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he structure, phase transitions,
molecular dynamics, and ferroelasticity of organic–
inorganic hybrid NH(CH3)3CdCl3 crystals

Ae Ran Lim *ab

Understanding the physical and chemical properties of the organic–inorganic hybrid NH(CH3)3CdCl3 is

essential for its application. Considering its importance, a single crystal of NH(CH3)3CdCl3 was grown

with an orthorhombic structure at 300 K. The phase transition temperatures were determined to be 345

(TC3), 376 (TC2), and 452 K (TC1) (phases IV, III, II, and I, respectively, starting from a low temperature). The

partial decomposition temperature was 522 K (Td). Furthermore, the NMR chemical shifts of the 1H, 13C,

and 113Cd atoms of the cation and anion varied with increasing temperature. Consequently, a significant

change in the coordination geometry of Cl around Cd in CdCl6 and a change in the coordination

geometry of H in NH was associated with changes in the N–H/Cl hydrogen bond near the phase

transition temperature. The 13C activation energy Ea obtained from the spin-lattice relaxation time was

smaller than that of 1H Ea, suggesting that energy transfer around 13C is easier. Additionally,

a comparison of the twin domain walls measured via optical polarizing microscopy and Sapriel's theory

indicated that the crystal structure in phase III was more likely to be orthorhombic than hexagonal.
1. Introduction

Until now, solar cells based on organic–inorganic hybrid
materials have been extensively studied.1–8 Typically, CH3NH3-
PbX3 (X = Cl, Br, and I) materials are attracting attention as
photovoltaic materials,9–13 but these materials are easily
degraded in a humid environment and are toxic due to the
presence of Pb. Therefore, interest and research on eco-friendly
organic–inorganic hybrid perovskite type materials have
recently increased.14–24 The development of solid-state physics
has enabled the research on new materials with reduced- and
low-dimensional properties. Alkylammonium groups can bond
to inorganic groups via hydrogen bonding in various ways.
Alkylammoniummetal trihalogens, NH(CH3)3MX3 (M= Cu, Co,
Mn, Zn, or Cd; X = Cl or Br), have attracted considerable
attention because of their low-order magnetic properties. These
compounds exhibit structural phase transitions, which are
considered to be due to the ordered–disorder-type orientation
of the alkylammonium ions. Moreover, they exhibit interesting
properties such as ferroelectricity, ferroelasticity, and low-
dimensional magnetism.25–28 These properties are related to
the structural phase transitions that characterize these mate-
rials, including their potential applications in temperature and
humidity sensors.29,30
Engineering, Jeonju University, Jeonju
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NH(CH3)3CdCl3 undergoes three phase transitions at 342,
374, and 415 K.31 The four phases, ordered from low to high
temperature, are referred to as phases IV, III, II, and I. Accord-
ing to previous reports by Chapuis et al.,31–33 the low tempera-
ture phase IV (295 K) has an orthorhombic space group Pbnm
structure, with lattice constants of a= 8.986 Å, b= 14.502 Å, c=
6.710 Å, and Z = 4. Additionally, the structure of phase III above
342 K is hexagonal, space group P63/m, with a = 26.080 Å, c =
6.756 Å, and Z = 18. Another hexagonal phase II between 374 K
and 415 K, belongs to space group P63/m with a = 15.105 Å, c =
6.763 Å, and Z = 6. Meanwhile, according to reports by Kashida
et al.,34–39 phase III belongs to the orthorhombic space group
Pbnm, and has lattice parameters of a= 17.123 Å, b= 15.256 Å, c
= 6.731 Å, and Z = 8, in contrast to the hexagonal structure
reported by Chapuis et al.31–33 The single-crystal structures in
phase III reported by Chapuis et al.31–33 and Kashida et al.34–39

were orthorhombic and hexagonal, respectively. NH(CH3)3-
CdCl3 comprises [NH(CH3)3]

+ and [CdCl6]
− octahedra. The

atomic arrangement is connected by the alteration of organic
cations and inorganic anions. Until now, relatively little atten-
tion has been paid to structural phase transitions.

