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Cation dynamics in (n-C3H,NH;),CdCl, and (n-C3H;ND;),CdCl, were investigated by 'H, *H,
and "*C NMR measurements. An overall motion of the cation being associated with the fluctuation
of the molecular axis is suggested to be activated with increasing temperature. The cationic motion
is enhanced at the counter side of the -NH;* group probably because the group is bound with the
inorganic layer through the N-H...Cl hydrogen bonds.
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1. Introduction

Layered perovskite-type compounds with the gen-
eral formula (C,,Hs,,+1NH;),MX,, where M and X
express divalent metals and halogen ions, respec-
tively, have interesting electronic properties as non-
linear optical materials [1 - 3], and the dynamics of
their cations in the two-dimensional structure are use-
ful as model of lipid membranes [4, 5]. These com-
pounds consist of inorganic layers of corner-sharing
MX, octahedra and organic layers of alkylammonium
ions. The -NH;* polar heads of the alkylammonium,
forming NH...X hydrogen bonds with halogen atoms,
occupy cavities among the octahedra. Some of propy-
lammonium salts with this structure have been re-
ported to undergo a transition to the incommensurate
(IC) phase [6 - 9]. The cation dynamics and interionic
interactions through hydrogen bonds are expected to
be closely related with the physical properties and
mechanisms of structural phase transitions in these
materials.

Bis(n-propylammonium) tetrachlorocadmate (n-
C;H;NH;),CdCl, (abbreviated to PACC), belonging
to this group of layered compounds have been re-
ported to undergo phase transitions at 178.7, 156.8

and 105.5 K [10] and show a normal (N) - IC -
commensurate (C) - commensurate (C') phase tran-
sition sequence with decreasing temperature [7]. In
the N phase, which has an orthorhombic lattice with
space group Abma (Z = 4), the propylammonium
ions are disordered between two equivalent orien-
tations, related by a mirror plane perpendicular to
the b-axis [11]. In the IC phase with the superspace
group PAP™2_ the modulation vector g = 0.418 b* was
reported to be independent of temperature [12]. The
IC modulation of the CdCly octahedra is related to
rotation around the a-axis and translation along the
c-axis. Thus, the position of the nitrogen atoms in the
propylammonium chains gets modulated through hy-
drogen bonds to halogens [12]. In the C phase with
space group Pbca (Z = 4), the angular fluctuation of
octahedra about the a-axis is locked-in, and the orien-
tation of the propylammonium ions is ordered [12].

In the present study, temperature dependences
of the '"H NMR spin-lattice relaxation time 7T} in
PACC and in a partially deuterated analogue (n-
C,H,ND;),CdCl, (PACC-d;), *H NMR spectra in
each phase of PACC-d;, and '*C MAS NMR spectra
and 77 in PACC at room temperature were measured
in order to clarify the cation dynamics.
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2. Experimental

PACC crystals were obtained by slow cooling from
about 350 K to room temperature of an aqueous solu-
tion containing stoichiometric amounts of cadmium
chloride and propylammonium chloride with an ad-
ditional small amount of hydrochloric acid. Chemical
analysis, found: C = 19.26, H = 5.48, N = 7.38(%);
caled.: C =19.24, H = 5.38, N = 7.48(%). PACC-d,
was prepared by crystallizing PACC three times from
heavy water. The obtained powdered crystals were
put in glass tubes, dried in vacuo and then sealed
with nitrogen gas for differential thermal analysis
(DTA) and NMR measurements. In the DTA mea-
surements the sample temperature was determined
within £0.2 K with a chromel-constantan thermo-
couple.

The 'H NMR spin-lattice relaxation times 7, were
measured with home made pulsed NMR spectrom-
eters at a Larmor frequency of 41.6 MHz using the
180°-7-90° pulse sequence in temperature ranges 92 -
360 K and 92 - 350 K for PACC and PACC-d;, respec-
tively. The accuracy of the temperature measurement
was +0.2 K and the uncertainty in 'H 7, was es-
timated within 10%. *H NMR spectra in PACC-d,
were measured with a Bruker MSL-300 NMR system
at46.1 MHz in a temperature-range 131 - 356 K. The
sample temperature was controlled within +1 K with
a VT-1000 temperature controller and determined by
a copper-constantan thermocouple with the same ac-
curacy. A *C MAS NMR spectrum in PACC at room
temperature (ca. 295 K) was taken at 67.9 MHz using
a JEOL EX-270 spectrometer. The sample was ro-
tated at 4 kHz. The spectrum was obtained by Fourier
transform of free induction decay accumulated un-
der 'H decoupled condition. The inversion recovery
method was used in the *C 7| measurements. For
the standard of 3C NMR chemical shift, adamantane
was used, in which the two kinds of carbons denote
29.5 and 38.6 ppm. The uncertainty in 3C T, was
estimated to be within 20%.

