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ABSTRACT: The crystal structure of NH,(CH;),CuCly, an organic—inorganic hybrid perovskite, undergoes a phase transition
from triclinic to monoclinic at the phase transition temperature T of 287 K. We investigated the temperature dependencies of NMR
chemical shifts and spin—lattice relaxation time T, to gain insights into the structural geometry and molecular dynamics during the
transition from phase II to phase I at high temperatures. Analysis of the "H and *C NMR chemical shifts of the cation revealed a
continuous change in the surrounding structural geometry with temperature, without any anomalous changes around Tc. The
sudden decrease in T, values from low to high temperatures indicated a significant variation in proton and carbon dynamics at T¢,
arising from the slowing motion of molecular dynamics across the phase transition. The activation energies E, obtained from the
temperature dependence of T, for 'H and *C were larger in phase I than in phase II. This suggests that molecular motions in phase
II exhibit a higher degree of freedom compared to those in phase I, where they are more constrained. These findings on
NH,(CHj;),CuCl; are presented to enhance its potential applications by elucidating the crystal configuration and structural
molecular dynamics of ABX; type compound.

1. INTRODUCTION organic—inorganic hybrid ABX; compounds have yielded
valuable insights due to their broad applicability. Notably,
recent efforts have been focused on the development of
materials with ABX; stoichiometry, wherein A represents a
large organic cation (A = NH,;CH,", NH,(CH;)*, NH-
(CH;)*), B denotes a small metal cation (B = Co, Zn, Cu,
Mn, Cd), and X stands for a halide anion (X = CI, Br, I), for
highly efficient photovoltaic applications at a reduced
cost.""™** NH,(CHj),CuCl, stands out as an organic-metallic
magnetic material exhibiting quasi-one-dimensional alternating
ferromagnetic and antiferromagnetic Heisenberg chains,
attracting considerable research attention in the past.”>™*°

The exploration of new materials with exceptional electronic,
dielectric, and optical properties holds significant promise for
various applications in the development of electronic
devices.”” Organic—inorganic hybrid perovskites have gar-
nered considerable attention in optoelectronic devices, such as
light-emitting diodes, detectors, photodetectors, and solar cells,
owing to their remarkable properties.” '’ In the field of hybrid
halide perovskite materials, research on phase transitions under
pressure and the incorporation of copper halides has also
garnered significant interest.'”'> Recently, there has been a
growing development in harnessing organic—inorganic hybrid
perovskite within field-effect transistor devices, thanks to their
multifaceted capabilities.'”'* The studies as dielectric gates in
flexible thin-film transistors, capitalizing on their high
permittivity particularly suitable, have been reported.”">~"
Among these, ABX; perovskites constitute an intriguing class
of compounds that exhibit phase transitions alongside changes
in their physical and chemical properties. Numerous studies on
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Figure 1. (a) Triclinic structure of NH,(CH,),CuCl; crystal at 250 K and (b) monoclinic structure of NH,(CHj;),CuCl; crystal at 300 K (CCDC

2333813 and 2333814).

Table 1. Crystal Data and Structure Refinement for NH,(CH;),CuCl; at 250, 300, and 350 K

temperature 250 K
chemical formula C,H,(N,Cu,Clg
weight 431.97
crystal system triclinic
space group P1(bar)

a (A) 8.659 (4)

b (A) 9.710 (5)

c (A) 10.722 (6)
a (deg) 72.396 (17)
f (deg) 67.506 (16)
7 (deg) 64.042 (16)
V4 2

V (A% 738.9 (7)
radiation type Mo—Ka
wavelength (A) 0.71073

reflections collected 13818

independent reflections 3712 (R, = 0.1118)
goodness-of-fit on F* 1.00S

final R indices [I > 2sigma(I)] R, = 0.0956, wR, = 0.2436
R indices (all data) R, = 0.1593, wR, = 0.2917

300 K 350 K
C,HgNCuCly C,HgNCuCly
215.98 215.98
monoclinic monoclinic
C2/c C2/c
17.4774 (9) 17.5129 (10)
8.6350 (4) 8.6602 (5)
11.9919 (11) 12.0155 (7)
90 90

125.3550 (10) 125.151 (2)
90 90

8 8

1476.03 (17) 1490.01 (15)
Mo—Ka Mo—Ka
0.71073 0.71073
15484 13997

1833 (R, = 0.0571) 1863 (R, = 0.0577)
1.023 1.035

R, = 0.0364, wR, = 0.0760
R, = 0.0682, wR, = 0.0907

R, = 0.0377, wR, = 0.0777
R, = 0.0784, wR, = 0.0952

This compound, belonging to the class of organic—inorganic
hybrids, has been regarded as an ideal model for
ferromagnetic-antiferromagnetic chains.

