Cl, resulting
in the precipitation of AgCl. The precipitate was analyzed by
micro X-ray fluorescence (p-XRF) to confirm the absence of Br~
anions, see Fig. S1 of ESL{ As is well established, the presence
of Br anions in the coordination environment of Mn>" cations
can significantly affect photoluminescence properties.***

Finally, aqueous solutions (5 mL) of [(CH3;CH,);N(CH,Cl)]
Cl (2.90 mmol, 0.80 g) and [(CH;CH,);N(CH,Br)|Cl
(2.90 mmol, 0.67 g) were prepared and mixed with an aqueous
solution (5 mL) of MnCl,-4H,0 (1.45 mmol, 0.29 g), and 1 mL
of HCI was added to the mixture at room temperature. After
one week, small colourless crystals were obtained and dried in
a vacuum desiccator (yield: ~65%).

2.2. Single crystal X-ray diffraction (SCXRD)

Single-crystal X-ray diffraction (SCXRD) experiments were
carried out at 100, 150, 200, 250, 293, 313 and 333 K. For that
purpose, single-crystal diffraction data sets of two crystals
taken from the same batch of the Cl-compound were collected
in a Bruker D8 VENTURE Kappa X-ray diffractometer equipped
with a PHOTON III detector and using monochromatic MoKa
radiation (1= 0.71073 A).

The crystals were mounted on MiTeGen MicroMountTM
using Paratone® N (Hampton Research). The data integration
and reduction were performed using the APEX4 v2021.10-0
(Bruker AXS, 2021) software suite. The integrations of the
reflections were performed with SAINT 8.40B and the intensi-
ties collected were corrected for Lorentz and polarization
effects and for absorption by semi-empirical methods on the
basis of symmetry-equivalent data using SADABS 2016/2 of the
suite software. The structures were solved by the dual-space
algorithm implemented in SHELXT2014/5 program®> and were
refined by least squares method on SHELXL2018/3. (Table S17).

2.3. Powder X-ray diffraction (PXRD) and synchrotron powder
X-ray diffraction (SPXRD)

Powder X-ray diffraction (PXRD) patterns of the obtained poly-
crystalline powders were collected in a Siemens D-5000 diffr-
actometer using CuKo radiation at room temperature.
Synchrotron powder X-ray diffraction (SPXRD) pattern of
[(CH3CH,);N(CH,X)|[MnCl,] (X = Cl, Br) were collected on
Swiss-Norwegian beamline BM01 beamline at ESRF (Grenoble,
France) using a wavelength of 0.601 A. Patterns were collected
as a function of temperature from 200 to 400 K using a
Cryostream to control the temperature. The wavelength was
determined using PyFai software®® by refining the positions of
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all available reflections of LaBg collected with a Pilatus 2 M
detector at a sample-to-detector distance of 163 mm. The
recorded 2D images were azimuthally integrated into a 1D
powder profile using Bubble.** The sample was loaded into a
thin-walled borosilicate glass capillary, 0.5 mm diameter, and
rotated during the exposer for better powder averaging. Le Bail
analysis were carried out using the program GSAS-IL.>*

Additionally, we have calculated the volumetric coefficients
of the thermal expansion (TE) from the obtained lattice para-
meters, using the web-based tool PASCal version v2.2.0 (princi-
pal axis strain calculator; https:/www.pascalapp.co.uk/).*®

2.4. Thermal analysis

Thermogravimetric analyses (TGA) were carried out in a
TGA-DTA  Thermal  Analysis SDT2960 equipment.
Approximately 18 mg of powder were heated at a rate of 10 K
min~" from 300 K to 1270 K for the experiment, using a
alumina crucible, under a flow of dry nitrogen.

Differential scanning calorimetric (DSC) analysis were
carried out in a TA Instruments MDSC Q2000 by heating and
cooling the samples under a nitrogen atmosphere, during
several cycles at 10 K min™" from 293 K up to 520 K.

Variable pressure differential scanning calorimetry
(VP-DSC) was performed using a Setaram pDSC7 EVO microca-
lorimeter equipped with a Syrixus 65x Isco pressure pump.
Samples of mass ~20 mg were tested at various isobaric con-
ditions from 1 to 1000 bar in the temperature range of
290-380 K, using a 1.2 K min~" heating/cooling rate and at
various isotherm conditions from 345 to 351 K, in the pressure
range of 100-1000 bar, using a 10 bar min™" compression/
decompression rate.