In addition to the research on crystal structure described
above, other studies on NH(CH3)3CdCl3 have been conducted,
including that of Sano and Kashida,40 who investigated molec-
ular reorientation using dielectric properties. Subsequently,
Kchaou et al.41–43 reported optical, electrical properties, IR, and
Raman spectroscopy results.

The spin-lattice relaxation time (T1r) in a rotating frame is
generally mentioned as relaxation in the radio frequency eld,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and is useful because it can provide information for slow
motions of nuclei.44,45 Ferroelasticity describes a phenomenon
in which materials under external stress exhibit spontaneous
strain induced by a phase transition between two equally stable
phases, described mainly by lattice orientations. Consequently,
ferroelastic materials respond to mechanical deformation by
switching their phases with an accompanying lattice re-
orientation. Ferroelastic materials exhibit phase transitions
between ferroelastic and paraelastic phases.46

Although the structures in phases IV, III, and II were re-
ported, the crystal structure in phase III was not correct. And,
the molecular dynamics studies have not been conducted for
this material.

In this study, single crystals of NH(CH3)3CdCl3 were grown
using an aqueous solution method, and their structures were
analyzed via single-crystal X-ray diffraction (XRD). Phase tran-
sition temperatures (TC) were measured using differential
scanning calorimetry (DSC) and powder XRD. In addition, the
thermal stability that is not easily decomposed in a humid
environment was discussed. To understand the role of the
NH(CH3)3 cation and CdCl3 anion in this crystal, the magic-
angle spinning (MAS) nuclear magnetic resonance (NMR)
chemical shis for 1H and 13C, and static NMR chemical shis
for 113Cd were obtained near the phase transition temperatures.
Using this result, the role of the N–H/Cl hydrogen bond
between the cation and anion was discussed. Furthermore, the
spin-lattice relaxation time T1r, which represents the energy
transfer around the 1H and 13C atoms of the cation, was dis-
cussed, and their activation energies Ea were determined. To
determine the exact structure in phase III, the existence of twin
domains was suggested using polarizing microscopy and Sap-
riel's theory. The resulting crystal structure and physicochem-
ical properties provide important information on the
environment-friendly organic–inorganic hybrid for potential
applications.
2. Experimental
2.1. Crystal growth

Single crystals of NH(CH3)3CdCl3 were prepared from
NH(CH3)3Cl (Aldrich, 98%) and CdCl2 (Aldrich, 98%) in a ratio
of 1 : 1. The mixture was heated and stirred to obtain a homo-
geneous solution. The resulting solution was ltered, and
transparent colorless single crystals with prismatic shapes
elongated along the crystallographic c-axis were subsequently
grown via slow evaporation aer a few days at 300 K.
Fig. 1 Thermal ellipsoid plot (50% probability) for NH(CH3)3CdCl3
crystal structure at 300 K.
2.2. Characterization

The lattice parameters at 300 K were determined using single-
crystal XRD at the Korea Basic Science Institute (KBSI)
Western Seoul Center. Powder XRD patterns were measured at
various temperatures in the same facility. The experimental
conditions were similar to those reported previously.47

DSC measurements were performed using a DSC instrument
(TA Instruments, DSC 25) in the temperature range of 200–573 K
at heating and cooling rates of 10 °C min−1 under a ow of dry
© 2023 The Author(s). Published by the Royal Society of Chemistry
nitrogen gas. The amount of the sample used in the DSC
experiment was 4.8 mg.

The ferroelastic twin domain wall observations were per-
formed within a temperature range of 300–573 K using an
optical polarizing microscope with a heating stage (Linkam
THM-600).

Thermal gravimetric analysis (TGA) was also performed in
the temperature range of 300–873 K with a heating rate of 10 °
C min−1 under nitrogen gas.

