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Phase transition, thermal stability, and molecular
dynamics of organic—inorganic hybrid perovskite
[NH3(CH2)6NH3]CUCI4 CrystalsT

Moon Young Choi,? Seon Ju Lee,® Huiyeong Ju® and Ae Ran Lim (2 *a©

Organic—inorganic hybrid perovskites have various potential applications in fuel cells and solar cells. In this
regard, the physicochemical properties of an organic—inorganic [NHs3(CH,)gNHz]CuCly crystal was
conducted. The crystals had a monoclinic structure with space group P2;/n and lattice constants a =
72224 A, b = 76112 A, ¢ = 233315 A, 8 = 91.930°, and Z = 4 at 300 K, and the phase transition
temperature (Tc) was determined to be 363 K by X-ray diffraction and differential scanning calorimetry
experiments. From the nuclear magnetic resonance experimental results, the changes in the *H chemical
shifts in NHs and the influence of C1 located close to NH3 in the [NH3(CH5)gNHs] cation near T¢ are
determined to be large, which implies that the structural change of CuCly linked to N—H---Cl is large.
The H spin-—lattice relaxation time (T1p) in NHz is shorter than that of CH,, and the B¢ Tip values for C1
close to NHs are shorter than those of C2 and C3 due to the influence of the paramagnetic Cu®* ion in
square planar geometry CuCl,. The structural mechanism for the phase transition was the change in the

rsc.li/rsc-advances

1. Introduction

Compounds with the general formula [NH;(CH,),NH;3]|BX, (n =
2,3, 4, ---, B = divalent metal ion, and X = Cl~, Br™) are known
to crystallize as two-dimensional (2D) perovskite-like structures
and are generally referred to as organic-inorganic hybrid
perovskites. Basically, the structure of 2D hybrid perovskite
materials consists of organic cations and metal halide layers.
The physicochemical properties of organic-inorganic hybrids
depend on the organic cations, the inorganic anion coordina-
tion geometry of the metal ion, and the halogen ions, which
allow the properties of hybrid perovskite to be tailored.*->'**
The properties of the organic-inorganic hybrid are functions of
B and X, and it is important to consider the structural properties
of these new materials. The organic cation of the hybrid
complex is responsible for structural flexibility and nonlinear
optical properties, whereas the inorganic anion is responsible
for thermal and mechanical properties.'>'® Recently, studies on
[NH;3(CH,),NH;3]BX,X', containing different halogen ions were
conducted by Abdel-Aal et al'™*® to improve the optical
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N—-H---Cl hydrogen bond and was associated with the structural dynamics of the CuCl, anion.

properties. When n » 4, the structural rearrangement due to
conformational changes in the chains of long-chain alkylene-
diammonium complexes [NH;(CH,),NH;]BX, becomes signifi-
cant.>** As one of them, a group of interest in hybrid materials
is perovskite-type layered [NHj;(CH,)sNH;]CuCl, (1,6-hex-
anediammonium tetrachlorocuprate (II)) containing [NH;(-
CH,)sNH;] cations and layered CuCl, anions. In the case of B=
Cu, the crystal structures consist of square planar geometry>
CuCl,>~ and organic chains.'® The CuCl, anions share corners
that extend into infinite sheets separated by alkylene [NHj(-
CH,)sNH;] groups. The NH; at both ends of the organic chain is
connected by N-H:--Cl hydrogen bonds***” with the CI™ ions of
the inorganic layers that stabilize the layered structure, making
these materials good candidates as proton conductors,”® and
have potential applications in UV detection.”*°

To date, the crystal structure and electrical properties of
[NH;3(CH,)sNH;3]ZnCl, with B=Zn have been studied by Mos-
tafa and El-Khiyami,® while only the optical properties for
[NH;(CH,)sNH;3]CuCl, with B=Cu have been reported by Abdel-
Aal® Detailed studies on systems where n = 6 have not been
conducted. Despite the interesting properties of 2D perovskite-
like materials, they decompose in humid air and have a similar
toxicity to that of Pb.**** Therefore, it is essential to develop
a hybrid perovskites that can be replaced with an eco-friendly
materials. Recent advances in the development of perovskites
have increased the demand for the characterization of their
structures and dynamics.

