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"HNMR spin-lattice relaxation times 7/ and T p as well as the electrical conductivity were measured as a function of
temperature in (n-CsH \NH3)2ZnCls and (n-C12H25NH3),ZnCly. The highest-temperature solid phase in both compounds
was found to be the rotator phase, where rod-like cations perform uniaxial reorientations about the molecular long axes
accompanied by conformational disordering and translational self-diffusion of the cations within the layer perpendicular

to c-axis.

In the rotator phase, the cations are considered to have a non-intercalated double layer structure.

These

rotator phases were shown to be quite analogous to those reported in n-alkylammonium chlorides. (n-CsH1NH3),ZnCl4
undergoes four structural phase transitions, while (n-C;2H25NH3),ZnCly exhibits a single transition above ca. 120 K. All

of these transitions were shown to be of order—disorder type.

The rotator phase was first found in solid n-paraffins where
the constituent molecules adopt dynamically disordered ori-
entations about their molecular long axes.! The molecular
motions in this phase, however, could not be fully deter-
mined because this phase is formed in a narrow temperature
range of less than 10 K. Recently, we discovered a quite anal-
ogous phase in n-alkylammonium chlorides C,H»,,;NH;Cl
(n = 3—10, 12) over a quite wide temperature range of more
than 100 K.>=* The crystal structure of this rotator phase is
tetragonal (space group P4/nmm) with a lameller-type dou-
ble-layered structure. A new characteristic molecular motion
found in this phase in addition to the uniaxial rotation of al-
kylammonium chains, is two-dimensional translational self-
diffusion in the lamellar plane perpendicular to the molecu-
lar long axis. By comparison with the plastic crystal where
the three-dimensional rotation and diffusion of constituent
globular molecules or ions take place,” we can name the ro-
tator phase “a low-dimensional plastic crystal” because of
the restricted motions such as 1D rotation and 2D diffusion.
Thermal measurements also suggest that the rotator phase
is a highly disordered crystalline state similar to the plastic
crystal; the melting entropies AS;, observed in the n-alkyl-
ammonium chlorides are smaller than 20J K= ! mol~' >~® re-
ported as one of the conditions for the formation of the plastic
crystal.” At the same time, we note that this highly anisotropic
cystalline state of lamellar-type double layer structure resem-
bles the smectic liquid crystal, although the centers of gravity
of constituent molecules in the layer are disordered in the lig-
uid crystal.

Our present interest is to find rotator phases in systems dif-
ferent from n-alkylammonium chlorides. Recently, we have
found the rotator phase in di-n-alkylammonium bromides

(C,Hz,41)2NH,Br (n = 2—4),* which has a crystal structure
of I4/mmm analogous to that of P4/nmm. Di-n-alkylammo-
nium tetrahalogenozincates (n-C, H»,, 1 NH3),ZnX, (X = CI,
Br) are known to belong to the AyBX, family with the -
K,S0y structure (space group Pnma),”™'’ and we have al-
ready studied some short-chain compounds of them with a
prime interest in their structural phase transitions.''—'* The
crystal structures in these compounds are characterized by
a triple-layered structure that consists of two-dimensional
layers made by isolated BX,4 ions being sandwiched by
layers of alkylammonium ions. The title compounds, (n-
C5H]1NH3)QZHC]4 and (n—C12H25NH3)ZZnC14, have been
reported to have AS,, smaller than 20 JK~! mol='."> From
these facts, we may expect the title compounds to have rota-
tor phases. In the present study, the cationic dynamics and
structural phase transitions were investigated by the measure-
ments of the temperature dependence of 'H NMR relaxation
times and the electrical conductivity.

Experimental

(n—C5H1 1NH3)2ZHC14 and (n—ClezsN]’h )2ZﬂCl4 prepared by the
methods described in Ref. 15 were identified by X-ray and thermal
measurements as well as by chemical analyses. Anal. Calcd for
(n-CsH|1NH3),ZnCls: C, 31.31; H, 7.36; N, 7.31%. Found: C,
31.31; H, 7.51; N, 7.19%. Calcd. for (n-C2HsNH;),ZnCl,: C,
49.70; H, 9.75; N, 4.83%. Found: C, 49.84; H, 9.94; N, 4.83%.
X-Ray powder diffraction was measured using Cu Ka radiation
with a Philips X’Pert-MPD and a Rigaku RINT-1500 diffractome-
ter for (n-CsH1NH3):ZnCly and (n-C2H2sNH3),ZnCls, respec-
tively. Differential scanning calorimetry (DSC) was carried out
with a DSC120 calorimeter from Seiko Instruments Inc. DTA
was also performed on (n-Cj2HasNH3),ZnCly using a home-made
apparatus'® over the range 300—480 K. The sample temperatures
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in DTA and the following measurements were determined using
chromel-constantan thermocouples within £+1 K.

