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ABSTRACT: A comprehensive understanding of the physicochemical properties
of organic−inorganic hybrids is essential for their solid-state lighting applications.
Therefore, a single crystal of [NH2(CH3)2]2CdBr4 was grown; the crystal structure
was monoclinic, and the phase transition temperatures for the four phases IV, III,
II, and I were 383 K (TC1), 417 K (TC2), and 427 K (TC3). Furthermore, the
chemical shifts caused by the local field around 1H, 13C, 14N, and 113Cd changed
continuously with temperature, especially near TC1, indicating that the local
environment changes with temperature. Owing to the large change in 113Cd
chemical shifts, the coordination geometry of Br around Cd in the CdBr4
tetrahedra changes near TC1. Therefore, it is proposed that Br plays a significant
role in the N−H···Br hydrogen bond. Finally, the spin-lattice relaxation time T1ρ,
representing the energy transfer around the 1H and 13C atoms of the cation,
changed significantly with temperature. The activation energies obtained from the
T1ρ results were two times larger at high temperatures than at low temperatures. This study provides an understanding of the
fundamental properties of organic−inorganic hybrid compounds to broaden their applications.

1. INTRODUCTION
Organic−inorganic hybrid compounds are of great interest for
various applications such as sensors, fuel cells, solar cells, light-
emitting transistors, and light-emitting diodes.1−4 Additionally,
organic−inorganic hybrid perovskite materials are applied in
ferroelectrics, dielectric switches, and optical switches.5−11

Recently, CH3NHPbX3 (X = Cl, Br, I) has been used for solar
cells, but these materials are easily degraded in humid air and
are toxic because of the presence of Pb. Therefore, the
development of eco-friendly hybrid perovskite solar cells is
urgently required.12−16 As new alternatives, two-dimensional
compounds such as [NH3(CH2)nNH3]MX4 (n = 1, 2, 3,...; M2+

= divalent transition metal, Mn, Co, Cu, Zn, Cd, or Pb; X =
halogen, Cl, Br, or I)17−28 and [(CnH2n+1NH3)]2MX4 are
examples of organic−inorganic hybrids that have recently
attracted considerable attention.29−37 Moreover, it is necessary
t o s t u d y t h e h y d r o g e n - b o n d s t r u c t u r e o f
[NH2(CH3)n]2MX4,

38−44 which is different than that of
[NH3(CH2)nNH3]MX4 with three H atoms bonded to one N.
One of these alternatives, dimethylammonium tetrabromo-

cadmate (II), [NH2(CH3)2]2CdBr4,
38,39 is a member of

[NH2(CH3)n]2MX4, which belongs to the A2MX4 group,
where A+ is a univalent cation. These crystals undergo several
structural phase transitions, which are commonly associated
with the ordering of hydrogen bonds and the corresponding
changes in the molecular dynamics of [NH2(CH3)2]+ ions.
The individual MX4 tetrahedral anions in these materials are

completely isolated and surrounded by organic [NH2(CH3)2]+

cations. Recently, increased interest in the hybrids based on
the halo-Cd hybrids has been observed due to their
photoluminescent properties. Specifically, these materials
exhibit white-light emission, rendering them suitable potential
light sources for solid-state lighting applications. Also, some
representatives of halogenocadmate (II) hybrids display
semiconducting properties, making them applicable in color
lighting or displays.
[NH2(CH3)2]2CdBr4 was demonstrated to undergo three

structural phase transitions at 380, 413, and 426 K.39 At 300 K,
the [NH2(CH3)2]2CdBr4 crystal exhibited a monoclinic
structure with a P21/n space group and its lattice constants
were a = 8.158 Å, b = 11.632 Å, c = 15.166 Å, β = 94.82°, and
Z = 4.38 The structure consisted of [CdBr4]2+ anions and
nonequivalent [NH2(CH3)2](1) and [NH2(CH3)2](2) cati-
ons. The structure comprised infinite chains of face-sharing
CdBr4 tetrahedra with the [NH2(CH3)2]+ ions located in the
free space between the chains. Notably, the slightly deformed
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CdBr4 tetrahedra were linked to organic [NH2(CH3)2] cations
via N−H···Br hydrogen bonds.38