The objective of this study was to investigate the crystal
structure, phase transition, and thermodynamic properties of
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[NH;3(CH,)sNH;]CuCl,. We also discuss the roles of cations in
single-crystal [NH3(CH,)sNH;3]CuCl, near the phase transition
temperature (7c). Chemical shifts and spin-lattice relaxation
times (T},) were studied using 'H magic angle spinning (MAS)
nuclear magnetic resonance (NMR) and *C MAS NMR to
understand the structural environment and molecular motions
of the organic chain. These results help explain the physical,
chemical, and thermal properties, as well as structural
dynamics based on the phase transition mechanism for the
practical application of [NH;(CH,)sNH;]CuCl, crystals.

2. Experimental

[NH3(CH,)sNH3]CuCl, single crystals were grown from satu-
rated aqueous solutions containing stoichiometric quantities of
hexane-diammonium dichloride (NH,(CH,)sNH,-2HCIl, Sigma-
Aldrich, 99%) and copper chloride (CuCl,, Sigma-Aldrich, 99%)
in the molar ratio of 1 : 1 at 300 K. The mixture was stirred and
heated to obtain a homogeneous solution. The resulting solu-
tion was filtered and single crystal were obtained by slow
evaporation. Light brown single crystals of approximately 4 x 3
x 1 mm were grown at constant temperature for approximately
3 weeks.

Fourier transform infrared (FT-IR) spectra were measured
between 4000 and 500 cm ' on a PerkinElmer (L1600300)
spectrometer using a compressed KBr pellet.

The lattice parameters at various temperatures were deter-
mined by single-crystal X-ray diffraction (XRD) at the Seoul
Western Center of the Korea Basic Science Institute (KBSI). A
colorless crystal block was picked up with paratone oil and
mounted on a Bruker D8 Venture PHOTON III M14 diffrac-
tometer equipped with a graphite-monochromated Mo-Ka. (1 =
0.71073 A) radiation source and a nitrogen cold stream (—50
°C). Data was collected and integrated using SMART APEX3
(Bruker, 2016) and SAINT (Bruker, 2016). The absorption was
corrected by a multi-scan method implemented in SADABS. The
structure was solved using direct methods and refined by full-
matrix least-squares on F> using SHELXTL. All non-hydrogen
atoms were refined anisotropically, and the hydrogen atoms
were added to their geometrically ideal positions. Additionally
the powder XRD patterns of the [NH3(CH,)sNH;3]CuCl, crystals
were measured at several temperatures using an XRD system
with a Mo-Ka radiation source. Experiments were conducted
using the method described here.*

Differential scanning calorimetry (DSC) thermogram were
observed using a DSC (25, TA Instruments) at heating and
cooling speeds of 10 °C min~" between 200 and 500 K under
a flow of dry nitrogen gas.

Thermogravimetric analysis (TGA) was measured on a ther-
mogravimetric analyzer with heating speed of 10 °C min™"
between 300 and 873 K under N, gas. In addition, optical
observations between 300 and 680 K were made using a Carl
Zeiss optical polarized microscope.

NMR spectra of [NH;(CH,)¢NH;]CuCl, crystals were ob-
tained using a Bruker 400 MHz Avance II + solid-state NMR
spectrometer at the same facility, KBSI. The Larmor frequency
for 'H MAS NMR was w,/27 = 400.13 MHz and that for **C MAS
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NMR was w,/27 = 100.61 MHz. The MAS rate was set at a speed
of 10 kHz to minimize sideband, and tetramethylsilane (TMS)
was used as a basic materials to accurately measure the NMR
chemical shift. The T;, values were obtained from the spectra
measured using a 7/2—t pulse followed by a spin-lock pulse of
duration t, and the /2 pulse widths for 'H and *C were
measured using the method described here.**