2.5. Photoluminescence spectroscopy

Emission and excitation spectra were measured on a Horiba
FluoroMax Plus-P spectrofluorometer equipped with a 150 W
ozone-free xenon arc lamp and a R928P photon-counting emis-
sion detector, as well as a photodiode reference detector for
monitoring lamp output. Samples were excited using a 150 W
Xenon arc lamp at 360 nm for photoluminescence emission
spectra while at 518 nm for photoluminescence excitation
spectra.

Time-resolved photoluminescence decays were measured
on a Horiba FluoroMax Plus-P spectrofluorometer working in
the phosphorescence lifetime Spectroscopy mode, using
360 nm as an excitation wavelength.

Temperature-dependent luminescence measurements were
performed with a cryo-stage, Linkam THMS-LNP95 cooling/
heating system.

The absolute quantum yield (QY) was measured with a G8
integrating sphere (GMP), using BaSO, as blank at 298 K.

2.6. Dielectric properties

The complex dielectric permittivity (e, = €', — ie";) of cold-press
pelletized samples was measured as a function of frequency
and temperature with a parallel-plate capacitor coupled to a
Solartron1260A Impedance/Gain-Phase Analyzer, capable to
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measure in the frequency range from 1 Hz up to 1 MHz using
an amplitude of 1 V. The capacitor was mounted in a Janis
SVT200T cryostat refrigerated with liquid nitrogen and with a
Lakeshore 332 incorporated to control the temperature from
100 K up to 400 K. The data were collected on heating, and
before carrying out the measurement the pellets were main-
tained at each temperature for 2 minutes, so as to allow them
to reach thermal equilibrium. Pelletized samples, with an area
of approximately 133 mm® and a thickness of approximately
1 mm, were prepared by cold-press to fit into the capacitor.
Gold was previously sputtered on the surfaces of the pelletized
samples to ensure a good electrical contact. All the dielectric
measurements were carried out in a nitrogen atmosphere, per-
forming several cycles of vacuum and nitrogen gas to ensure a
sample environment free of water.

2.7. Micro X-ray fluorescence spectrometry (j-XRF)

Micro X-ray fluorescence spectrometry (u-XRF) was performed
directly, under vacuum, in a M4 Tornado microfluorescence
spectrometer (Bruker-AXS), equipped with a 30 W Rh tube with
polycapillary optics and a double solid-state detector (XFlash).

3. Results and discussion

3.1. Basic characterization

The two [(CH;CH,);N(CH,X)],[MnCl,] (X = Cl, Br) compounds
were obtained as polycrystalline powder by grinding the single
crystals. The purity was confirmed by comparison of the
experimental PXRD patterns with those simulated patterns
from single crystal structures at 293 K (Fig. S2 of ESIf).

According to the TGA results (Fig. S3 of ESIf), these
[(CH3CH,);N(CH,X)],[MnCl,] compounds are stable up to T ~
495 K (when X = Cl) and T ~ 465 K (when X = Br).

Variable-temperature differential scanning calorimetry
(VT-DSC) experiments at ambient pressure revealed that both
compounds experience a reversible phase transition slightly
above room temperature (Fig. 1) occurring at T, ~ 318 K (X =
Cl) and ~343 K (X = Br) on heating and at T; ~ 305 K (X = Cl)
and ~338 K (X = Br) on cooling.

The observed hysteresis indicates the first-order character
of such phase transition, that in the case of X = Cl involves an
enthalpy change of AH ~ 19 kJ kg™" and an entropy change of
AS ~ 60 J K" kg™', as determined from the area under the C,/
T curve and the peak temperature, Tyax. Meanwhile, when X =
Br the observed thermal changes are around 30% lower (see
Table 1).

Taking into account that for an order-disorder transition
AS = RIn(N), where R is the gas constant and N is the ratio of
the number of configurations in the disordered and ordered
system, we obtain values of N ~ 32 (X = Cl) and ~14 (X = Br).
The obtained results suggest a more severe disorder in the Cl-
compound than in the Br-compound.

In turn, the obtained values for [(CH3CH,);N
(CH,Cl)],[MnCl,] are similar to those reported in the
literature.>°

This journal is © the Partner Organisations 2025
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Fig.1 VT-DSC curves at ambient pressures for [(CH3CH,)sN

(CH>CU1,IMNCly] (solid lines) and [(CH3CH,)sN(CH5Br)]>[MnCl,s] (dash
lines) from 295 to 355 K.