Previously reported findings indicated that the phase
transition, based on the temperature-dependent dielectric
constant, occurred at T (H) = 282.5 K upon heating and
Tc (C) = 245 K upon cooling.16 Subsequent differential
scanning calorimetry (DSC) results, as reported by Park et
al,’' defined the phase transition temperatures as T (H) =
288 K upon heating and T (C) = 285 K upon cooling. X-ray
experiments’® further confirmed a structural phase transition
from the triclinic to the monoclinic phase near T¢. Addition-
ally, optimization of growth conditions for single crystals of
NH,(CH,;),CuCl; through solvent evaporation methods,
utilizing mixed solvents of methanol and isopropanol at
varying solution temperatures in a supersaturated solution, has
been discussed.””*® These studies revealed that the best
growth conditions were achieved with a 2:1 (methanol/
isopropanol) ratio at 35 °C.

At 300 K, the NH,(CH;),CuCly crystal exhibits a
monoclinic space group of C12/cl, with lattice constants: a
=17416 A, b =8.5871 A, c=11.976 A, f = 125.06°, and Z =
4. Conversely, at 175 K, it adopts a triclinic space group of
P1(bar) with lattice constants: a = 8.5522 A, b = 9.6140 A, ¢ =
10.5676 A, a = 73.089°, B = 68.389°, y = 64.459°, and Z =
22130333 At 300 K, bibridged Cu,Clg>~ dimers are
interconnected to form infinite chains with Cu—Cl---Cl-Cu

contacts along the a-axis. These Cu-halide planes are separated
by methyl groups along the b-axis. NH,(CHj;), molecules are
positioned between these Cu,Cl®~ dimer chains, with two
parallel chains connected via N—H--Cl hydrogen bonds.** The
Cu ions are coordinated by SCI™ ions, and the coordination
numbers of the CI” ions surrounding the Cu ions remain
unchanged at low temperatures.

This study focuses on NH,(CH,),CuCl; single crystals
grown via the aqueous solution method, delving into their
structure, phase transition temperature, and thermal properties.
Moreover, to elucidate structural changes and phase
transitions, nuclear magnetic resonance (NMR) chemical
shifts for 'H and '*C atoms within the cations of this crystal
were analyzed across the temperature range of 180—420 K.
Additionally, the energy transfer around 'H and BC atoms,
considering the temperature dependence of the spin—lattice
relaxation times T;,, was investigated. The activation energies
(E,) governing dynamical motion near the phase transition
temperature (T.) were determined. These findings provide
crucial insights into the crystal configuration and energy
transfer mechanisms for ABXj-type compounds, offering
valuable information for potential applications.

2. RESULTS AND DISCUSSION

2.1. Single Crystal XRD. The single-crystal X-ray
diffraction (SCXRD) experimental results for
NH,(CHj;),CuCl; crystals were obtained at temperatures of

https://doi.org/10.1021/acsomega.4c04606
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Table 2. Bond-lengths (A) and Bond-angles (deg) for NH,(CHj,),CuCl; at 250 K