The MAS NMR spectra for 1H and 13C in the NH(CH3)3CdCl3
crystals were measured using a solid-state 400 MHz NMR
spectrometer (AVANCE III+, Bruker) at the KBSI Western Seoul
Center. The 1H NMR spectra were recorded at Larmor frequency
of 400.13 MHz and 13C NMR spectra were recorded at Larmor
frequency of 100.61 MHz. The samples in the cylindrical
zirconia rotors were spun at a rate of 10 kHz for the MAS NMR
measurements to minimize the spinning sideband. The chem-
ical shis were referenced to adamantane and tetramethylsi-
lane (TMS) for 1H and 13C, respectively, as standards for
accurate chemical shi measurements. Spin-lattice relaxation
time T1r values were obtained using a p/2 − s pulse by a spin-
lock pulse of duration s for 1H and 13C, and were measured
using a previously reported method.48 Further, the 113Cd static
NMR spectra of the NH(CH3)3CdCl3 crystals were measured at
a Larmor frequency of 88.75 MHz, and the chemical shis used
CdCl2O8$6H2O as standard samples. The chemical shis and
T1r could not be measured above 420 K because the NMR
spectroscopy did not have adequate temperature control at high
temperature. An almost constant temperature within the error
range of ±0.5 K was maintained, even when the rate of ow of
nitrogen gas and heater current were adjusted.
3. Results and discussion
3.1. Single-crystal XRD

Single-crystal XRD results for the NH(CH3)3CdCl3 crystals were
obtained at 300 K. The crystal grew an orthorhombic system
with a Pnma space group and lattice constants of a= 14.5088 (8)
Å, b = 6.7108 (3) Å, c = 8.9901 (4) Å, and Z = 4. These results at
300 K are consistent with those reported by Chapuis et al.31–33

and Kashida et al.34–39 Fig. 1 shows the thermal ellipsoids and
RSC Adv., 2023, 13, 18538–18545 | 18539
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Table 1 Crystal data and structure refinement for NH(CH3)3CdCl3 at
300 K

Chemical formula C3H10NCdCl3
Weight 278.87
Crystal system Orthorhombic
Space group Pnma
T (K) 300
a (Å) 14.5088 (8)
b (Å) 6.7108 (3)
c (Å) 8.9901 (4)
Z 4
V (Å3) 875.33
Radiation type Mo-Ka
Wavelength (Å) 0.71073
Reections collected 8940
Independent reections 1173 (Rint = 0.0441)
Goodness-of-t on F2 1.073
Final R indices [I > 2 sigma(I)] R1 = 0.0357, wR2 = 0.1028
R Indices (all data) R1 = 0.0412, wR2 = 0.1220

Table 2 Bond-lengths (Å) and bond-angles (°) for NH(CH3)3CdCl3 at
300 K

Cd–Cl(1) 2.6307 (11)
Cd–Cl(2) 2.6707 (12)
Cd–Cl(3) 2.6394 (12)
Cd–Cl(11) 2.6307 (11)
Cd–Cl(22) 2.6707 (12)
Cd–Cl(33) 2.6394 (12)
N–C(1) 1.408 (12)
N–C(2) 1.433 (9)
N–C(3) 1.433 (9)
Cl(1)–Cd–Cl(3) 84.06 (4)
Cl(1)–Cd–Cl(2) 95.89 (4)
Cl(3)–Cd–Cl(2) 95.85 (4)
Cl(1)–Cd–Cl(11) 180.00
Cl(2)–Cd–Cl(22) 180.00
Cl(3)–Cd–Cl(33) 180.00
C(1)–N–C(3) 116.7 (6)
C(1)–N–C(2) 116.7 (6)
C(3)–N–C(2) 115.2 (10)

Fig. 2 Differential scanning calorimetry curve of NH(CH3)3CdCl3
measured with the heating and cooling rates of 10 °C min−1.
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atomic numbering of the NH(CH3)3CdCl3 crystals. The XRD
data are presented in Table 1, and the bond lengths and angles
are presented in Table 2. The structure consisted of innite
chains of face-sharing CdCl6 octahedra, and the [NH(CH3)3]

+

ion was located in the space between the chains. This
compound is characterized by the hydrogen bonds N–H/Cl
connecting the organic [NH(CH3)3]

+ cation to the inorganic
[CdCl6]

− anion. Owing to the relatively strong bonds, the CdCl6
octahedra were slightly elongated in the direction of the bonded
Cl atom.