3. Results and discussion
3.1 FT-IR spectra

The FT-IR spectra at room temperature were obtained between
4000 and 500 cm ', and their result is shown in Fig. 1. The
strong band at around 3116 cm™ " was assigned to the C-H
mode, and the band at 2928 cm ™' was expected when N-H:+-Cl
hydrogen bonds are formed. The peaks at 1576 and 1480 cm ™"
corresponded to asymmetric NH; deformation and symmetric
NH; deformation, respectively. Bands near 1102 and 921 cm ™ *
were defined to the C-N and C-C modes, respectively. These
results are consistent with those reported by Abdel-Aal et al.®

3.2 Crystal structure

Single-crystal XRD results for [NH;(CH,)sNH;]CuCl, crystals
were obtained at 300 K. The hybrid was found to have crystal-
lized as a monoclinic system with a space group P2,/n and had
lattice constants a = 7.2224 A, b = 7.6112 A, ¢ = 23.3315 A, 8 =
91.930°, and Z = 4. Table 1 lists single-crystal XRD and refine-
ment data of the [NH;3(CH,)sNH;3]CuCl, crystal, and Fig. 2 shows
its structure. The Cu atom is coordinated by four Cl atoms,
forming a square planar geometry of CuCl,. The hydrogen
atoms of each formula unit are able to form hydrogen bonds N-
H---Cl. The atomic numbering scheme and thermal ellipsoids
for the H atoms are shown in Fig. 3, and their bond lengths and
angles are summarized in Table 2. The asymmetric unit
contains two half [NH;(CH,)sNH;] and one CuCl,. The detailed
results of the crystal structure are shown in ESL}
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Fig. 1 IR spectrum of [NH3(CH,)¢NHz]CuCly between 4000 and 500

cm’l at room temperature.
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Table 1 Crystal data and structure refinement for [NH3(CH,)gNHs]
CuCly at 300 K. The full data are available in the CIF files

Chemical formula CgH1gN,CuCl,
Weight 323.56

Crystal system Monoclinic
Space group P24/n

T (K) 300

a (&) 7.2224

b (&) 7.6112

c (&) 23.3315

8 (%) 91.930

zZ 4

Vv (A% 1281.83
Radiation type Mo-Ka.
Wavelength (&) 0.71073
Reflections collected 22 737
Independent reflections 3182 (Rinc = 0.0568)
Goodness-of-fit on F* 1.071

Final R indices [I > 2sigma(J)]
R indices (all data)

R; = 0.0510, wR, = 0.1214
Ry = 0.0793, WR, = 0.1407

Fig. 2 Crystal structure of [NH3(CH,)sNH3]CuCly at 300 K [A.R. Lim
CCDC 2170927].

Further, XRD powder patterns of the [NH;3(CH,)sNH;3]CuCl,
crystal were obtained at different temperatures during heating,
and the results are shown in Fig. 4. The XRD patterns at 300 and

Cl1

Cul Cla

Cl2

ci3

Fig. 3 Thermal ellipsoid plot (50% probability) for structure of [NHz(-
CH2)6NH3]CUCl4.
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Table 2 Bond-lengths (A) and Bond-angles (°) at 300 K*

Bond-length (A) and Bond-angle (°)

Cl(1)-Cu(1) 2.2905 (12)
Cl(2)-Cu(1) 2.3093 (12)
CI(3)-Cu(1) 2.2891 (12)
Cl(4)-Cu(1) 2.3031 (12)
N(1)-C(1) 1.495 (7)
C(1)-C(2) 1.445 (8)
C(2)-C(3) 1.536 (9)
C(3)-C(3)_c 1.517 (13)
C(3)_c-C(2)_c 1.508 (8)
C(2)_c-C(1)_c 1.481 (8)
Cl(2)-Cu(1)-C1(3) 90.27 (4)
Cl(2)-Cu(1)-Cl(4) 179.71 (5)
Cl(3)-Cu(1)-Cl(4) 89.51 (4)
Cl(2)-Cu(1)-Cl(1) 89.74 (5)
Cl(3)-Cu(1)-Cl(1) 179.83 (5)
Cl(1)-Cu(1)-Cl(4) 90.47 (4)

¢ Symmetry operations: (a) —x +3/2,y —1/2, —z +1/2; (b)
—z+1/2.