The '"HNMR spin-lattice relaxation time, T, was measured by
a Bruker SXP-100 spectrometer at Larmor frequency of 40 MHz
and by a home-made pulsed spectrometer'’ at frequencies of 10—
25 MHz. T, was determined by a 180°-7-90° pulse sequence. The
THNMR spin-lattice relaxation time in the rotating frame, 7,, and
the second moment, M, of the resonance linewidth were measured
with a Bruker SXP-100 spectrometer at a Larmor frequency of 40
MHz using the spin-locking method'® applying an r.f. magnetic
field of 3.97 G and the solid-echo method'” with a 90¢-7-905 pulse
sequence, respectively.

The temperature dependence of electrical conductivity was mea-
sured at 1 kHz by the two-terminal method with a home-made
apparatus using a Yokogawa Hewlett—Packard 4261 A LCR meter.
The powdered sample was pressed into a disc of 10 mm in diameter
and ca. 1 mm thick, and mounted on Cu electrodes using graphite
electrodes (Acheson Electrodag 199).

Results and Analysis

(n-CsH11NH3),ZnCly. In our thermal measure-
ments, (n-CsH;;NH3),ZnCl, showed four first-order struc-
tural phase transitions at 141.5, 148, 250, and 349 K, in
agreement with the reported results.” These five solid phases
are named as I, II, III, IV, and V in the order of decreasing
temperature. Crystal structures in phases I, II, and III were
reported to be all orthorhombic, their space groups being
Pnma for I and P2,2,2; for IIL.'** X-Ray powder diffrac-
tion patterns taken at 293%1 K in phase II and at 39042
K in phase I were well explained using the reported lattice
parameters.'%%

Temperature dependences of 'H NMR T; measured at 40.1
and 10.8 MHz are shown in Fig. 1. A discontinuity in T
was observed only at the I-1I transition, although four phase
transitions are first-order. The observed 7| curve gave a
minimum around 150 K and a Larmor-frequency depen-
dence only on the low-temperature side of 7| minimum.
This temperature depedence is attributable to the magnetic
dipolar relaxation caused by thermal molecular motions, and
can be analyzed by the BPP equation®' using the Arrhenius
relationship between the motional correlation time, 7., and
the motional activation energy, E,, as given by

E,
T = Teo€Xp (R—T> H

The obtained best fit T curves are displayed in Fig. 1 and
the determined values of motional parameters are listed in
Table 1. The assignment of motional modes was carried
out by calculating M, values.”? Since proton positions are
unavailable on the crystal structure data, the calculation was
performed by assuming proton positions using a standard
value for an alkylammonium ion.

The 7} maximum observed in the high-temperature range
of phase II suggests the onset of a new motion other than the
NH;* rotation. We assigned it to the 180° flip of the whole
cations about the molecular long axes, because in short alkyl
chain salts such as n-C4HoNH;3X (X = Cl, Br, )**** and
n-CsH;NH;Cl,* the 180°-flip or analogous two-site jumps
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Fig. 1. Temperature dependences of 'HNMR T} observed in
(n-CsH2NH3)2ZnCly. Solid curves are the best-fitted cal-
culated ones. Broken curves are contributions from respec-
tive molecular motions (see text). Dotted lines represent
the phase transition temperatures.

Table 1. Activation Energies, E,, Pre-exponential Factors,
.0, and Motional Modes of n-Pentylammonium Cations
in (n-CsH;1NH3),ZnCl4 Determined by '"HNMR 7, and

Tlp
Ea 70

Phase  kJmol™! 1072 Motional mode
-v 1241 1441 CH; rotation

1441 0.73£0.07 NH;" rotation
II 3443 180° flip
I 1842 Axial rotation +

conformational disorder
7247 Self-diffusion
85+99 Self-diffusion

a) Derived from electrical conductivity.

of the entire alkyl chain were found in the low-temperature
phases. We therefore analysed the T; variations in phase II
by a superimpose of 180°-flip and NH;* rotation, giving the
best fitted curves displayed in Fig. 2.