3.2. Phase transition and powder XRD

The DSC result was obtained at a temperature range of 200–573
K, with heating and cooling speed of 10 °C min−1 and a powder
sample of 4.8 mg within the capsule. Fig. 2 shows two strong
endothermic peaks (376 and 452 K) and three weak endo-
thermic peaks (345, 416, and 522 K) as a result of heating.
Endothermic peaks reported by other groups were observed at
18540 | RSC Adv., 2023, 13, 18538–18545
342, 374, and 415 K, whereas our results were observed at 345,
376, 416, 452, and 522 K. The enthalpies of the ve peaks were
99, 377, 47, 717, and 370 J mol−1, respectively. Furthermore, the
exothermic peaks attributed to cooling were observed at 302,
409, and 462 K. The phase transition temperatures during
heating and cooling were irreversible. From the DSC and the
powder XRD results mentioned below, it was referred to as
phase IV below 345 K, phase III between 345 and 376 K, phase II
between 376 and 452 K, and nally phase I above 452 K.

The appearance of a single crystal according to the temper-
ature change was observed using an optical polarizing micro-
scope to conrm whether the ve peaks shown in the DSC
results in Fig. 2 are the phase transition temperatures or
melting points. The crystals showed no signicant changes
until the temperature increased from 300 to 550 K. The surface
of the single crystals began to melt at approximately 570 K.

Furthermore, a powder XRD experiment was performed
using temperature change, and these results in the range of 8–
70° (2q) are shown in Fig. 3. As a comparison of experimental
and theoretical simulation has been reported in many
materials,49–52 the theoretical XRD pattern at 300 K for
NH(CH3)3CdCl3 is shown in Fig. 3, which agrees well with the
experimental pattern. The XRD patterns represented in blue
(below 345 K) differ slightly from those recorded in olive (above
345 K); this difference is associated with TC3 (345 K). The XRD
pattern recorded at 370 K differs from those obtained above 390
K (red), indicating a clear structural change (=TC2). Further-
more, the XRD patterns below 452 K (red) differ from those
recorded above 452 K (dark cyan), which is related to the TC1.
The change of the powder XRD peaks above 470 K is the result of
the structural change by the phase transition temperature TC1.
The XRD patterns (dark cyan) below 522 K are different from
those above 522 K (orange), which conrms that 522 K has
a partial decomposition temperature Td from the TGA experi-
ment mentioned below. And, aer observing the XRD patterns
while heating up to 550 K, the XRD pattern (purple) did not
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Powder XRD patterns of NH(CH3)3CdCl3 at phases IV, III, II, and
I. Td is XRD pattern at 550 K, 300 K (F) is XRD pattern at 300 K after
heating to 550 K, and 300 K (cal.) is the theoretical XRD pattern at
300 K.
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return to its original state aer lowering the temperature. This
was also conrmed by the XRD experiment that heating and
cooling were irreversible in the DSC experiment. However, the
XRD pattern for the small endothermic peak at 416 K shown in
DSC experiment did not show any signicant change. From the
DSC, XRD, and polarizing microscopy experiments, the phase
transition temperatures and the decomposition temperature
were determined to be TC3 = 345 K, TC2 = 376 K, TC1 = 452 K,
and Td = 522 K, respectively.
3.3. Thermal property

TGA and differential thermal analysis (DTA) measurements
were performed at the same 10 °C min−1 rate as in the DSC
experiment, and the results are shown in Fig. 4. A colorless,
transparent single crystal is shown in the inset of Fig. 4. The
TGA results reveal that the crystal was thermally stable up to 530
Fig. 4 Thermogravimetry and differential thermal analysis curves of
NH(CH3)3CdCl3 (inset: crystal shape of NH(CH3)3CdCl3).

© 2023 The Author(s). Published by the Royal Society of Chemistry
K. The initial weight loss of NH(CH3)3CdCl3 began at 530 K,
representing the partial decomposetion temperature Td with
a weight loss of 2%. The Td (=530 K) shown in the TGA result
agrees well with the peak at 522 K shown in the DSC result.
Therefore, it was conrmed that the endothermic peak at 522 K
was Td. The weight loss of approximately 34% at 640 K, which is
at the largest inection point in the TGA curve, was the result of
the decomposition of NH(CH3)3Cl, an initial reagent in crystal
growth. Around 870 K, the 55% weight loss is due to the
decomposition of NH(CH3)3Cl2, leaving almost only CdCl. The
weight loss observed in the TGA experiment appears to agree
well with the weight loss calculated from the chemical reaction.
Near 973 K, NH(CH3)3CdCl3 was completely decomposed. On
the other hand, to conrm the phase transition temperatures,
the DTA curve is shown in detail inside Fig. 7. TC1 and TC2
matched well with the peaks shown in DSC, and TC3 could be
identied by the slope of the DTA curves indicated by the red
line.