In this study, single crystals of [NH2(CH3)2]2CdBr4 are
grown using an aqueous solution method, and their structures
and phase transition temperatures (TC) are characterized using
single-crystal X-ray diffraction (XRD), powder XRD, and
differential scanning calorimetry (DSC). Additionally, ther-
mogravimetry analysis (TGA) is performed to gain a better
understanding of the thermal properties of the samples. To
characterize the coordination geometry of the 1H, 13C, 14N,
and 113Cd atoms in the samples, 1H magic-angle spinning
nuclear magnetic resonance (MAS NMR), 13C MAS NMR,
14N static NMR, and 113Cd static NMR chemical shifts are
obtained as a function of temperature. Based on the results, the
N−H···Br hydrogen bond between the cation and anion is
discussed. Moreover, 1H and 13C spin-lattice relaxation times
T1ρ representing the energy transfer around the 1H and 13C
atoms of the cation are discussed, and their activation energies
Ea are determined. The results of the single-crystal structure
and physicochemical properties are predicted to provide
important information on the fundamental mechanism of
organic−inorganic hybrid compounds.

2. RESULTS AND DISCUSSION
2.1. Crystal Structure. Single-crystal XRD results for the

[NH2(CH3)2]2CdBr4 crystal were obtained at 300 K. The
synthesized crystal had a monoclinic system with a P21/n space
group, and lattice constants of a = 8.2528 (9) Å, b = 11.7833
(14) Å, c = 15.3589 (18) Å, β = 94.726°, Z = 4 (CCDC
number 2256555). The CIF file result of SCXRD for the
crystal structure at 300 K is shown in the Supporting
Information. These results are consistent with those previously
reported.38 Figure 1 shows the crystal structure and thermal

ellipsoids for each atom, and the XRD data for the
[NH2(CH3)2]2CdBr4 crystal are listed in Table 1. This
compound is characterized by the N−H···Br hydrogen bonds
connecting the two types of nonequivalent [NH2(CH3)2](1)
and [NH2(CH3)2](2) cations to the [CdBr4] anion. The
average bond length for Cd−Br was 2.5815 Å, and those for
nonequivalent N(1)−C and N(2)−C were 1.466 and 1.473 Å,
respectively.

2.2. Phase Transition Temperatures. Figure 2 shows
two strong endothermic peaks at 383 and 439 K with

enthalpies of 12.93 and 17.14 kJ/mol, respectively. A weak
endothermic peak was observed at 427 K with an enthalpy of
3.21 kJ/mol. Additionally, a minor peak with an enthalpy of 79
J/mol was observed at 417 K near the 427 K peak, as shown in
the magnified inset in Figure 2. Starting at 200 K, these four
phases are denoted as phase IV (below 383 K), phase III
(between 383 and 417 K), phase II (between 417 and 427 K),
and phase I (above 427 K).
To determine whether these four endothermic peaks

represent the phase transition or melting temperatures, the
changes in the single crystal with increasing temperature were
observed using an optical polarizing microscope. Up to 430 K,
the single crystal remained almost unchanged, but the surface
of the single crystal started to melt above 439 K.
Additionally, powder XRD experiments were performed

with increasing temperature in the measurement range of 5−

Figure 1. (a) Crystal structure and (b) thermal ellipsoids (50%
probability) and numbering of the atoms for the structure of
[NH2(CH3)2]2CdBr4 at 300 K (CCDC number 2256555).

Table 1. Crystal Data and Structure Refinement for
[NH2(CH3)2]2CdBr4 at 300 K

chemical formula C4H16N2CdBr4
weight 524.23
crystal system monoclinic
space group P21/n
T (K) 300
a (Å) 8.2528 (9)
b (Å) 11.7833 (14)
c (Å) 15.3589 (18)
β (°) 94.726 (4)
Z 4
V (Å3) 1488.5
radiation type Mo Kα
wavelength (Å) 0.71073
reflections collected 27,266
independent reflections 3667 (Rint = 0.0487)
goodness of fit on F2 1.033
final R indices [I ≥ 2σ(I)] R1 = 0.0313, wR2 = 0.0593
R indices (all data) R1 = 0.0499, wR2 = 0.0648