"HNMR T, observed in phase I is shown in Fig. 3 along
with T data. The increase in T and the decrease in T, with
increasing temperature suggest that two different molecular
motions are effective in the relaxation process in this phase:
one is rapid and the other is slow. The temperature depen-
dence of M, in the range 308—411 K is represented in Fig. 4.
M, values in phase I were abruptly reduced to less than 2 G2
from ca. 20 G? just below the transition temperature in phase
II, implying the onset of a new motion in phase I that averages
most of the proton dipolar interactions. It is the rapid motion
that is responsibe for this large M, reduction, and the motion
is considered to be the axial rotation of rigid cations about
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Fig. 2. Temperature dependences of 'THNMR T; in phase

Il of (n-CsH,,NH3),ZnCl,. Solid curves are the best-fit-
ted calculated ones. Broken curves are contributions from
respective molecular motions (see text).
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Fig. 3. Temperature dependences of 'HNMR 7 and Tj,

at an r.f. magnetic field of 3.97 G in phase I of (n-
CsH>NH3),ZnCly. Solid lines are the best-fitted calculated
ones (see text).

their molecular axes; however, the axial rotation leads to the
calculated M, value of ca. 8 G?, which is much larger than
the observed value. Hence, the rapid motion is dynamically
more disordered than the uniaxial rotation and this disor-
der can be attributed to the orientational distribution of the
cationic long axis about the crystallographic c-axis and/or
the conformational disorder of the trans—gauche structure in
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Fig. 4. A temperature dependence of M, of 'HNMR

linewidth in phases I and II of (#n-CsH,2NH3),ZnCls. A
broken line indicates the phase transition temperature of
349 K.

the alkyl chain. E, of this composite motion was evaluated
from the slope in the log T, vs. T~ ! plot, because in the fast
motion limit of the BPP equation 7' is proportional to .
The resulting best fit line is represented in Fig. 3 and E, of
the motion was estimated to be 1842 kJ mol~!.

The slow motion responsible for the temperature depen-
dence of T, was attributed to cationic translational self-
diffusion. To confirm this, we measured the ac electrical
conductivity ¢ between 340 and 420 K; this result is shown
in Fig. 5. This clearly shows a marked ionic conduction in
phase I. In general, the diffusion constant D for moving ions
in crystals can be written by the following Nernst—Einstein
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Fig. 5. A temperature dependence of ac electrical conduc-

tivity o in phase I of (n-CsH,2NH3)>ZnCl4. A solid line is
the best-fit Arrhenius relation given in text. A broken line
denotes the phase transition temperature of 349 K.
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equation:
kTo

= ZeyN’ @3

where Ze and N stand for the charge of the diffusing ion and
the number of these ions in a unit volume, respectively. By
assuming the Arrhenius relationship for the self-diffusion, D
can be written as

E,
D=D()€Xp (R—‘T> . (3)

E, determined from the slope in log (oT) vs. T~ plots was
8549 kIJmol~! and the obtained best fit line is depicted in
Fig. 5. Since this compound has a layer structure, the ionic
diffusion is most likely two-dimensional. If this is the case,
T, can no longer be expressed by the usual BPP-type equa-
tion. The temperature variation of T, caused by 2D diffu-
sion can be derived from the treatments by MacGillivray and
Sholl,>® who calculated the relaxation rates in a 2D square
lattice. In the limit of slow diffusion and very low con-
centration of vacancies, the T, equation approximately
applicable to the present system is given by

Ty e = <0.074545§ﬁh2—N£V—Z> ! )

pdiff 9 b wlz c (

where wy, N, Cy, Z, and a represent the Larmor frequency
in the spin-locking r.f. magnetic field, the number of pro-
tons taking part in the diffusion, the concentration of lattice
vacancies, the number of the nearest cationic sites for the
diffusional jumps and the lattice constant corresponding to
this jump. E, of the slow motion was evaluated to be 72+7
kJ mol =" from the slope in log T}, vs. T~ plots using Eqs. 4
and 1. Two E, values derived from T}, and ¢ are nearly the
same, which confirms that the temperature variation of T,
can be ascribed to the cationic self-diffusion.

(n-ClezsNH3)2ZnCl4. (n-C|2H7_5NH3)2ZnC14 exhib-
ited two heat anomalies, in good agreement with those in
the previous report;'® one was attributed to a structural phase
transition and the other to the fusion. The phases above and
below the phase transition temperature of 362 K are named
high-temperature phase (HTP) and room-temperature phase
(RTP), respectively. An X-ray powder diffraction pattern
taken at 292+1 K in RTP was well explained by the reported
monoclinic structure (space group P2,/c).2* An X-ray pattern
at 389+2 K in HTP with no structural data, showed only a
few (00/) peaks.