Table 1 Thermodynamic parameters of the observed phase transitions

from DSC data for [(CH3CH,)sN(CH,ClI;[MnCly] and [(CH3CH,)sN
(CH,B)]>IMnCly] compounds
AH AS

Compound T: (K) (k] kg™ UK kg™
[(CH3CH,);N(CH,Cl)],[MnCl,] 318 (h) 18 (h) 58 (h)

305 (c) 19 (¢) 62 (c)
[(CH;CH,);N(CH,Br)|,[MnCl,] 343 (h) 13 (h) 38 (h)

338 (c) 13 (¢) 39 (c)

(h) = heating and (c) = cooling.

3.2. Crystal structures of [(CH;CH,);N(CH,CI)],[MnCl,] by
variable temperature single-crystal X-ray diffraction

Single-crystal X-ray diffraction experiments in [(CH3;CH,);N
(CH,C1)],[MnCl,] were carried out at different temperatures
(100, 150, 200, 250, 293, 313 and 333 K), well above and below
the observed DSC transition to determine the evolution of the
crystal structure.

As for the low temperature polymorph (LT) present at T < T,
it shows triclinic symmetry with space group P1 in the temp-
erature range of 100-293 K (see more details on Fig. 2 and
Table S1 of ESIf). These results are in line with the already
described structure. In the following paragraphs we will add
new discussions and observations of the crystal structure of
the LT-phase that are relevant to understand the properties
and comparison described in this work.

The asymmetric unit contains two different crystallographic
[MnCL,]>~ anions and four different [(CH3;CH,);N(CH,CI)]"
cations. The two [MnCl,]*~ tetrahedra are fully irregular with
four different Mn-Cl bond lengths and Cl-Mn-Cl angles
slightly different from the ideal angle 109.5° (see details on
Tables S2 and S3 of ESIT) and they are ordered.

In the case of the [(CH3CH,);N(CH,CI)]" cations they are
seen in three different conformations: (i) fully ordered, (ii) par-
tially disordered, showing positional disorder at the Cl atom

This journal is © the Partner Organisations 2025
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the

structure  of
(CH,CUI12IMNCl,] compound obtained by SCXRD.

Fig. 2 Crystal LT-phase for [(CH3zCH;)3N

and the terminal C atoms of one ethyl group, while the other
two ethyl groups remain ordered and (iii) fully orientational
disordered, with the coexistence of two different orientational
cations (see details Fig. S4 of ESIT). While in the temperature
range 100-250 one cation (out of the 4) is ordered, two show
positional disorder at Cl and one C atoms, and the fourth is
orientationally disorder. As temperature increases further (7 >
250 K) one of the initially positionally disordered cation
changes into a second orientationally disorder situation (see
Fig. S4 of ESI¥).

We have also analysed the packing of the ionic species in
the obtained crystal structure and can show that the molecules
form face centre cubic (FCC) close packed anti-fluorite struc-
ture. Where, characteristically, the [MnCl,]>~ anions sit in the
close packed lattice sites exhibiting a twelve-fold coordination,
with six other [MnCl,]*>~ tetrahedra on the same plane and
another three above and below the plane. The molecular
cations fill all four of the tetrahedral sites in the FCC structure
as is characteristic of an anti-fluorite structure (see Fig. S5 of
ESIf). Where the locations of the anions and cations are
reversed relative to fluorite structure.

Moreover, we have studied the intermolecular interactions
between cations and anions using the Hirshfeld surface
implemented on the CrystalExplorer software.>” From the ana-
lysis of the fingerprint plot, we find close contacts occurring
between the Cl-atoms of the [MnCl,]>~ anion and the H-atoms
of the cations (see Fig. S6 of ESIt). In this context, the shortest
distance found between [MnCl,]>~ anion and the H-atoms of
the chloride methyl group is 3.53 A at 100 K (see Fig. S7 of
ESI}). Such H-atoms that are close to a strongly electronegative
Cl, which causes a weakening of the C-H bond and separation
of charge, though an inductive effect favouring the observed
intermolecular interaction. On this turn, the Cl-atom of the
[MnCl,)*~ anion, involved in this intermolecular contact,
shows the longest Mn—Cl bond length (2.39 A), reflecting the
concomitant weakening of this intramolecular bond.
Additionally, we observe that the [(CH;CH,);N(CH,CI)]*
cations involved in these interactions are fully ordered, reveal-
ing the relevance of such intermolecular interactions in the
conformation of the cation.

Inorg. Chem. Front., 2025, 12, 7282-7293 | 7285
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The HT-phase (high temperature polymorph) shows tetra-
gonal symmetry with space group P4,/nmc (no: 137) (see more
details on Fig. 3 and Table S1 of ESI¥).