3.4. NMR chemical shis and spin-lattice relaxation times
for 1H and 13C

The NMR chemical shis of 1H in the NH(CH3)3CdCl3 crystal
were obtained in phases IV, III, and II, as shown in Fig. 5. The
intensities of 1H signals appeared to be small and large,
respectively, in proportion to the number of H atoms in NH and
CH3. The

1H chemical shis for NH and CH3 were 8.22 and
3.27 ppm, respectively, at 160 K and 7.72 and 3.24 ppm,
respectively, at 410 K. As the temperature increased, the 1H
chemical shis of CH3 hardly changed, however, the 1H
chemical shis of NH showed a large change compared to those
of CH3. This result indicates that the structural geometry
around H, which is directly bound to N, changes signicantly
with temperature, although there is no rapid change near the
phase-transition temperatures. The linewidths of 1H in NH and
CH3 narrowed as the temperature increased, and those at 300 K
were almost the same at 1.59 ppm.
Fig. 5 In situ 1H MAS NMR chemical shifts for NH(CH3)3CdCl3 at
phases IV, III, and II.

RSC Adv., 2023, 13, 18538–18545 | 18541
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Fig. 6 In situ 13C MAS NMR chemical shifts for NH(CH3)3CdCl3 at
phases IV, III, and II (inset: 13C MAS NMR chemical shifts for
NH(CH3)3CdCl3 as a function of temperature).

Fig. 7 1H and 13C T1r of NH(CH3)3CdCl3 as a function of inverse
temperature, and the dot lines represent activation energies (inset:
correlation times for 1H at high temperature, and the solid lines
represent activation energies).
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The 13C MAS NMR chemical shis in NH(CH3)3CdCl3 were
also measured for phases IV, III, and II with increasing
temperature, as shown in Fig. 6. Only one signal of 13C for the
three CH3 ions shown in the crystal structure of Fig. 1 was
recorded, thus, the structural environments of 13C for the three
CH3 groups were all identical. At 300 K, a 13C NMR chemical
shi was observed at 46.74 ppm, and the line width was small at
0.68 ppm compared to the 1H line width. As the temperature
increased, the chemical shis moved without any anomalous
change, that is, the structural geometry of 13C changed
continuously with temperature. The 13C NMR linewidths were
narrower than the 1H NMR linewidths for NH and CH3, indi-
cating that the molecular motion of 13C located at the end of the
[NH(CH3)3] cation was signicantly free.

Themethod to obtain T1r for
1H and 13C was to collect an FID

following the spin-lock pulse. The intensity of the measured
magnetization is given by:44,45

S(t)/S(0) = exp(−TSL/T1r), (1)

where S(t) is the intensity of the resonance line at delay time t,
S(0) is the intensity of the resonance line at delay time t= 0, and
TSL is the spin-lock pulse sequence. The experiment was
repeated many times with different values of TSL, and the
resulting intensities were used to nd the value of T1r. The T1r
values for 1H and 13C in NH(CH3)3CdCl3 were obtained using
eqn (1) and the results are shown in Fig. 7 as a function of 1000/
temperature. The 1H and 13C T1r values were strongly depen-
dent on temperature, whereas, no special change occurred near
the phase transition temperatures. The 1H T1r values for NH
and CH3 increase rapidly as the temperature rises, and at
a temperature above 300 K, the T1r values decrease as the
temperature increases, reach a minimum value at 370 K, and
then increase again. 1H T1r values for NH and CH3 are nearly
similar below 300 K; however, at higher temperatures, 1H T1r for
18542 | RSC Adv., 2023, 13, 18538–18545
CH3 is greater than
1H T1r for NH. At 370 K, the 1H T1r values for