'HNMR 7, was measured as a function of temperature at
Larmor frequencies of 40.2, 25.5, and 12.8 MHz (89—415
K). The results are shown in Fig. 6. A discontinuity in 7', was
observed at 362 K, consistent with the thermal measurement.
The asymmetric 7} minimum observed in RTP was analyzed
by the BPP equation;?' these results are shown in Fig. 6 and
Table 2. We see that three thermal motions are effective
in T;. By calculating M, values, the two shallow minima
on the low-temperature side were assigned to the threefold
reorientations of the two crystallographically non-equivalent
CHj; groups.
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Fig. 6. Temperature dependences of 'HNMR T\ observed

in (n-C2Hy5NH3),ZnCly. Solid curves are the best-fitted
calculated ones. Broken curves are contributions from re-
spective molecular motions (see text). Vertical broken lines
stand for the phase transition temperatures.

Table 2. Activation Energies, E,, Pre-exponential Fac-
tors, 7., and Motional Modes of n-Dodecylammoni-
um Cations in (n-C;2HsNH3),ZnCly Determined by
'"HNMR T, and T,

Ea Tc0
Phase kJmol™' 107"s  Motional mode
RTP 8.840.9 2.440.2 CH; rotation
11£0.1 2.3+0.2 CHs rotation
13+0.1 1.3+£0.1 NH;" rotation
HTP 2342 Axial rotation +
conformational disorder
76+8 Self-diffusion
747V Self-diffusion

a) Derived from electrical conductivity.

In the high-temperature region of RTP, T reached a max-
imum and became short on heating indicating that a new
motion is excited just below the transition temperature. The
temperature dependence of M, of 'HNMR linewidth ob-
served between 294 and 402 K is displayed in Fig. 7. A
gradual decrease in M, over a wide temperature range upon
heating observed in RTP can be attributed to molecular mo-
tions in a potential well with unequal minima.?” With refer-
ring to the analysis in (n-CsH;;NH3),ZnCly, this motion can
be assigned to the 180° flip of the entire cations about their
molecular axes. Since the phase transition at 362 K is of
order—disorder type, potential wells for this motion of entire
cations are expected to have unequal minima in RTP.

The temperature variation of 'HNMR T}, observed in
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Fig. 7. A temperature dependence of M, of 'HNMR

linewidth observed in (n-C;H2sNH3),ZnCly. A broken
line indicates the phase transition temperature of 362 K.

HTP is shown in Fig. 8 together with 7| data. These
results are quite similar to those obtained in phase I of
(n-CsH| | NH3),ZnCly given in Fig. 3, suggesting the su-
perimposed motions. M- of ca. 1.5 G? observed in HTP
is nearly the same as those observed in phase 1 of (n-
CsH|NH3)ZnCl, shown in Fig. 4. The temperature de-
pendence of the ac electrical conductivity o observed be-
tween 350 and 415 K is shown in Fig. 9. The results of
the best fit to the data performed analogously to those in (n-
CsH;NH3),ZnCl, are given in Figs. 8 and 9 and Table 2.
The temperature variation of 7) was attributed to the uniaxial
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Fig. 8.  Temperature dependences of 'HNMR T, and

T\, at an rf. magnetic field of 3.97 G in HTP of (n-
Ci12H2sNH3):ZnCly. A solid curve is the best-fitted cal-
culated one. Broken lines are contributions from respective
molecular motions (see text).
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Fig. 9. A temperature dependence of a.c. electrical conduc-

tivity ¢ in HTP of (n-Cj2,H2sNH3),ZnCly. A solid line is
the best-fit Arrhenius relation given in text. A broken line
represents the phase transition temperature of 362 K.

rotation of rigid cations about their molecular axes, accom-
panied by the orientational distribution of the axes and/or
conformational disorder. The cationic self-diffusion is re-
sponsible for the temperature dependences of T, and o.

Discussion

Phase Transitions. Small transition entropies AS, of 2—
3JK~' mol~! were observed at V-IV and IV-III transitions
in (n-CsH|NH3),ZnCly."** In phase 111, both of the crystal-
lographically nonequivalent N atoms have five neighboring
Cl atoms with N---Cl distances of 3.2—3.5 A, suggesting dis-
ordered hydrogen bonds.'” Gomez Cuevas et al. suggested
that these phase transitions could be related with the changes
in the N-H-:--Cl hydrogen bonds scheme that lead to an or-
dered low-temperature phase.?” If this is the case, the ordered
phase has a potential well with unequal minima for NH;*
motion, and a discontinuous change in the potential energy
curve occurs in the first-order transitions at 141.5 and 148 K.
This should affect the temperature dependence of T}, as can
be expected from our analysis shown in Fig. 1; however, we
could not detect any anomaly in 7T} curve observed around
transition temperatures and in phase V, suggesting that the
NMR result contradicts the above picture.