Figure 2. Different ia l scanning calor imetry curve of
[NH2(CH3)2]2CdBr4 measured at a heating rate of 10 °C/min. A
small peak marked TC2 near TC3 is shown magnified in an elliptical
shape.
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65° (2θ), as shown in Figure 3. The XRD powder patterns
recorded below 380 K (black) differed from those recorded

above 390 K (red). This difference is related to the structural
phase transition at TC1 (383 K). Furthermore, the XRD
patterns recorded above 390 K differed from those recorded at
420 K (blue). Moreover, the XRD pattern recorded at 420 K
differed from that obtained at 430 K (olive), exhibiting a
distinct change. Finally, the pattern at 450 K was completely
different from those at temperatures below 450 K, and no
crystallinity was observed, indicating that it is the melting
point. Additionally, the simulated XRD pattern based on the
CIF file at 300 K is shown in Figure 3, which agrees well with
the experimental pattern. The peaks observed in this
diffractogram are indexed with Mercury program.
The phase transition and melting temperatures determined

by the powder XRD and optical polarizing microscope results
are consistent with the endothermic peaks obtained from the
DSC curves. Therefore, based on the DSC, XRD, and
polarizing microscopy results, the phase transition temper-
atures are TC1 = 383 K, TC2 = 417 K, and TC3 = 427 K, and the
melting temperature is Tm = 439 K.

2.3. Thermal Property. The TGA curve of the
[NH2(CH3)2]2CdBr4 crystal with increasing temperature is
shown in Figure 4. The partial decomposition temperature was
observed at 547 K, corresponding to a weight loss of 2%.
Therefore, this material is thermally stable up to 547 K. The
molecular weight of the [NH2(CH3)2]2CdBr4 crystal decreased
rapidly as the temperature increased owing to partial
decomposition. From the total molecular weight of 524.23
mg, the amounts remaining after partial decomposition of HBr
and 2HBr were obtained using the TGA data and the following
chemical reactions:45

{[ ] · + } [ ]

=

NH(CH ) HBr CdBr (s) HBr(g) / NH (CH )

CdBr 84.56%
3 2 2 2 2 3 2 2

4 (1)

{[ ] + } [ ]

=

NH(CH ) CdBr (s) 2HBr(g) / NH (CH )

CdBr 69.13%
3 2 2 2 2 3 2 2

4 (2)

Molecular weight losses of 25 and 31% were observed after
decomposition of HBr and 2HBr, respectively. The initial
weight loss (25%) occurred in the temperature range of 550−
600 K, and the second decomposition (31%) occurred in the
temperature range of 623 K.
In contrast, three endothermic peaks were observed at 383,

425, and 438 K in the differential thermal analysis (DTA)
curve, which is the differential form of the TGA curve, and are
in good agreement with the phase transition and melting
temperatures determined by DSC. The large endothermic peak
observed near 623 K is in good agreement with the 2HBr
decomposition temperature calculated from the total weight of
the crystal. Moreover, total weight loss occurred at temper-
atures above 800 K.

2.4. 1H and 13C MAS NMR Chemical Shifts. The in situ
NMR chemical shifts for 1H in the [NH2(CH3)2]2CdBr4
crystal were recorded for phases IV, III, and II, as shown in
Figure 5. For phase IV, the 1H NMR signals of NH2 and CH3

Figure 3. Powder X-ray diffraction patterns of [NH2(CH3)2]2CdBr4
at phases IV (black), III (red), II (blue), and I (green). XRD pattern
of 450 K (orange) is for the melting temperature. And, the simulation
XRD pattern at 300 K is displayed in magenta color.

Figure 4. Thermogravimetric analysis and differential thermal analysis
curves of [NH2(CH3)2]2CdBr4.

Figure 5. In situ 1H MAS NMR chemical shifts of NH2 and CH3 in
[NH2(CH3)2]2CdBr4 at phases IV, III, and II. And, the open circles
are the sidebands for 1H in CH3 (inset: change of linewidth as a
function of temperature).
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completely overlapped, and only one signal was obtained. The
sidebands in the 1H spectrum for phase IV are represented by
open circles. The 1H chemical shifts barely changed as the
temperature increased, whereas the 1H signals of NH2 and
CH3 for phase III began to separate. The 1H coordination
geometry for NH2 changed near TC1. These results indicate
that the 1H coordination geometry for CH3 remains
unchanged with increasing temperature, whereas that for
NH2 changes.
Conversely, the full width at half-maximum of the 1H NMR

signal decreased with increasing temperature, as shown in
detail in Figure 5. The linewidth of the 1H NMR signal
decreased from approx. 7 to 1 ppm as the temperature
increased and showed a distinct decrease at TC2, similar to the
change in 1H chemical shifts. This trend indicates that the
mobility of 1H becomes very active at high temperatures.
Additionally, the in situ 13C NMR chemical shifts in