Cu(1)—CI(3) 2.247(3) CI(3)—Cu(1)-Cl(2) 92.69(10) C(4)-N(2)—H(2AN) 107.9
Cu(1)-CI(2) 2.290(3) CI(3)—Cu(1)-CI(1) 158.93(12) C(3)-N(2)—H(2BN) 107.9
Cu(1)—CI(1) 2.308(3) Cl(2)—Cu(1)-CI(1) 92.52(9) C(4)-N(2)—H(2BN) 107.9
Cu(1)—-CI(1)#1 2.332(3) ClI(3)—Cu(1)—-CI(1)#1 89.93(10) H(2AN)-N(2)-H(2BN) 107.2
Cu(2)—ClI(4) 2.272(3) Cl(2)—Cu(1)-CI(1)#1 176.60(10) N(1)-C(1)—H(1A) 109.5
Cu(2)—CI(S) 2.306(3) Cl(1)—Cu(1)-CI(1)#1 84.26(9) N(1)—C(1)—H(1B) 109.5
Cu(2)-ClI(6) 2.316(3) Cl(4)—Cu(2)-CI(S) 92.26(10) H(1A)-C(1)-H(1B) 109.5
Cu(2)—Cl(6)#2 2.337(3) Cl(4)—Cu(2)-Cl(6) 154.83(12) N(1)—C(1)—H(1C) 109.5
Cu(2)-CI(2) 2.639(3) ClI(5)—Cu(2)-Cl(6) 92.06(10) H(1A)-C(1)-H(1C) 109.5
N(1)-C(1) 1.464(13) Cl(4)—Cu(2)—-Cl(6)#2 89.77(10) H(1B)-C(1)-H(1C) 109.5
N(1)-C(2) 1.475(14) CI(5)—Cu(2)—Cl(6)#2 175.40(10) N(1)-C(2)-H(24) 109.5
N(1)-H(1AN) 0.9000 Cl(6)—Cu(2)—-Cl(6)#2 84.38(9) N(1)-C(2)—-H(2B) 109.5
N(1)-H(1BN) 0.9000 Cl(4)—Cu(2)-Cl(2) 108.51(10) H(2A)-C(2)-H(2B) 109.5
N(2)-C(3) 1.440(16) CI(5)—Cu(2)-CI(2) 89.88(9) N(1)-C(2)—-H(2C) 109.5
N(2)-C(4) 1.457(13) Cl(6)—Cu(2)-Cl(2) 96.28(10) H(2A)-C(2)-H(2C) 109.5
N(2)-H(2AN) 0.9000 Cl(6)#2-Cu(2)—Cl(2) 93.40(9) H(2B)-C(2)-H(2C) 109.5
N(2)-H(2BN) 0.9000 Cu(1)—-CI(1)—Cu(1)#1 95.74(9) N(2)-C(3)-H(3A) 109.5
C(1)-H(1A) 0.9700 Cu(1)—Cl(2)—Cu(2) 92.08(9) N(2)—C(3)-H(3B) 109.5
C(1)-H(1B) 0.9700 Cu(2)-Cl(6)—Cu(2)#2 95.62(9) H(3A)-C(3)-H(3B) 109.5
C(1)-H(1C) 0.9700 C(1)-N(1)-C(2) 114.2(10) N(2)—-C(3)-H(3C) 109.5
C(2)-H(2A) 0.9700 C(1)-N(1)-H(1AN) 108.7 H(3A)-C(3)-H(3C) 109.5
C(2)-H(2B) 0.9700 C(2)-N(1)-H(1AN) 108.7 H(3B)-C(3)-H(3C) 109.5
C(2)-H(2C) 0.9700 C(1)-N(1)—H(1BN) 108.7 N(2)—C(4)—H(4A) 109.5
C(3)-H(3A) 0.9700 C(2)-N(1)—H(1BN) 108.7 N(2)-C(4)—-H(4B) 109.5
C(3)-H(3B) 0.9700 H(1AN)—N(1)-H(1BN) 107.6 H(4A)-C(4)-H(4B) 109.5
C(3)-H(3C) 0.9700 C(3)-N(2)-C(4) 117.8(10) N(2)-C(4)—H(4C) 109.5
C(4)-H(4A) 0.9700 C(3)-N(2)—H(2AN) 107.9 H(4A)-C(4)-H(4C) 109.5
C(4)-H(4B) 0.9700 H(4B)-C(4)-H(4C) 109.5
C(4)-H(4C) 0.9700
Table 3. Bond-lengths (A) and Bond-angles (deg) for NH,(CH,),CuCl, at 300 K