CH3 and NH are 69.62 and 33.28 ms, respectively, moreover,
these are the minimum values for both, meaning molecular
motion by the Bloembergen–Purcell–Pound (BPP) theory. The
T1rminimum values are related to the reorientational motion of
NH and CH3. The experimental value of T1r is connected by the
correlation time sC for molecular motion by the BPP theory,
where the T1r value is given by:53,54

(1/T1r) = R[4J1(u1) + J2(uC − uH) + 3J3(uC)

+ 6J4(uC + uH) + 6J5(uH)], J1 = sC/[1 + u1
2sC

2],

J2 = sC/[1 + (uC − uH)
2sC

2], J3 = sC/[1 + uC
2sC

2],

J4 = sC/[1 + (uC + uH)
2sC

2], J5 = sC/[1 + uH
2sC

2] (2)

where, R is a constant, u1 is the spin-lock eld, and uC and uH

are the Larmor frequencies for carbon and protons, respec-
tively. The T1r minimum value was satised when u1sC = 1. The
spin-lock eld used in order to the obtain 1H T1r was 62.5 kHz.
The constant R value can be calculated by using sC obtained
from u1sC = 1. Using the R, u1, uH, uC, and T1r obtained from
the experiment, sC of molecular motion as a function of
temperature was obtained. The local eld uctuation is
described by the thermal motion of protons activated by
thermal energy. The correlation time sC is represented as the
Arrhenius dependence on the activation energy:45,54

sC = sC (0)exp(−Ea/kBT) (3)

where sC (0), Ea, kB, and T are the pre-correlation time, activation
energy, Boltzmann constant, and temperature, respectively. The
magnitude of Ea is related to molecular dynamics, and the plots
of sC on a logarithmic scale vs. 1000/T for NH and CH3 are
shown in the inset of Fig. 7. It was found to be 25.73 ±

3.41 kJ mol−1 and 25.31 ± 2.45 kJ mol−1 for NH and CH3,
respectively, at high temperatures. Furthermore, the Ea for NH
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The ferroelastic twin domain patterns at (a) phase IV, (b) phase
III, and (c) phase II of NH(CH3)3CdCl3 single crystal.
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and CH3 at low temperatures was 14.23 ± 0.84 kJ mol−1, and
was obtained from the slope of the dotted line. The values of Ea
at high temperatures were twice as high as those at low
temperatures.

In the case of 13C shown in Fig. 7, the T1r values increased
rapidly as the temperature increased, and no signicant change
was seen at the phase transition temperatures. The behavior of
the 13C T1r for Arrhenius-type molecular motions that undergo
fast motion can be represented as u1sC « 1, T1r

−1 ∼ exp(Ea/kBT),
which is similar to the trend of 1H T1r at low temperatures. The
logarithmic scale of T1r vs. inverse temperature is represented
by the dotted line in Fig. 7, where the activation energy for 13C is
Ea = 9.93 ± 2.58 kJ mol−1. The smaller Ea of

13C compared to 1H
means that energy transfer around 13C is less impeded.

3.5. Static NMR chemical shis for 113Cd

Because information can be obtained from the 113Cd NMR
chemical shis, we attempted to consider changes in the
structural environment around Cd in CdCl3. The spin number
of 113Cd is I = 1/2, and only one resonance signal is expected.55

In situ static 113Cd NMR experiments as a function of temper-
ature were employed to examine the structural environment of
the CdCl6 anions in NH(CH3)3CdCl3, as shown in Fig. 8. The
NMR chemical shis were recorded using CdCl2O8$6H2O as the
standard. The chemical shi of 113Cd at 300 K was 240.36 ppm,
and the linewidth was signicantly broad at approximately
30 ppm. Unlike the 1H and 13C chemical shis, the chemical
shis of 113Cd changed between phases IV and III and phases III
and II. This result indicates that the environment of the Cd
atom surrounded by Cl atoms changed more in TC3 than in TC2,
unlike for 1H and 13C.