—x+1/2,y+1/2,

350 K were identical, and the XRD patterns at temperatures
above 370 K were the same as those at 380 and 400 K. At 360 K
(red), it can be seen that the phase at 350 K and the phase at 370
K coexist. The XRD pattern taken at 360 K showed a clear change
in symmetry associated with a phase transition. The final
pattern (olive) is depicted after being cooled down to room
temperature (300 K). It shows that the crystal undergoes an
reversible phase transition as is clearly seen by the differences
of the XRD powder pattern obtained at 300 K before heating and
300 K after cooling.

3.3 Phase transition

Fig. 5 shows the results of heating and cooling at a speed of 10
°C min ' for the DSC experiment on [NH;(CH,)sNH;]CuCl,
crystals. As a result of heating, an endothermic peak was
observed at 363 K, and an exothermic peak due to cooling was
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Fig. 4 Powder X-ray diffraction patterns of [NH3(CH,)gNH3]CuCly at
different temperatures.
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Fig. 5 Differential scanning calorimetry (DSC) curves for heating and
cooling in [NH3(CH)sNHz]CuCly.

observed at 338 K. The temperature of 363 K shown in the DSC
curve is the same as the change at 360 K, as shown in the XRD
results. This temperature was expressed as the phase transition
temperature T (H) (=363 K) and T¢ (C) (=338 K) according to
heating and cooling, respectively.

3.4 Thermal properties

The TGA and differential thermal analysis (DTA) experimental
results were measured at the same heating rate used in the DSC
experiment to understand the thermal properties, and the
results are shown in Fig. 6. Mass loss began at approximately
507 K, which represents the onset of partial thermal decom-
position. The molecular weight of the [NH;3(CH,)sNH;]CuCl,
decreased with increasing temperature. From the total molec-
ular weight (Mw = 323.57 mg), the amount of residue was
determined using eqn (1) and (2).*

Endotherm (W/g)

(%) sso sseiN

——TGA

T T T T T T T T T T T 20
300 400 500 600 700 800 900
Temperature (K)

Fig. 6 Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) curves of [NH3(CH5)gNH3]CuCly.
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{[NH,(CH,)¢NH,-HCI]CuCl, + HCl ) }/[NH3(CH,)¢NH;]
CuCl, = 88.73% (1)

{INH,(CH,)6NH,]CuCl, + 2HCl,)}/[NH5(CH,)sNH;]
CuCl, = 77.46% (2)

The losses of 11% and 23% calculated from the molecular
weight were affected by the decomposition of HCI and 2HCI,
respectively, and the temperature of HCI and 2HCI loss ob-
tained by TGA experiment were 527 and 584 K. Near 900 K, the
weight loss of 70% occurred. The mass sharply decreased
between 510 and 600 K, with a corresponding mass loss of 50%
near 650 K.

On the other hand, to support the DSC and TGA results, the
morphology of single crystals with changing temperature is
observed using an optical polarizing microscopy experiment.
The crystal was light brown at room temperature. As the
temperature increased, the crystal turned brown, and the crystal
was dark brown above 490 K. Finally, the surface of the single
crystal was slightly melted near 540 K. However, the two small
endothermic peaks near 345 and 370 K in the DTA curve were
assigned to the phase transition temperature detected during
cooling and heating, respectively, in the DSC results.

3.5 'H MAS NMR spectrum

The 'H MAS NMR spectra of [NH;(CH,)¢NH;]CuCl, crystals
were measured while increasing the temperature, and the
results of in situ "H chemical shifts between 180 and 410 K are
shown in Fig. 7. At low temperatures, only one resonance signal
for "H of NH; was recorded and the line width for *H of CH, was
too broad to be measured. However, as the temperature
increased, the NMR spectrum showed two resonance lines for
NH; and CH,. At 300 K, the "H chemical shifts for NH; and CH,
were 12.14 and 2.24 ppm, respectively. The spinning sidebands