[NH2(CH3)2]2CdBr4 were measured for phases IV, III, and

II with increasing temperature, as shown in Figure 6. Only one
13C signal was observed for the two CH3 groups in the crystal
structure; thus, the structural environments for these two CH3
groups are identical. The 13C NMR chemical shift obtained at
300 K was observed at 37.84 ppm. The chemical shifts for
phases IV and III shifted in the positive direction, and the 13C
chemical shifts discontinuously changed near TC1, similar to
the 1H NMR results. The linewidths shown in the inset in
Figure 6 were very small compared to the 1H linewidths, and
the linewidths decreased with increasing temperature but
remained almost constant at temperatures above 280 K.

2.5. Static 14N and 113Cd NMR Chemical Shifts. The
static NMR spectrum for 14N in NH2 at the center of the
cation in the [NH2(CH3)2]2CdBr4 single crystal is shown in
Figure 7. NMR spectra were obtained in the temperature range
of 180−380 K, and the direction of the magnetic field and
single crystal were measured in an arbitrary direction. The spin
number of 14N is I = 1, and therefore two resonance signals
were expected owing to the quadrupole interaction.46 Notably,
it was very difficult to obtain 14N NMR spectra owing to the

low Larmor frequency. Because the intensity was very weak
and the linewidth was broad, it was difficult to obtain the 14N
NMR signals, as shown in Figure 7. The [NH2(CH3)2]2CdBr4
structure consists of complex [CdBr4] anions, and
[NH2(CH3)2](1) and [NH2(CH3)2](2) cations. The struc-
tural properties of N(1) and N(2) in the two [NH2(CH3)2]+
groups were determined based on the 14N NMR chemical
shifts. The chemical shifts of the 14N NMR spectra obtained at
several temperatures are shown in Figure 7. The N(1)
chemical shifts represented by red squares decreased with
increasing temperature, whereas the N(2) chemical shifts
represented by blue circles slightly increased. The pairs for 14N
are indicated by the same symbols, and N(1) and N(2) were
arbitrarily named. The linewidth at 300 K was very broad at
approximately 80 ppm. However, 14N signals were not easily
detected at temperatures near TC1. The two groups of 14N
signals demonstrate the presence of two nonequivalent N sites.
Additionally, it was confirmed that there were different N(1)
and N(2) sites, as shown in the single-crystal XRD results. The
continuous change in the N(1) and N(2) chemical shifts with
increasing temperature indicates a change in the coordination
geometry of the local environment of N.
Based on the information obtained from 113Cd chemical

shifts, the changes in the structural environment around Cd in
the anion CdBr4 were evaluated. The spin number of 113Cd is I
= 1/2, and therefore only one resonance signal was expected.46

The static 113Cd NMR chemical shifts of the three phases are
shown in Figure 8. The chemical shift of 113Cd at 300 K was
386.93 ppm, and the linewidth was broad at approx. 30 ppm.
113Cd NMR spectra measured at 180 and 420 K are shown in
the inset in Figure 8. The linewidth at 180 K was much wider
than that at 420 K, indicating that the mobility of Cd increases
with increasing temperature. In contrast to the 1H and 13C
chemical shifts, the 113Cd chemical shifts continuously changed
toward negative values, and the chemical shifts near TC1
showed discontinuous variation. Based on these results, it is
proposed that the change in Br closest to Cd is large.

2.6. 1H and 13C NMR Spin-Lattice Relaxation Times.
To obtain the spin-lattice relaxation time T1ρ, the intensities of
the NMR signals in the 1H and 13C NMR spectra were
measured with increasing delay times. The decay curves of the

Figure 6. In situ 13C MAS NMR chemical shifts in
[NH2(CH3)2]2CdBr4 at phases IV, III, and II (inset: change of
linewidth as a function of temperature).