The crystal structure of HT-phase has a similar packing to
that of LT-phase, even if the [MnCl,]>~ tetrahedral is almost
regular at the HT-phase, where all Mn-Cl bond lengths are
identical, and the CI-Mn-Cl angles are very close to the ideal
angle 109.5° (see details on Table S2 of ESIT). Also, all the
[(CH5CH,);N(CH,CI)]" cations exhibit an orientational dis-
order at the HT-phase.

In summary, the phase transition observed near 313 K in
the [(CH3CH,);N(CH,Cl),[MnCl,] compound is primarily
driven by changes in the behavior of the [(CH3CH,);N
(CH,CI)]" cations, while the [MnCl,]*~ anions remain fully
ordered in both phases.

In the LT-phase the cations are in three states: completely
ordered, positionally disordered or orientationally disordered
(see Fig. S4 of ESIf). In the partially disordered state, the
cations remain static—that is, they do not change their confor-
mations—as the temperature approaches the transition point
from below. As the temperature nears 313 K, the cations gradu-
ally gain enough energy to begin dynamic reorientations,
marking the onset of increased disorder. Beyond 313 K, the
compound undergoes a polymorphic transformation. In this
new phase, all the cations exhibit dynamic orientational dis-
order and are rapidly reoriented. This interplay between the
static-to-dynamic changes and the order-disorder transition of
the cations is the key factor underlying the overall phase
change in this compound.

3.3. Variable-temperature synchrotron powder X-ray
diffraction (SPXRD)

The Br-compound was analysed using variable-temperature
synchrotron powder X-ray diffraction (SPXRD). This was per-
formed in part due to the inability to grow sufficiently large
single crystals for analysis. To adequately characterize the
phase transition, variable temperature SPXRD patterns were
collected within the temperature range of 200-400 K. As shown
in Fig. 4, a clear phase transition is seen to occur at T ~ 335 K,
in agreement with DSC results.

Le Bail refinements of the obtained patterns indicate that
the room temperature phase (LT-phase) shows triclinic with a

Coexistence of four

orientationally b " /
disordered cations
Fig. 3 Crystal structure of the HT-phase for [(CH3CH,):N

(CH>CUI12IMNnCly] compound obtained by SCXRD.
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Intensity (norm.)
1

Fig. 4 SPXRD patterns of [(CH3CH)sN(CH,Br)1,[MnCl,] as a function of
temperature (250 K < T < 395 K).

space group P1 and lattice parameters at T = 200 K: a =
13.373(1) A, b = 13.821(1) A, ¢ = 16.220(2) A, @ = 110.214(2)°, § =
112.679(2)°, y = 91.456(1) (see Fig. S8 of ESIY). It is worth to
note that the obtained lattice parameters are very similar to
those obtained for the Cl-compound, even if slightly higher d,
which seems to be related with the larger size of the Br-atoms.
This finding suggests that both Br- and Cl-compounds are iso-
structural in the LT-phase.

On the other hand, the HT-phase was successfully fitted
(see Fig. S9 of ESI}) to a tetragonal symmetry with a space
group I4,/a (no: 88) and lattice parameters at T = 343 K, a =
13.7055 (1) A and ¢ = 28.4615 (4) A a crystal structure with
lower symmetry P4,/nmc (no: 137) than that of the related Cl-
compound even if it resembles a superstructure of the former,
since ag; ~ \/Zacl and cg; ~ 2ac;. Therefore, in view of the sig-
nificant differences observed in the crystal structure and latent
heat associated with the phase transition of both compounds
we suggest that the high-temperature (HT) phase of the Br-
compound exhibits lower degree of disorder compared to that
of the Cl-compound.

Fig. 5 shows the thermal evolution of the lattice volume per
formula of the Br-compound, which has been obtained from
Le Bail fitting of the SXRPD patterns at different temperatures.