— 410K
——— 400 K
— 390K
—: 380K
— 370K
— 360K
— 350K
—— 340K
— 330K
— 320K
— 310K
—— 300K

— 290K
— 280K
— 270K
— 260K
— 250K =
— 240K
— 230K
— 220K
— 210K
—— 200K
— 190K
— 180K

60 40 20 0 20 40 60
Chemical Shift (ppm)
Fig. 7 MAS 'H NMR spectrum of [NHz(CH>5)sNHz]CuCl, above (red
region) and below Tc¢ (black region) according to the heating. The

spinning sidebands are indicated by crosses and open circles (inset:
enlarged *H NMR spectrum near T).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for NH; and CH, are marked with pluses and open circles,
respectively. The chemical shifts at temperatures below T¢
(=363 K) are represented in black, and those at temperatures
above T are represented in red. In the case of heating, the
chemical shifts change at approximately 360 K in the '"H NMR
spectrum. A detailed picture is shown in the inset of Fig. 7,
where the 'H chemical shifts of CH,, indicated by dotted lines,
are almost temperature-independent over a wide temperature
range, whereas those of NH; are discontinuous and vary
significantly near T¢. In addition, the number of protons related
to NH; and CH, in the [NH;3(CH,)sNH;] cation were 6 and 12,
respectively, and the intensity of the 'H resonance peak was
related to the number of protons. The large change in the 'H
chemical shift of NH; of the organic group near T¢ is due to the
change in N-H---Cl hydrogen connected by the inorganic group.

3.6 '3C MAS NMR spectrum

The '*C chemical shifts for the in situ MAS NMR spectra for
heating and cooling are shown in Fig. 8 and 9, respectively. The
TMS reference signal for **C at 300 K was recorded at 38.3 ppm,
and this value was taken as the standard for the **C chemical
shift. In the [NH3(CH,)sNH;] cation, CH, close to NH; at both
ends of the organic chain was designated C1, CH, at the middle
of 6 CH, chains was designated C3, and CH, between C1 and C3
was designated C2, as shown in the inset of Fig. 8. Fig. 8 shows
the C MAS NMR spectra measured during heating. At low
temperatures, 4-5 resonance lines were reduced to three reso-
nance lines near T¢. Here, the spectrum below the phase tran-
sition temperature of 360 K is shown in black, and the spectrum
above 360 K is shown in red. In addition, the chemical shifts of
C1 changed rapidly with temperature compared to those of C2
and C3. These results show that C1, which is close to N, has the
greatest change with temperature. On the other hand, in the
case of cooling, the results of the *C MAS NMR spectrum are
presented in Fig. 9; it shows that the spectrum changes near 350
K, which is slightly different from the 338 K obtained in the DSC
curve. Here, the phase transition temperature is depicted by the

C1 C2 c3
e —— 410K
';V-’r —— 400K
—— 390K
a_ci Ro~ddcs 2=l i vf —— 380K
N 4 /C1 5] 4 ( V‘/ 370K
c 2 YW ¥ —— 360K
2 hd X —— 350K
/ —— 340K
"J —— 330K
V —— 320K
—— 310K

— 300K
— 200K

— 280K
— 270K

— 260K

W_, )
M— 250K
W

—230K
— 220K

[®)]

c ___,_—/\__._//\"\'/\,________VMK
= Mv—:ZOOK
© /w\__/\/\_-___‘—:ww
[ —— 180K
et e e S

T
150

1([)0 ‘ 50 0 I -E:O
Chemical Shift (ppm)

Fig. 8 MAS BC NMR spectrum of [NHz(CH,)gNHs]CuCl, above (red
region) and below T (black region) according to the heating.
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380K
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: 330 K
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I X T v T v T ¥ T x T ¥ T 1
200 150 100 50 0 -50 -100 -150
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Fig. 9 MAS C NMR spectrum of [NHz(CH,)gNH3]CuCl, above (blue
region) and below T¢ (black region) according to the cooling.

blue line above T, and the black line below 7 is the boundary.
The chemical shifts were the same at all temperatures during
heating and cooling, but only the phase transition temperature
was different. At 400 K, the *C chemical shifts were recorded at
118.46, 50.94, and 27.19 ppm for C1, C2, and C3, respectively.
From this result, the surrounding environments of all the '*C
ions changed according to the temperature. Similar to the result
of H, it was found that the chemical shift of C1 close to N
changed the most. As determined from this result, C1 is most
closely connected with the N-H---Cl bond; thus, the change in
C1 is thought to be indirectly related to the change in square
planar geometry CuCl,.