Figure 7. Static 14N NMR chemical shifts in [NH2(CH3)2]2CdBr4 as
functions of temperature. The peaks indicated by the red squares are
for N(1) site and the peaks indicated by the blue circles are for N(2)
site (inset: 14N NMR spectrum at 315 K).
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change in the signal intensities and delay times are expressed
by the following equation46−48

=I t I t T( ) (0)exp( / )1 (3)

where I(t) is the intensity of the spectrum at time t and I(0) is
the intensity of the spectrum at time t = 0. The T1ρ values for
1H and 13C in [NH2(CH3)2]2CdBr4 were obtained using eq 3,
and the results are shown in Figures 9 and 10 as a function of

inverse temperature. The chemical shifts for 1H in NH2 and
CH3 were almost independent of temperature, but the T1ρ
values were strongly dependent on temperature. As the
temperature increased, T1ρ rapidly decreased, exhibiting a
minimum value of 1.95 ms at 230 K and a second minimum
value of 2.74 ms at 310 K. Additionally, T1ρ was rapidly
decreased at temperatures above TC1 and then rapidly
increased at temperatures above TC3. The T1ρ values of 1H
have two minima at 230 and 310 K, indicating molecular
motion according to the Bloembergen−Purcell−Pound (BPP)
theory. These T1ρ minima are attributable to the reorienta-
tional motion of 1H in NH2 and CH3. Therefore, the

experimental value of T1ρ can be expressed by the correlation
time τC for molecular motion, where the τC value is determined
as follows:44,46

= { [ + ] +

[ + ] + [ + ]

+ [ + + ]
+ [ + ]}

T R(1/ ) 4 / 1

/ 1 ( ) 3 / 1

6 / 1 ( )

6 / 1

1 C 1
2

C
2

C

C H
2

C
2

C C
2

C
2

C C H
2

C
2

C H
2

C
2 (4)

where R is a constant, ω1 is the spin-lock field, and ωC and ωH
are the Larmor frequencies for carbon and protons,
respectively. The data were analyzed by assuming that T1ρ
had the lowest value when ω1τC = 1, and the relationship
between T1ρ and the radio frequency power of the spin-lock
pulse ω1 was applicable. Because the T1ρ curves exhibited
minima, the coefficient R in eq 4 can be obtained. Based on the
obtained value for R, the τC values were calculated as a
function of temperature. The local field fluctuation is owing to
the thermal motion of protons and carbon atoms, which are
activated by thermal energy. The τC of motion is generally
assumed to have Arrhenius dependence on the activation
energy for motion and temperature.44,46

= ° E k Texp( / )C C a B (5)

where Ea and kB are the activation energy of motion and the
Boltzmann constant, respectively. The magnitude of Ea
depends on the molecular dynamics. To determine the
molecular dynamics, the logarithmic scale of τC represented
by red circles as a function of 1000/T is shown in Figure 9.
Based on the slopes of the dotted lines at low and high
temperatures for phase IV, Ea was found to be 31.78 ± 3.41
and 27.88 ± 2.45 kJ/mol, respectively. Additionally, the Ea
value obtained from the slope of T1ρ as a function of inverse
temperature for phase III was 72.12 ± 0.84 kJ/mol. Therefore,
the difference in Ea between phases IV and III near TC1 was
very large.
For 13C, the T1ρ values shown in Figure 10 changed

significantly at the phase transition temperature of TC1. As the
temperature increased, T1ρ exhibited a small minimum value of
18.22 ms at 190 K, a second minimum value of 13.18 ms at
260 K, and a third minimum value of 71.49 ms at 340 K.

Figure 8. Static 113Cd NMR chemical shifts in [NH2(CH3)2]2CdBr4
at phases IV, III, and II (inset: 113Cd NMR spectrum at 180 K and
420 K).

Figure 9. 1H NMR spin-lattice relaxation times T1ρ in
[NH2(CH3)2]2CdBr4 at phases IV, III, II, and I (inset: the slopes of
dotted lines are represented as the activation energies by the
correlation times as a function of inverse temperature).

Figure 10. 13C NMR spin-lattice relaxation times T1ρ in
[NH2(CH3)2]2CdBr4 at phases IV, III, and II (inset: the slopes of
dotted lines are represented as the activation energies by the
correlation times as a function of inverse temperature).
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Moreover, T1ρ was rapidly shortened at temperatures above
TC1. The T1ρ values of 13C exhibited three minima at 190, 260,
and 340 K, indicating that molecular motion occurs according
to the BPP theory. These minimum values of T1ρ are clearly
attributable to the reorientational motion of 13C in CH3. The
experimental values of T1ρ were expressed in terms of the τC.
The logarithmic scale of τC represented by blue squares as a
function of 1000/T is shown in Figure 10. Based on the slopes
of the dotted line at low and high temperatures for phase IV, Ea
was found to be 18.22 ± 3.41, 21.07 ± 2.45, and 28.78 kJ/mol,
respectively. Additionally, the Ea value obtained from the slope
of T1ρ as a function of inverse temperature for phase III was
55.66 ± 0.84 kJ/mol. Therefore, the difference in Ea between
phases IV and III near TC1 was very large, which is similar to
the 1H results.