T-phase
AV=15%

v/Z (A3

LT-phase

625 + T T T T T T T
200 225 250 275 300 325 350 375 400

T (K)

Fig. 5 Evolution of the volume cell of both phases of [(CH3CH,)sN
(CH2Br)2IMnCl,] as a function of temperature.
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It can be seen there a rather abrupt volume change occurs
at T, ~ 340 K, which is associated to a phase transition. As for
the volumetric TE coefficients obtained for the LT and HT
phase: 2.17(2) x 107* K™ and 3.35(2) x 10~* K" respectively,
their values are similar to those reported for analogues com-
pounds, such as [choline],CoCl, with TE coefficient of 2.17(8)
10—4 K_1.38

As for the volume change occurring at T, (AV = 1.5%), see
Fig. 5, it is in the range of similar reported molecular com-
pounds, even if it is lower than the case of [(CH;);NOH],CoCl,
(AV = 2.6% at T ~ 343 K),*® quinuclidinium perrhenate,
[C,H14N][ReO,] (AV = 2.7% at T ~ 340 K)'* and tetramethyl-
ammonium tetrachloroferrate, [(CH3),N]|[FeCl,] (AV = 3.1% at
T ~ 380 K)," but higher than the diquinuclidinium tetrachlor-
omanganate, ((C,H4N),MnCl, (AV = 0.4% at 289 K)*° or the
diquinuclidinium tetrachlorocobaltate [(C,;H;4N),][CoCl,], AV
=0.7% at 322 K)."

Such volume change can be used to indirectly estimate the
barocaloric coefficients (response of the transition temperature
towards pressure) associated to the phase transitions following
the Clausius-Clapeyron equation (eqn (1)):*°

dT/dp = AV/AS (1)

where dT/dp is the pressure dependence of the transition
temperature (also known as barocaloric coefficient), AV is the
volume change in the unit cell and AS is the entropy change
associated with the phase transition at ambient pressure. By
using this method, we estimated that the barocaloric coeffi-
cients for the Br- and Cl-compounds are d7/dp ~ 26 K kbar™*
and dT/dp ~ 22 K kbar™", respectively. These values are dis-
cussed in more detail in the next section.

3.4. Pressure-responsiveness and barocaloric properties

In order to understand the response of these materials towards
different external stimuli, we first studied the response of the
phase transitions to applied pressure. For this purpose, we per-
formed variable-temperature DSC (VI-DSC) studies under
different isobaric conditions, as well as variable-pressure DSC
(VP-DSC) studies under different isothermal conditions.

In this context, Fig. 6 presents the VI-DSC analysis at
different constant pressures (isobaric conditions), ranging
from 1 to 1000 bar.

[(CH3CHZ);N(CH,CIIIMnCl,]

[(CH3CHZ)sN(CH,BNIIMNCl,]

Healmg endo up| 3 fHeallng /W endo up]
\
49 2 \ ——1bar
= ~ | 100 bar
o> 2 o 1efox 200 bar
- 2 / 300 bar
X0 . & ——— 400 bar
= N S0 -
~ ] \ = \ —— 500 bar
T \ \ —— 600 bar
= WA 1bar ——600bar | T -1
S 1 100bar ——700bar | O \ / fsd ol
‘ " i 200 bar ——800bar | © 5] \\/ bt
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W ——— 400 bar —— 1000 bar| sl ar
Cooling ! —— 500 bar Cooling
300 310 320 330 340 350 330 340 350 360 370 380
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Fig. 6 VT-DSC curves of [(CH3CH,)sN(CH,CUIo[MNnCl,] (left) and
[(CH3CH3)sN(CH2Br),IMNnCl,] (right) under isobaric conditions from 1
bar to 1000 bar.
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These experiments show that the transition temperature in
both compounds shifts towards higher temperatures when
increasing the pressure. Interestingly, the transition of the Cl-
compound seems to occur in two consecutive steps for press-
ures above 700 bar, while the Br-compounds exhibit a single
step transition in the whole range of pressures.

Nevertheless, the enthalpy change remains almost constant
with values of AH ~ 18] g " and AH ~ 13 J g~* for the CI- and
Br-compounds, respectively. This is in fully agreement with
the values observed by our VT-DSC studies at ambient
temperature.

As it can be observed in the p-T phase diagrams of both
compounds (Fig. 7), the transition temperatures are very sensi-
tive towards pressure, with barocaloric (BC) coefficients of up-
to dTy/dp ~ 19 K kbar™" upon heating in both cases, similar to
the values estimated by the Clausius—-Clapeyron equation.