For the MAS NMR probe, the difference between the set
temperature and sample temperature inside the probe was
previously reported by Guan and Stark.*® The equation for fast
MAS probe is

Ts(f) = 0.98 To + 3.79 (°C) exp(w,/19.6 kHz) —3.49 (°C) (3)

where T is the set temperature and w, is the MAS spinning rate.
For instance, a set temperature of 360 K for a sample spinning
rate of 10 kHz corresponds to 361 K in the fast MAS probe. The
difference in temperature shown by DSC and NMR is very small
for this fast MAS probe.

3.7 'H and “>C spin-lattice relaxation times

The "H and ">C MAS NMR spectra were measured with varying
delay times at each given temperature, and the plot of spectral
intensities versus delay times was found to follow a mono-
exponential function. The decay rate of the magnetization is
characterized by the spin-lattice relaxation time (T;,) as***

Prcy(t) = Prc)(0) exp(—t/T1p) (4)

where Py(g)(t) and Py c)(0) are the signal intensities for the
proton (carbon) at time t and © = 0, respectively. The 'H T,
values for NH; and CH, were determined from the slope of the
logarithm of intensities versus delay time plots at several
temperatures. The 'H Ty, results are represented in Fig. 10 as
a function of the 1000/temperature. The'H T}, values are nearly
independent of temperature on the order of 10 ms. Here, the 'H
T, values in NH; are shorter than those in CH,. In addition, the
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Fig. 10 Temperature dependences of *H and *C NMR spin-lattice
relaxation times Ty, in [NH3(CH2)eNH3z]CuCla.

3C Ty, values for C1, C2, and C3 were obtained from the slope
of their '*C recovery traces. The '*C Tj, values increase rapidly
from 10 to 400 ms. The behavior of T;, for random motions with
correlation time 7¢ is described by fast motion with increasing
temperature. 'H and "°C T, values at low and high tempera-
tures were represented in the fast motion regime, where w;7¢ « 1
and Ty, o exp(E./ksT).* The reason the T;, value of C1 is less
than the T, values of C2 and C3 is that the C-C bond length
represented by C2 and C3 is 1.526 A, and the C-N bond length
represented by C1 is 1.495 A, which is shorter than C2 and C3.
The T, value is proportional to the bond length, r°.* In addi-
tion, the Ty, of C1 located close to the paramagnetic Cu** ion is
shorter than the T;, values of C2 and C3 located far from Cu*",
as expected. That is, T}, is related to the magnetic moment of
the paramagnetic ion; it is inversely proportional to the square
of this value.

4. Conclusions

To understand the structural, thermodynamic, and physico-
chemical properties of the hybrid perovskite [NH;z(CH,)sNH;]
CuCl, crystal, XRD, DSC, TGA, and NMR experiments were
performed. First, the [NH;(CH,)sNH;]CuCl, crystals at 300 K
belong to a monoclinic system with a space group P2,/n, and the
lattice constants are a = 7.2224 A, b = 7.6112 A, ¢ = 23.3315 A,
8 =91.930°, and Z = 4 (CCDC 2170927). The phase transition
temperature was determined to be T = 363 K based on the DSC
results and XRD powder patterns. And, its thermal stability was
observed at about 507 K. Second, from the NMR experimental
results, the 'H chemical shifts in NH; and the influence of C1
located close to NH; near T¢ are large, which implies that the
structural change of CuCl, linked to the N-H---Cl is large. On
the other hand, the 'H Ty, values in NH; are shorter than those
in CH,, and the "*C Tj, values for C1 located close to NH; are
shorter than the T;, values of C2 and C3. The T}, value of C1
located close to the paramagnetic Cu®" ion is shorter than the
T1, values of C2 and C3 located far from Cu®" because of the
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magnetic moment of the paramagnetic ion. Consequently, the
main contribution to the phase transition was the structural
change of the N-H---Cl hydrogen bond and was associated with
the reorientational dynamics of the CuCl, anion. The role on N-
H---Cl hydrogen bond in this study will be helpful of hybrid
perovskite types for their applications in fuel cell and solar cell.
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