3. CONCLUSIONS
The physicochemical properties of the organic−inorganic
hybrid [NH2(CH3)2]2CdBr4 crystal are discussed. First, the
monoclinic structure of this crystal was confirmed by single-
crystal XRD, and the three-phase transition temperatures of
383, 417, and 427 K were determined using DSC and powder
XRD analyses. This crystal had a good thermal stability of
approximately 547 K, and weight loss was observed with
increasing temperature owing to thermal decomposition, which
resulted in the loss of HBr and 2HBr moieties. Second, the
chemical shifts were caused by the local field around the
resonating nucleus. Moreover, the 1H, 13C, 14N, and 113Cd
NMR chemical shifts changed continuously with temperature,
especially at TC1, suggesting that the local environment
changed with temperature. Owing to the large change in
113Cd chemical shifts, the coordination geometry of Br around
Cd in CdBr4 tetrahedra changes near TC1. Therefore, it is
known that Br plays an important role in the N−H···Br
hydrogen bond.49−52 Finally, 1H T1ρ and 13C T1ρ values, which
represent the energy transfer around the 1H and 13C atoms of
the cation, changed significantly with temperature, indicating
that the T1ρ values for 1H and 13C are governed by tumbling
motions. The activation energies derived from the results of
the NMR T1ρ experiments for molecular motion were very
high at high temperatures. Based on the basic mechanism
obtained for the [NH2(CH3)2]2CdBr4 crystal, it is expected
that the application of this organic−inorganic material is
possible.

4. EXPERIMENTAL SECTION
4 . 1 . C r y s t a l G r o w t h . S i n g l e c r y s t a l s o f

[NH2(CH3)2]2CdBr4 were synthesized using dimethylammo-
nium bromide (Aldrich, 98%) and CdBr2·4H2O (Aldrich,
98%) in a ratio of 2:1. The mixture was stirred and heated to
obtain a homogeneous solution. Subsequently, the mixture was
filtered through a filter paper, and transparent colorless single
crystals were grown by gradual evaporation for a few days in a
temperature-controlled oven at 300 K.

4.2. Characterization. The structure and lattice parame-
ters of the [NH2(CH3)2]2CdBr4 crystal were determined at
300 K using a single-crystal XRD system at the Korea Basic
Science Institute (KBSI) Western Seoul Center. Powder XRD
patterns were measured at several temperatures at the same
facility. The experimental conditions for the two XRD
measurements are described in previously reported results.45

DSC measurements were performed on a DSC instrument
(TA Instruments, DSC 25) in the temperature range of 200−
573 K at a heating rate of 10 K/min under nitrogen gas flow.
The amount of sample used in the DSC experiment was 6.3
mg.
Additionally, TGA was performed in the temperature range

of 300−873 K at a heating rate of 10 K/min under nitrogen gas
flow.
The MAS NMR chemical shifts and spin-lattice relaxation

time T1ρ of the [NH2(CH3)2]2CdBr4 crystals were measured
using a solid-state NMR spectrometer (AVANCE III+, Bruker)
at the KBSI Western Seoul Center. The Larmor frequency for
the 1H NMR experiment was 400.13 MHz, and that for the
13C NMR experiment was 100.61 MHz. MAS NMR
measurements of the samples in cylindrical zirconia rotors
were performed at a spinning rate of 10 kHz to reduce the
spinning sideband. Chemical shifts were referenced to standard
materials adamantane and tetramethylsilane (TMS) for 1H and
13C, respectively, to accurately measure the chemical shifts of
the samples. T1ρ values were measured using a π/2 − τ pulse
with a spin-lock pulse of duration τ. Static 14N NMR chemical
shifts were recorded using the one-pulse method at a Larmor
frequency of 28.90 MHz, and NH4NO3 was used as the
standard sample. Furthermore, static 113Cd NMR chemical
shifts were measured at a Larmor frequency of 88.75 MHz, and
the chemical shift of CdCl2O8·6H2O was used as the standard
sample.
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