As we show in Fig. 7, the response to applied pressure
differs between the two compounds. For the Cl compound, the
phase transition temperature shows an anomalous depen-
dence on pressure during the heating and cooling cycles.
Specifically, the phase transition temperature increases with
pressure with a slope of approximately dT/dp ~ 19 K kbar™"
during heating, and with a lower slope of dT/dp ~ 9 K kbar™
during cooling. This difference in slopes results in an increase
in thermal hysteresis with applied pressure, preventing the Cl-
compound from achieving a reversible phase transition under
isothermal compression-decompression cycles at pressure
below 800 bar. Moreover, the endothermic peaks appearing
during heating at pressures below 600 bar display a shoulder,
suggesting the presence of two closely phase transitions—a
feature that is absent in the corresponding exothermic peaks
during cooling. Although the micro-structural origin of this
behaviour remains unclear, similar responses have been
reported in related hybrid metal halide materials."' Notably,
the pressure responsiveness values for the Cl compound are
comparable to those observed in other reported barocaloric
hybrid materials.'**%*!

In contrast, the Br compound exhibits unique single-phase
transition during both heating and cooling over the entire
range of pressures studied, the transition temperature of
which increases linearly with pressure. Furthermore, the com-
bination of a relatively small thermal hysteresis and a high bar-
ocaloric coefficient promotes full reversibility of the phase

1

o [(CH3CH3);N(CH,CI][MnCI,] . [(CH3CH,)3N(CH,Br)][MnCl,]

235 HT-phase 60

330

HT-phase

W ea“"q

325 ~Sin

T(K)

41 neat™®

310

305 cooling 335

LT-phase LT-phase

300

330
0 200 400 600 800 1000 0 200 400 600 800 1000
p (bar) p (bar)

Fig. 7 pvT phase diagram of [(CH3zCH)sN(CH,CUILIMNnCl4] (left) and
[(CH3CH3)3N(CH2Br)].IMnCl,] (right) from 1 bar to 1000 bar.
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transition under isothermal compression-decompression
cycles and across a relatively broad temperature range. These
features are essential for the practical application of barocalo-
ric materials.

Additionally, we have analysed the pressure-induced baroca-
loric properties in terms of reversible isothermal entropy
changes (AS,.,) by using the reported quasi-direct methods®
following eqn (2):

ASiey = ASib(p # 1, T) - ASib(P =1, T) (2)

where ASj;, is the isobaric entropy change previously calculated
after integrating the curves obtained in Fig. 6.

Fig. 8 shows that a completely reversible phase transition
under isothermal compression-decompression cycles is
achievable for the Br compound, but not for the Cl compound,
consistent with the trends anticipated from the pvT phase dia-
grams (Fig. 7). For [(CH3CH,);N(CH,Cl),[MnCl,], the
maximum reversible entropy change ASiey(q-q) iS approximately
28 J K" kg™' under 1000 bar, which is about half of the
entropy change (AS = 60 ] K' kg™') observed for the first-
order transition at ambient pressure. In contrast, [(CH;CH,);N
(CH,Br)],[MnCl,] exhibit a ASyey(q-a) of around 35 J K~ kg™!
when applying 600 bar, a similar value to the entropy changes
at ambient pressure. Moreover, this entropy change can be
maintained over a temperature span of about 10 K at 1000 bar,
indicating a relatively broad operational range.

In addition, the caloric effects of the Br compound were
confirmed via direct measurement methods, as reported in the
literature,®® by tuning the pressure from 100 to 1000 bar under
various isothermal conditions (see Fig. 9 left).

Fig. 9 shows that a reversible phase transition can be
induced isothermally under compression-decompression
cycles, with an entropy change of ASyevq-a) ~ 38 J K kg™!
over an operating temperature range from 345 K to 351 K,
which is in agreement with the values observed by quasi-direct
analysis. The pressure-induced phase transition exhibits broad
peaks and relatively low-pressure hysteresis during the com-
pression-decompression cycles. Additionally, we compared the
phase transition temperatures and pressures obtained under
isothermal conditions with those measured via isobaric con-
ditions (see Fig. 9, right). The results are in good agreement,

[(CH;CH,):N(CH,CHIMNCI,] [(CH3CH,);N(CH,BIIMNCl,]

30 40
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Fig. 8 Reversible isothermal entropy changes on applying (0 — p) and
removing (p — 0) pressure obtained by quasidirect methods of
[(CH3CH,)3sN(CH,CUILIMNCl,] (left) and [(CH3CHZ)sN(CH2Br)Io[MnCl,]
(right).
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Fig. 9 (Left) VP-DSC curves of [(CH3CH,)sN(CH2Br)]o[MnCl,] under iso-

therm conditions from 345 to 351 K. (Right) pvT phase diagram of
[(CH3CH3)3sN(CH,Br)].[IMnCl,] comparing data obtained from isothermal
and isobaric DSC measurements.

with the barocaloric coefficient d7i/dp ~ 19 K kbar™", obtain-
ing similar values for both measurements.