Cu(1)-CI(3) 2.2561(11) CI(3)—Cu(1)-CI(2) 92.29(4) C(1)-N(1)—H(1BN) 107.1
Cu(1)—CI(2) 2.2777(10) Cl(3)—Cu(1)-CI(1) 155.48(5) C(2)-N(1)-H(1BN) 107.1
Cu(1)-CI(1) 2.3078(11) ClI(2)—Cu(1)-CI(1) 92.35(4) H(1AN)-N(1)-H(1BN) 106.8
Cu(1)-CI(1)#1 2.3189(10) ClI(3)—Cu(1)-CI(1)#1 90.00(4) N(1)-C(1)-H(1A) 109.5
Cu(1)-CI(2)#2 2.7112(12) Cl(2)—Cu(1)-CI(1)#1 176.44(4) N(1)—C(1)—H(1B) 109.5
N(1)-C(1) 1.417(6) CI(1)—Cu(1)—-CI(1)#1 84.44(4) H(1A)-C(1)-H(1B) 109.5
N(1)-C(2) 1.418(6) Cl(3)—Cu(1)-Cl(2)#2 106.81(5) N(1)-C(1)-H(1C) 109.5
N(1)-H(1AN) 0.8900 Cl(2)—Cu(1)-CI(2)#2 88.56(4) H(1A)-C(1)-H(1C) 109.5
N(1)-H(1BN) 0.8900 CI(1)—Cu(1)-CI(2)#2 97.36(4) H(1B)-C(1)-H(1C) 109.5
C(1)-H(1A) 0.9600 Cl(1)#1-Cu(1)—CI(2)#2 93.39(4) N(1)-C(2)-H(24) 109.5
C(1)-H(1B) 0.9600 Cu(1)—CI(1)—Cu(1)#1 95.56(4) N(1)-C(2)-H(2B) 109.5
C(1)-H(1C) 0.9600 Cu(1)—ClI(2)—Cu(1)#2 89.72(4) H(2A)-C(2)-H(2B) 109.5
C(2)-H(2A) 0.9600 C(1)-N(1)-C(2) 120.8(4) N(1)-C(2)-H(2C) 109.5
C(2)-H(2B) 0.9600 C(1)-N(1)-H(1AN) 107.1 H(2A)-C(2)-H(2C) 109.5
C(2)-H(2C) 0.9600 C(2)-N(1)—H(1AN) 107.1 H(2B)-C(2)-H(2C) 109.5

250, 300, and 350 K. At 250 K, the crystal exhibited a triclinic
structure with the P1(bar) space group, characterized by lattice
parameters: a = 8.659 A, b = 9.710 A, ¢ = 10.722 A, a =
72.396°, f = 67.506°, y = 64.042°, and Z = 2. Conversely, at
300 K, the crystal structure transitioned to a monoclinic phase
with the C2/c space group, featuring lattice constants: a =
17.4774 A, b = 8.6350 A, ¢ = 11.9919 A, and S = 125.3550°,
with Z = 8. Notably, the lattice constants at 350 K were found
to be almost identical to those observed at 300 K. The
structural data indicate a higher symmetry transition from
triclinic to monoclinic. Figure 1lab illustrate the thermal
ellipsoids and atomic numbering for each atom within the
triclinic structure at 250 K and the monoclinic structure at 300
K, respectively. The crystal structure comprises an organic

34920

NH,(CHj,), cation and an inorganic Cu,Clg anion. Infinite
chains are formed by face-shared Cu,Clg octahedra, with five
doubly bridging CI” ions linking adjacent Cu centers. The
phase transition induces significant changes in the structure,
particularly evident in the mode of N—H:-Cl hydrogen
bonding between NH,(CH,), cations and Cu,Cls chains.
Detailed SCXRD data collection and refinement information at
250, 300, and 350 K are provided in Table 1. The bond-lengths
and bond-angles at 250 K, which shows a triclinic structure,
and 300 K, which shows a monoclinic structure, are shown in
Tables 2 and 3. Although the N—C, N—H, and C—H bond-
lengths in the cations shown in Tables 2 and 3 became shorter
at 300 K compared to 250 K, the Cu—Cl bond-lengths were
seen to be significantly longer at 300 K compared to 250 K.

https://doi.org/10.1021/acsomega.4c04606
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This is consistent with the fact that the a-axis of the lattice
constant becomes longer due to Cu—Cl bond-lengths when
the structure changes from triclinic to monoclinic. At 250 K,
two symmetry-independent N(1) and N(2) sites exist, whereas
only one N site is present at 300 K. This means that the
symmetry of the single crystal improves at 300 K. Crystallo-
graphic data for temperatures of 250, 300, and 350 K, in the
form of CIF files, have been deposited in the Cambridge Data
Base (CCDC 2333812—2333814).