3. Results and Discussion

3.1. Phase Transition Temperatures Observed
by DTA

DTA thermograms measured on heating showed
endothermic anomalies due to phase transitions at
101.441, 155.440.5, and 178.8£1 K in PACC. They
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Fig. 1. >H NMR spectra in PACC-d; observed at 356 K in
N phase (a), at 175 K in IC phase (b), and at 131 K in C
phase (c).

agree well with the reported phase transition temper-
atures T = 105.5, T = 156.8 and Tj- = 178.7 K in
PACC [10], respectively, and at 101.24+1, 158.4+0.5,
and 178.0£1 K in PACC-d;. The difference in T
observed in PACC and PACC-d; suggests that the
mechanism of the C-IC phase transition concerns the
hydrogen-bond.

3.2. °H NMR Spectra in PACC-d,

>H NMR spectra in PACC-d; showed line-shapes
with an asymmetry parameter of the electric field gra-
dient  ~ 0 in the whole temperature range studied,
as shown in Figure 1. From the X-ray structural anal-
ysis, a disorder of the cation has been expected in
the N phase [11]. We have examined whether the
NMR line-shape can be explained by assuming a 2-
site jump of the cation in the N phase. Using the
jumping angle of about 21° which was estimated from
the reported structure [11], n = 0.05 was evaluated
for the motionally averaged EFG tensor of the deu-
terium [13]. With this value of 7 the line-shape is
almost indiscriminable with 1 = 0, so that the 2-site
jump does not conflict with the observed line-shape.
The quadrupole coupling constant e>Qqh~! was cal-
culated from the line-shape by assuming 77 = 0 in the
C phase, where the cation is expected in ordered state,
and 77 = 0.05 in the IC and N phases. The temperature
dependence of e?Qqh~" is shown in Figure 2. The
e2Qqh~" value of 52 kHz at 131 K in the C phase is
already smaller than e*Qqh ™'\, =57 kHz calculated
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Fig. 2. Temperature dependence of the quadrupole cou-

pling constant e>’Qqh ! (o) determined from >H NMR line-
shapes observed in PACC-d; assuming 7 = 0 in the C phase
and n = 0.05 (2-site jump with the angle 20 = 21.25°) in
the N and IC phases. The vertical lines show the transition
temperatures observed by DTA. The angle v () which was
calculated from (1) and (2) in the text is also shown.

for rotating -ND,;* assuming a tetrahedral geometry
and (e2Qqh™ gigia = 173 kHz, which was reported
forrigid -ND;* in ethylammonium chloride [14]. The
value decreased gradually with increasing tempera-
ture, although the values are still larger than 38 kHz,
the value which was calculated for the axial rotation
of the cation as a whole about the principal axis of the
moment of inertia assuming that the EFG principal
axis of the rotating -ND;* makes 27° with it. This
behaviour seems to be similar with the temperature
dependence of the second moment of '"H NMR line
reported by Blinc et al. [15]. This gradual decrease of
e2Qqh " is often observed in long chain compounds
such as smectic liquid crystals and is explained by a
random fluctuation of the molecular axis [16].

The e>Qqh~' value, reduced by the fluctuation,
can be written as

e?Qqh™! = (equh_l)ND3S (1)

and

(3cos?> ¢ — 1) _ 3cos?ep — 1

S =
2 2

2

Here S is an order parameter which describes the
degree of fluctuation [17], ¢ is the angle between a
principal axis of the EFG tensor and the fluctuation
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Fig. 3. Temperature dependences of the '"H NMR T} ob-
served at 41.6 MHz in PACC (o) and PACC-d; (e). The
vertical lines show the transition temperatures observed by
DTA for PACC-ds, and the solid lines in the C and C' phases
are best-fitted curves for PACC-d5, applying (3) and (4) in
the text. The broken line in the C phase indicates the con-
tribution from the NH;* rotation in PACC.

axis of the molecule, and the brackets denote the sta-
tistical average. The angle v is defined as cos v giving
the root mean square of cos ¢. The temperature de-
pendence of % is also shown in Figure 2.