In turn, these materials exhibit barocaloric effects and
coefficient comparable to most of the best barocaloric hybrid
materials and/or plastic crystals,""'*>*2%3%"*7 which pose a
new addition to the emerging family of solid-state thermoma-
terials for eco-friendly heating and/or cooling applications. In
addition, the obtained results highlight the interest of small
chemical modification (i.e. halide substitution) to modulate
and enhance the barocaloric properties in hybrid ionic
crystals.

3.5. Dielectric properties

Relative permittivity versus temperature measurements allowed
us to better understand the mechanism of the phase transition
observed in these compounds and also to study the materials
dielectric response to an external electric field.

Fig. 10 shows the temperature dependence of the real part
of the complex dielectric permittivity (e;). The data shows that
these compounds exhibit increase in the real part of the dielec-
tric permittivity at the phase transition. This can be attributed
to changes in the molecular dynamics of the polar
[(CH3CH,);N(CH,X)]" cations at the transition. In the LT-
phase, the cations are ordered or in static disorder, meaning
that their dipoles maintain a fixed orientation. As the tempera-
ture increases beyond the phase transition, the cations shift to
a dynamically disordered state where their dipoles reoriented
rapidly. The transition to the HT phase with enhanced mole-

—e—f=80 kHz
—e—f=100 kHz
1 —e—f=160 kHz

—e— =80 kHz
—e—1=100 kHz T
—e—f=160kHz | =

LT-phase

HT-phase 6 HT-phase

LT-phase
300 310 320 330 340 350 300 310 320 330 340 350 360 370

T(K) T(K)

Fig. 10 Temperature-dependence of the dielectric permittivity of

[(CH3CH>)3sN(CH>X)1,IMNnCl,] where (a) X = Cl and (b) X = Br during the
heating and cooling runs, at 80, 100 and 160 kHz.
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cular rotation typically involves an expansion of the unit cell
and weakening of the intermolecular bonding which can allow
greater molecular displacement in response to the electric
field.

3.6. Photoluminescence properties

When stimulated with ultraviolet (UV) radiation, both com-
pounds emit green light. Notably, the emission from the Br-
compound is more intense than that of the Cl-compound, a
difference that is clearly observable even to the naked eye (see
Fig. 11).

Fig. 12 show the photoluminescence (PL) emission and PL
excitation (PLE) spectra at room temperature. The PL spectra
are characterized by a single peak centred around 518 nm,
with a narrow full width at half maximum (FWHM) of approxi-
mately 60 nm in both compounds. This green emission is ori-
ginated by the “T; — °A, transition.

The PLE spectra exhibit two distinct groups of bands in the
region between 300 and 500 nm, which correspond to °A; —
G (around 420-500 nm) and °A; — *D (around 350-390 nm)
transitions.>*>*®

Additionally, we investigated the temperature-dependent
photoluminescence (PL) emission over the range of 293-373 K
(see Fig. 13) to assess how the phase transition affects the PL
properties of these compounds. In general, the PL emission
intensity decreases with increasing temperature, and the emis-
sion of the Br-compound is completely quenched in its HT
phase.

[(CHyCH,);N(CH,Br)],MnCI4]

[(CHyCH,);N(CH,CI)J,[MnCl4]
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Fig. 11 Images of [(CH3CH)sN(CH,CULLIMNnClyl and [(CHsCH,)sN

(CH2Br)]2[MnCly] compounds under visible light (left) and UV light by a
handheld UV lamp of 4 = 365 nm (right).
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Fig. 12 The PLE and PL spectra of [(CH3CH,)sN(CH,Cl),[MnCly] and
[(CH3CH3)3sN(CH2Br)]12[MnCly] compounds measured at room tempera-
ture. The PL spectra was excited with wavelength of 1 = 360 nm and PLE
spectra was registered at the wavelength of 1 = 518 nm.
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Fig. 13 Temperature-dependent  PL

spectra  of
(CH,CUI12IMNCl,] and [(CHzCH)sN(CH,Br)1,[MnCly] compounds. The PL
spectra was excited with wavelength of 1 = 360 nm.
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Fig. 14 Emission decay curves for [(CH3CH,)sN(CH,Cl)2[MnCly] and
[(CH3CH3)3N(CH3Br)],[MnCly] compounds at room temperature.