2.2. Phase Transition Temperature. DSC analysis of
NH,(CHj;),CuCly crystals was conducted at a heating and
cooling rate of 10 °C/min, using a sample amount of 4.9 mg.
The DSC experiment was performed below the decomposition
temperature determined by the thermogravimetric analysis
(TGA) curve. The resulting DSC curves exhibited a very weak
endothermic peak near 287 K upon heating and an exothermic
peak near 281 K upon cooling, as depicted in Figure 2. The

0.10 T T T T T T T T T T T T 03
——: Heating
0.05 - — Cooling 0s
— T.(C)
o !
; 0.00 ‘
- 0.1
g M m
D -0.05 | x
£ =
’8 oo @
g 010 3
01 &
0.15 4 | Q
T.(H)
-0.20 -0.2

T T T T T T T T T T T T T
210 240 270 300 330 360 390 420
Temperature (K)

Figure 2. Differential scanning calorimetry curves of
NH,(CHj,),CuCl; at a heating and cooling rate of 10 °C/min.

corresponding enthalpy values for these peaks were measured
as 188 J/mol and 707 J/mol, respectively, indicating a thermal
hysteresis of AT = 6 K. The endothermic peak observed at 287
K signifies the phase transition temperature, marking the
transition from a triclinic to monoclinic structure. Variable-
temperature optical polarizing microscopy analysis of the
morphology revealed that the single crystals remained
unchanged until the temperature was increased from 300 to
430 K.

PXRD patterns were obtained above the phase transition
temperature using powder samples prepared by grinding single
crystals, within the 26 range of 8—50° (Figure 3a). The PXRD
patterns observed at 300 K (black), 350 K (red), and 400 K
(blue) were identical. However, patterns obtained above 450 K
exhibited a distinct difference from those observed at
temperatures below 400 K, and no crystallinity was observed,
indicating the onset of melting. Furthermore, simulated XRD
patterns based on CIF files at 250, 300, and 350 K are depicted
in Figure 3b, demonstrating good agreement with the
experimental patterns shown in Figure 3a. This observation
correlates well with the endothermic peak detected at 287 K in
the DSC results, suggesting that this peak is associated with the
phase transition temperature, Tc (= 287 K). The data are
consistent with highering of the symmetry from a triclinic
space group Pl(bar) to the monoclinic space group C2/c.
Moreover, the peaks identified in this diffractogram were

(a)
80000
——: 300K (phase I)
70000 ——: 350K (phase I)
—— 400K (phase l)
1450 K
2 60000 {500K
(72}
c
£ 50000
£
=
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=
Keo]
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<
20000 =2
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T T T T T T T T
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20 (Degree)
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\ ——: 300 K (phase )
10000 ——: 350 K (phase I)

8000

6000 -

112 13 14 15 16 17 18 19 20 21 22 23 24

4000

Arbitrary Intensity

2000

20 (Degree)

Figure 3. (a) The powder X-ray diffraction patterns of
NH,(CHj,),CuCl; at 300, 350, 400, 450, and 500 K and (b) The
simulation X-ray diffraction patterns obtained by single-crystal X-ray
diffraction of NH,(CHj;),CuCl; at 250, 300, and 350 K.

indexed using the Mercury program.’®*” Notably, the very
strong peak observed at approximately 12.4° of 26 in both the
PXRD and simulated pattern at 300 K corresponds to the
(200) reflection, while the strong peak at approximately 12.54°
in the simulated pattern at 250 K corresponds to the (110)
reflection, as illustrated and enlarged in Figure 3b.