3.6. Ferroelastic property

The NH(CH3)3CdCl3 crystal exists in four phases, and the crystal
structure has been reported as follows: orthorhombic (mmm) in
phase IV below 342 K, orthorhombic (mmm) or hexagonal (6/
Fig. 8 In situ static 113Cd NMR chemical shifts of NH(CH3)3CdCl3
single crystal at phases IV, III, and II.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mmm) in phase III between 342 and 374 K, and hexagonal (6/
mmm) in phase II above 374 K. If the structure is orthorhombic
in phase III, ferroelastic twin domain walls should exist in
phase III as 6/mmmFmmm, which is denoted by Sapriel's
theory.56 If the structure is hexagonal in phase III, twin domain
walls should not exist in phase III, but domain walls should
exist in phase IV. In other words, if phase III has an ortho-
rhombic structure, twin domain walls in phase III should
appear, as in the polarizing microscopy results. From the
optical polarizing microscopy results, several parallel lines
representing ferroelastic twin domain walls are present in
phase III (Fig. 9(b)), and the domain pattern was not observed in
phases IV and II (Fig. 9(a) and (c)). In phase IV, the domain walls
did not appear, but in phase III, new domain walls began to
appear from top to bottom. However, in Phase II, the domain
walls disappeared and were not visible. The small lines seen in
all the phases are not domain walls, as they appeared during the
sample preparation for polarizing microscopy. For the transi-
tion from themmm of the orthorhombic phase III to the 6/mmm
of the hexagonal phase II, the equations on domain wall
orientations were expressed as x = 0, y = 0, and x = ±O3, y =

±O3. According to Sapriel, the equations of the twin domain
walls represent by the ferroelasticity of 6/mmmFmmm. There-
fore, by comparing optical polarizing microscopy results and
Sapriel's theory,56 the crystal structures in phases IV, III, and II
are more likely to be orthorhombic, orthorhombic, and hexag-
onal, respectively.

4. Conclusions

We analyzed the crystal structures, phase transition tempera-
tures, thermal behavior, and structural dynamics of organic–
inorganic hybrid NH(CH3)3CdCl3 crystals to investigate their
physicochemical properties. First, the orthorhombic structure
of this crystal was conrmed using single-crystal XRD at 300 K,
and the TC values at 345, 376, and 452 K were determined using
DSC and powder XRD. In addition, it was conrmed that the
endothermic peak at 522 K was Td. In the DSC results, the small
peak at 415 K was observed in both the other groups31–39 and our
group, but it is thought to be due to impurities generated during
crystal growth, not the phase transition temperature due to
structural change. And, the crystal structure in phase III was
more likely to be orthorhombic than hexagonal. Second, the
chemical shis were caused by the local eld around the reso-
nating nucleus. The 1H, 13C, and 113Cd NMR chemical shis of
RSC Adv., 2023, 13, 18538–18545 | 18543
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the [NH(CH3)3] cation and [CdCl6] anion varied with increasing
temperature, suggesting that the surrounding environment
changes with temperature. Changes in the 113Cd NMR chemical
shis in CdCl6 and

1H NMR chemical shis in NH were larger
than those in the 1H NMR chemical shis in CH3 and

13C NMR
chemical shis in CH3;

1H and 13C chemical shis change
continuously without rapid change according to temperature
change, but 113Cd chemical shis in CdCl6 show discontinuous
changes near the phase transition temperatures. From this
result, it was found that the surrounding environments of 113Cd
change more than those of 1H and 13C at the phase transition
temperature. Also, the discontinuous change of Cd near the
phase transition temperature is thought to induce the change of
hydrogen bond N–H/Cl by the orientation of Cl around Cd.
From these experimental results, it was found that the hydrogen
bond N–H/Cl plays a signicant role near the phase transition
temperature. Additionally, T1r, which represents the energy
transfer around the 1H and 13C atoms of the cation, varied
signicantly with temperature. The smaller value of Ea for

13C
compared to 1H suggests that energy transfer around 13C is
easier. Meanwhile, by comparing the twin domain walls using
optical polarizing microscopy and Sapriel's theory, the crystal
structure in phases IV, III, and II were found to likely be
orthorhombic, orthorhombic, and hexagonal, respectively. The
structural geometry revealed critical information regarding
their basic mechanisms. Overall, this study elucidates these
fundamental properties to broaden the applications of organic–
inorganic hybrid compounds.
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