Fig. 14 shows the decay time of the PL emission at room
temperature. These curves were fitted to a single-order expo-
nential decay function to estimate the average lifetime, yield-
ing 7 = 175 ps for Br-compound and 7 = 650 ps for Cl-com-
pound. These relatively large values of emission decay are
related to the forbidden nature of the T, — °A, transition,
which slows the emission. Notably, the Cl-compound’s decay
time is nearly three times longer than that of the Br-com-
pound. Moreover, the average lifetimes obtained here are con-
sistent with those reported for analogous 0D [MnCl,]”~ com-
pounds, which range between 200 and 4000 ps.*’

Finally, we estimated the photoluminescence quantum
yield (PLQY) of both compounds, finding very different values
for the Cl-compound (approximately 12%) and the Br-com-
pound (43%). It is worth to note that the Br-compound with
the shorter PL lifetime has the higher photoluminescence
yield.

In this context, it is known that PLQY increases exponen-
tially with the Mn-Mn distances between neighbouring
[MnCl,]*~ tetrahedra.”® It is worth to note that the sizes of the
[(CH;CH,);N(CH,CI)]" and [(CH;CH,);N(CH,Br)]" cations are
slightly different due to the larger size of the Br atom com-
pared to the Cl atom, which results in a larger Mn-Mn dis-
tance in the Br compound. Additionally, H-bonds can also
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increase or decrease the non-radiative relaxation probability of
the excited states of the cations and [MnX,]*~ anions, influen-
cing the luminescence lifetimes and quantum yields.”"** In
these compounds, the intermolecular interactions between the
organic cations and [MnCl,]*", as well as the intramolecular
Mn-Cl bond lengths, are influenced by the nature of the
halide atom. The intermolecular interactions between the
organic cations and [MnCl,]*", as well as the intramolecular
Mn-Cl bond lengths, are influenced by the nature of the
halide atom. The higher electronegativity of Cl favours inter-
molecular interactions (H-bonds) and shortens the Mn-Mn
distance in the Cl-compound. Also, this intermolecular
bonding influences the intramolecular Mn-Cl bonds. Morad
et al. reported that weaker fields and less covalent Mn-X
bonds result in less efficient emission.>® We suggest that this
effect occurs in these compounds. As previously described, the
organic cation containing a chloride atom, which is highly
electronegative, causes stronger intermolecular interactions
with [MnCl,]*" tetrahedra and induces a weakening of the
Mn-Cl bond. In contrast, the lower electronegativity of the
bromide atoms results in weaker intermolecular interactions
and stronger Mn-Cl bonds. Therefore, these differences
explain the variations in the photoluminescence (PL) response
of both compounds.

4. Conclusions

We have synthesized, structurally characterized, and compared
the functional properties of two tetrachloromanganate(ir) com-
pounds, one of them novel, with formula [(CH;CH,);N
(CH,X)],[MnCl,] (with X = Cl, Br). Our results demonstrate that
these compounds are highly versatile, exhibiting broad func-
tional responses to external stimuli. Moreover, the obtained
results demonstrate that their multi-responsive behaviour can
be tuned through subtle modifications in chemical compo-
sition; for instance, replacing the halogen in the ammonium
cations from Cl to Br induces significant changes in their
properties.

Both compounds exhibit a solid-solid phase transition,
occurring at approximately 318 K for the Cl-compound and
343 K for the Br-compound. For [(CH;CH);N(CH,Cl)],[MnCl,],
we determined the crystal structures in both the LT and HT
phases. Our structural analysis reveals that the phase tran-
sition is primarily driven by changes in the behavior of the
[(CH3CH,);N(CH,CI)]" cations, while the [MnCl,]*~ anions
remain fully ordered in both phases. In the LT phase, the
cations are either completely ordered, positionally disordered
or orientationally disordered. In contrast, upon transitioning
to the HT phase, all the cations exhibit dynamic orientational
disorder, rapidly reorienting themselves in response to the
increased thermal energy —a pronounced shift that is key to
understanding the associated dielectric anomaly—.

Furthermore, substituting the cation halide from Cl to Br
increases the phase transition temperature by approximately
25 K and significantly enhances the photoluminescent pro-
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perties, with the Br-compound showing a photoluminescence
quantum yield about four times higher than that of the Cl-
compound. Additionally, our investigation of the pressure
dependence and barocaloric properties revealed relatively high
dT/dp values, comparable to those of other hybrid materials,
and demonstrated reversible barocaloric effects under press-
ures below 1000 bar. Notably, the Br-compound exhibits full
reversible BC response at pressures as low as 600 bar.

These results highlight the high tunability and potential of
this family of compounds for advanced multifunctional
materials and their applications.
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