2.3. Thermodynamic Property. To comprehend the
thermodynamic stability of NH,(CH,),CuCl;, simultaneous
TGA and DTA thermal analyses were conducted within the
temperature range of 300 to 900 K, with increasing
temperature as illustrated in Figure 4. The TGA experiment
utilized a sample amount of 7.56 mg and employed the same
heating rate of 10 °C/min as measured by DSC. In the TGA
curve, the partial decomposition temperature (T,), indicative
of a 2% weight loss, was determined to be approximately 481
K, signifying the thermal stability of the material up to this
temperature. As the temperature increased, the weight loss of
NH,(CHj;),CuCl, crystals exhibited a rapid decline. The DTA
curve depicted an endothermic peak near 458 K, which aligned
well with the melting temperature observed through the
morphology of single crystals using a polarizing microscope
equipped with a hot stage. Additionally, a prominent peak
observed at 562 K indicated a 38% reduction in molecular
weight, calculated from the total molecular weight, attributed
to the partial decomposition of NH,(CHj,),Cl. Approximately
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Figure 4. Thermal properties of NH,(CH,),CuCly: the thermog-
ravimetry analysis and differential thermal analysis curves of
NH,(CH,),CuCl,.

60% of the total weight loss occurred within the range of 500—
650 K, with complete weight loss observed around 900 K.
2.4. 'H and *C MAS NMR Chemical Shifts. Structural
analysis was conducted by monitoring 'H in NH,(CH,),CuCl,
using MAS NMR at increasing temperatures. The "H NMR
spectra for NH, and CH; at 300 K, shown inset of Figure S,
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18 —B—: CH,
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Figure 5. '"H NMR chemical shifts of NH,(CH;),CuCl; with
increasing temperature (Inset: The 'H NMR spectrum at 300 K, and
the crosses and open circles are sidebands for NH, and CHj,
respectively).

revealed that the line widths represented by symbols ‘a’ and ‘b’
at the full-width at half-maximum (fwhm) value were not
identical. This asymmetry in the signal is attributed to the
overlapping lines of the two 'H nuclei for NH, and CH; within
the NH,(CH,), cations, with their overlapping sidebands for
the 'H spectrum represented as crosses and open circles,
respectively. The "H chemical shift for NH,, which can be
distinguished into sidebands, was recorded at approximately
12.77 ppm, while the 'H chemical shift for CH; was obtained
at approximately 7.71 ppm. Moreover, the NMR chemical
shifts for "H were recorded at phases II and I, as depicted in
Figure 5. The '"H NMR chemical shifts decreased continuously
with increasing temperature, without exhibiting any anomalous
changes near Tc. This continuous change in NMR chemical
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Figure 6. *C NMR chemical shifts of NH,(CH,),CuCl; with
increasing temperature (Inset: Temperature-dependence of *C NMR
spectrum).

MAS NMR spectrum at 300 K exhibited two resonance signals,
as shown in the inset of Figure 6, with *C chemical shifts
recorded at 147.02 and 98.89 ppm, corresponding to CH;(1)
and CHj;(2), respectively. With increasing temperature, the
NMR chemical shifts for CH;(1) and CH;(2) displayed
almost identical trends, gradually shifting toward lower values
without exhibiting any anomalous changes near T¢. This
continuous change in the NMR chemical shifts, attributed to
variations in the local field around the *C nuclei, suggests
alterations in the crystallographic geometry. The trend
observed in the 'C chemical shifts mirrored the change
observed in 'H, indicating that the sources of interactions
between the atoms and ions surrounding the 'H and "*C nuclei
are similar.

Organic molecules exhibit a temperature-dependent chem-
ical shift, especially when in proximity to heavy metals like
Cd.*® However, the chemical shift of NH,(CH,),CuCl; was
not significantly affected by temperature.