3.3. 'H NMR T, Measurements

The recovery of 'H magnetization could be ex-
plained by a single 7, value in the whole temperature
region including the IC phase. This result differs from
the previous report by Blinc et al., where the recovery
was described by a sum of two exponential terms in
the IC phase. In the case of the relaxation caused by
the fluctuation of magnetic dipole-dipole interaction
due to molecular motions, the relaxation rate Tfl
can be represented by superposition of the BPP-type
functions [18] for each motional mode,

4,
T71= Tc c
! ZC<1+w27C2+1+4w27C2’) ®)

where C, w, 7. denote the motional constant, the 'H
Larmor frequency, and the correlation time of the mo-
tion, respectively. Assuming an Arrhenius-type rela-
tion, 7, is represented by the activation energy £, of
the motional process as follows,

Te = To €XP (Ea/RT). 4
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Table 1. Motional constants C' and activation energies F,
derived by curve fitting of the temperature dependence of
"H T, observed in PACC and PACC-d;.

C/10°s~2 E,/kI mol~! Motional mode

PACC
N phase (T" > 280 K) - 8.0+1
C phase 2.0 10£1 -CH, rotation
2.4 13+ 1  -NH,* rotation
C' phase - 12+1 -CH, rotation
PACC-d,
N phase (T" > 280 K) - 85+1
C phase 2.0 9.6+ 1 -CH, rotation
C' phase - 10£1 -CH, rotation

Here 7, denotes the correlation time at infinite tem-
perature.

Temperature dependences of 'HNMR 7, on PACC
and PACC-d; seem to be similar except for the low
temperature region in the C phase, as shown in Fig-
ure 3. In the C phases of PACC-d; and PACC, the
T, curve can be reproduced by one and two BPP-
curves, respectively. The BPP-curve of PACC, show-
ing a minimum at higher temperature, is almost the
same as that of PACC-d;. This implies that these
curves are from the -CH; rotation, and the other curve
in PACC, showing a minimum at lower temperature,
is from the -NH;™ rotation. In the N phase, the tem-
perature dependence of 77 becomes gentle gradually
with increasing temperature, as shown in Figure 3.
This may be explained by taking the 2-site jump and
/ or the molecular axis fluctuation into account. The
best-fitted motional parameters in the C and C' phases
of PACC and PACC-d;, and the activation energies in
the high temperature region in the N phase of each
compound are listed in Table 1.

3.4. A3C MAS NMR Spectrum
and T; Measurements

As shown in Fig. 4, the >’C MAS NMR spectrum
observed in PACC gave three peaksat 12.6 +£0.2,21.5
4 0.2, and 43.7 4 0.2 ppm, which can be assigned to
carbons in methyl, the middle methylene, and the end
methylene groups, respectively. '*C NMR 7 values
are 7+ 1, 17 £ 5, and 20 £ 6 for the 12.6, 21.5,
and 43.7 ppm lines, respectively. 3C T} is dominated
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Fig. 4. *C MAS NMR spectrum observed at room temper-
ature in PACC.

usually by the fluctuation of the anisotropic chemical
shift, and the 7} becomes short with larger ampli-
tude of molecular motions [19]. This implies that the
amplitude of the cationic motion is enhanced at the
C-end, that is, the N-end of the organic cation is fixed
on the inorganic layer through N-H...Cl hydrogen
bonds.

4. Conclusion

Phase transition temperatures in PACC-d; were de-
termined by DTA. The difference in the C-IC phase
transition temperature observed in PACC and PACC-
d, suggests that the mechanism of the phase transition
concerns a change of hydrogen-bond. The cationic
motion as a whole, being associated with the fluctua-
tion of the molecular axis is expected to be gradually
excited with increasing temperature. The fact that the
13C MAS NMR T decreased with increasing distance
from the -NH;* group implies that the amplitude of
the cationic motion is enhanced at the counter side of
the -NH,* group due to the N-H...Cl hydrogen bonds.
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