2.5. NMR Spin—lattice Relaxation Times for 'H and
3C. The changes in the intensity of the 'H and *C NMR
signals were recorded at a specific temperature, varying the
delay times. The relationship with the decay rate of the
ma%netization was defined by the spin—lattice relaxation time,

9—41
T,

P(r) = Aexp( — 7/T,,) (1)

In the eq 1, P(7) represents the signal intensities at each delay
time 7. One of them, the signals of the 13C NMR for delay
times in the range of 0.1—10 ms at 300 K are shown in Figure
7. The 'H Ty, and *C T, values for NH,(CH,),CuCl; were
derived from the slope of the intensity vs delay time plot using
eq 1. As depicted in Figure 8, the 'H T,, and BC T,, values
were on the order of milliseconds, with the 3C T,, values
approximately 10 times longer than the 'H T}, values. Below
Tc, both the 'H and “C T,, values exhibited a gradual
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Figure 8. 'H and '’C spin—lattice relaxation times in
NH,(CH,),CuCl; as a function of inverse temperature. The slopes
by solid lines are represented the activation energies.

increase. Conversely, above T, the *C T), values exhibited a
rapid decrease. The Arrhenius plots for the T;, molecular
motions with relaxation time are divided into fast- and slow-
motion regions. Fast motion is represented as w,7c < 1, T} !
a exp(E,/k;T) and the slow motion as w,7¢c > 1, Tlp_fa
w, 2 exp(—E,/kyT).*" The plot is separated into different
motion regions at T¢. The 'H T, and BC T,, values at low
temperatures resided in the fast-motion region, while the *C
T, and 'H T, values at high temperatures were attributed to
the slow-motion region.

Based on Bloembergen-Purcell-Pound (BPP) theory, the
experimental values of T, can be expressed by the correlation
time 7z for reorientational motion, and T;, for molecular
motion as follows™”****

1/T,, = R{4zc/[1 + 021 + 1o/[1 + (we — wy) 1]
+ 31./[1 + w7’
+ 67c/[1 + (we + wy)* 7]
+ 61c/[1 + w1}
=Aexp( — E,/kgT)
()

34923

where R is a constant, ®, is the spin-locking field, and w¢ and
@y are the Larmor frequencies of *C and 'H, respectively.
Local field fluctuations are induced by thermal motion,
activated by thermal energy. The 'H and "C T), values
exhibited similar variations due to similar molecular motions of
the C—H bond. T), is generally expressed by an Arrhenius-
type equation based on the activation energy E, for molecular
motion and temperature. The E, for 'H, obtained from the
slope of the T';, vs 1000/temperature plot represented by blue
squares in Figure 8 at low and high temperatures, was 0.06 +
0.02 and 22.29 =+ 3.63 kJ/mol, respectively. Additionally, the
E, for °C, obtained from the slope of T}, vs 1000/temperature
represented by red circles in Figure 8 at low and high
temperatures, was 0.08 + 0.01 and 21.41 + 2.49 kJ/mol,
respectively.

3. CONCLUSIONS

The data confirm that the NH,(CHj;),CuCl; crystal undergoes
a transformation from a triclinic to monoclinic structure at a
phase transition temperature of 287 K. The thermal stability of
the crystal was determined to be 481 K by TGA results. The
temperature dependence of NMR chemical shifts and T, for
the perovskite-type NH,(CHj;),CuCl; crystal were investigated
to understand the structural geometry and changes in
molecular dynamics during the high-temperature transition
from phase II to phase I Analysis of the 'H and *C NMR
chemical shifts of the cation with temperature revealed that the
surrounding structural geometry underwent a continuous
change, without any anomalous changes around T¢. This
suggests that the crystallographic geometry evolves smoothly
through the phase transition, contributing to a comprehensive
understanding of the material’s behavior.

The sudden drop in T, values from low temperature up to
high temperature indicates a sudden variation in the proton
and carbon dynamics at T, stemming from the slowing
motion of molecular dynamics across the phase transition.
These abrupt changes in T;, near T suggest a sudden
variation in the energy transfer in the vicinity of the protons
and carbons. Below T, both 'H and *C T,, values were in the
fast-motion region, whereas above T, they shifted to the slow-
motion region. This transition reflects a change caused by a
structural phase transition. The activation energy (E,) obtained
from the temperature dependence of T, for '"H and C
exhibited larger values in phase I than in phase II. This suggests
that molecular motions in phase II were highly free, whereas in
phase I, they lacked a large degree of freedom. The small E,
values for phase II indicate a substantial degree of freedom for
the NH, and CHj; groups, respectively. Conversely, in phase I,
the large Ea values were primarily attributed to the overall
molecular motion of NH,(CH;), groups. Consequently, the
phase transition mechanisms of NH,(CH,),CuCl; at high
temperature possibly involve the reorientation of the
NH,(CHj;), group. The results of this study on organic—
inorganic hybrid perovskite-type NH,(CH;),CuCl; are ex-
pected to facilitate their potential applications in various
electrochemical devices such as supercapacitors, batteries, and
fuel cells.

4. EXPERIMENTAL SECTION

4.1. Crystal Growth. Single crystals of NH,(CH,),CuCl,
were cultivated utilizing NH,(CH,),Cl (Aldrich, 98%) and
CuCl, (Aldrich, 98%) in a 1:1 molecular weight ratio within an
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aqueous solution. To initiate crystal growth, NH,(CH,),CuCly
crystals were dissolved in distilled water at a slightly elevated
temperature to induce supersaturation. Following this, the
solution was vigorously stirred for 4 h to ensure homogeneity.
The single crystals were then harvested from the uniform
solution via slow evaporation maintained at a constant
temperature of 303 K. After several weeks, the resulting
crystals were observed to be dark brown in color, as shown in
Figure 9.

Figure 9. Single crystals grown by the aqueous solution method (the
photo was taken by the author A.R. Lim).

4.2. Characterization. The thermal properties of
NH,(CHj;),CuCl; were assessed through a series of experi-
ments, including differential scanning calorimetry (DSC),
thermogravimetry analysis (TGA), and differential thermal
analysis (DTA) utilizing TA Instruments. These experiments
were conducted within the temperature range of 200—900 K
under a dry nitrogen gas atmosphere. Additionally, observa-
tions regarding the variations in crystal morphology in
response to temperature changes were made using an optical
polarizing microscope (Carl Zeiss) equipped with a hot stage
(Linkam THMS 600).

The crystal structure of NH,(CHj,),CuCl; at temperatures
of 250, 300, and 350 K was determined utilizing both single-
crystal X-ray diffraction (SCXRD) and powder X-ray
diffraction (PXRD) techniques at the Korea Basic Science
Institute (KBSI), Seoul Western Centre. For the SCXRD
experiment, a Bruker D8 Venture PHOTON III M14 system
equipped with a graphite-monochromated Mo—Ka target and
a Cryocool Neverlce low-temperature device was employed.
Data collection utilized the SMART APEX3 and SAINT
programs, and absorption correction was carried out using the
multiscan method in SADABS. The single-crystal structure was
analyzed via direct methods and refined using least-squares on
F* with the SHELXTL program.””** Anisotropic refinement
was performed for all non-hydrogen atoms, while hydrogen
atoms were included at geometrically ideal positions. In
addition, powder X-ray diffraction (PXRD) patterns were
obtained at temperatures of 300, 350, 400, 450, and 500 K
using an XRD spectrometer featuring a Mo—Ka radiation
source.

NMR spectra of NH,(CHj,),CuCly crystals were acquired
using a solid-state Bruker 400 MHz Avance II+ NMR
spectrometer at KBSL. 'H magic angle spinning (MAS)
NMR experiments were conducted at the Larmor frequency
of w,/2xw = 400.13 MHz, while >*C MAS NMR experiments
were carried out at the Larmor frequency of @,/27 = 100.61
MHz, both as a function of temperature. MAS NMR
measurements of the samples in cylindrical zirconia rotors of
4 mm were performed at a spinning rate of 5—10 kHz to

reduce the spinning sideband, and chemical shifts were
referenced to tetramethylsilane (TMS). One-dimensional
(ID) NMR spectra for 'H and *C were obtained with a
delay time of 0.1 s. For determining spin—lattice relaxation
time values (T),) in the rotating system, intensities of 'H and
3C NMR signals were measured with delay times ranging from
10 us to 20 ms. Data acquisition for 'H and **C involved a 90°
pulse with a delay of 4 us. Temperature-dependent NMR
spectra were collected between 180 and 430 K, with precise
temperature control achieved through regulation of N, gas
flow and heater current, ensuring an accuracy of +0.5 K.
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