Thermal and X-ray studies on the structural phase transi-
tion at 250 K in (n-CsH;;NH3)>ZnCl, revealed the onset of an
order-disorder transition for the orientation of the rigid pen-
tylammonium chains which take two disordered sites about
their molecular axes in phase I1." This was confirmed by our
analysis that the 180° flip of rigid cations about their molecu-
lar long axes is excited in phase II. From the present study, it
is shown that this disorder is dynamical. Since the transition
is first-order, the potential curve for the flip motion should be
discontinuously altered at the transition. However, no dis-
continuity in 7} was observed at the III-II transition; this is
because, as can be seen from the analysis given in Fig. 2, T
around 250 K governed mostly by the NH3* rotation masks
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the 180° flip contribution.

Phase Iin (n-CsH,;NH3),ZnCly is believed to be in a con-
formationally highly disordered state.” This is consistent
with our analysis that the chain conformations are dynami-
cally disordered. These conformational defects seem to be
kinks and end-gauche, because, if a successive gauche con-
formation were allowed, a wide space should be required in
ab-plane of phase I; however, both a- and b-axes have nearly
the same length in phase I and II. Since four consecutive C or
N atoms are involved in the definition of a torsion angle, n-
CsH,;NH;* chain has three independent possibilities to form
either trans and gauche conformations. From the reported
AS; of 26 JK~! mol~',"* a conformational entropy per one
C(or N)-C—-C-C group is estimated to be 4.3 JK~' mol~!
suggesting that each C(or N)-C—-C-C group can be inter-
preted as an independent pseudospin with two equivalent
sites. This means that a rotation about -C—C- is not free and
chain conformations are not completely melted.

A very large AS, of 133 JK~!'mol~! was observed
in (n-C2H,5sNH3),ZnCl,."® This transition is character-
ized by both the order-disorder of rigid alkylammonium
cations about their molecular axes and cooperative confor-
mational changes in the alkyl chains.!> These results indi-
cate that HTP in (n-C;3H,5NH3)2,ZnCl, and phase I in (n-
CsH;NH3),ZnCly are quite similar in dynamical state of
cations. There are, however, some differences between the
two phases: the X-ray powder diffraction pattern taken in (n-
C»H»5NH3),ZnCly showed only a few (00/) peaks, while
that for (n-CsH; NH3),ZnCly showed some more peaks;
a melting entropy AS,, of (n-CsH;NH3),ZnCl,; was 33 J
K~ mol~","* while that of (n-Cj,H2s5NH3),ZnCl; was 17
JK~!"mol~1."> These results show that HTP is more disor-
dered than phase I. The positional order of both cations and
anions seems to remain in both phases, judging from the X-
ray powder patterns taken in phase I and HTP, suggesting
that there are periodic arrangements in crystals. Moreover,
the present NMR results suggest that the orientational and
conformational order of the cations in phase I and HTP are
almost the same. Accordingly, it is highly possible that the
difference between phase 1 and HTP is caused by the ori-
entational order of ZnCl,>~. In our previous study on (n-
C,H,,+1NH3),ZnCly compounds,'* we have estimated the
contributions from the orientational order of the anions to
ASmtobe 17 JK~! mol~". Using these results, we see that
the orientational order of rigid anions is almost lost in HTP
but conserved in phase I, and hence we can conclude that
the phase transition at 362 K in (n-C;,H;5NH3),ZnCly is ac-
companied by orientational disordering of cations about their
molecular axes and of anions as a whole, and by the coop-
erative conformational melting of alkylammonium chains.
From the observed AS; of 133 JK~! mol™!, contributions
from the orientational disorders of cations and anions should
be subtracted for estimating only the conformational contri-
bution to AS;. Since a hindered rotation of cations about one
axis has contribution of R to entropy and since the orienta-
tional entropy of ZnCly is estimated to be 17 JK~ ' mol~!,
the conformational contribution is evaluated to be about
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100 JK~" mol~". Accordingly, the conformational entropy
per one C(or N}-C—-C—C group becomes approximately 5
JK~"mol~!, suggesting disordering between two sites. The
conformational defects, the majority of which seem to be
kinks, move along the chain axis, so that chains are regarded
to be melted. The chains are, however, not completey melted
in HTP and some orders in chain conformations remain partly
even in a liquid phase, at least just above the melting point.

Molecular Dynamics.  From the present experimental
results, it follows that phase I in (n-CsH;;NH;),ZnCly and
HTPin (n-C|,H,5NH3),ZnCly are the rotator phases, because
the following motions characteristic in the rotator phase
were observed. Namely, the uniaxial rotation accompanied
by diffusion of conformational intrachain defects along the
chain axis and two-dimensional cationic self-diffusion take
place. On the other hand, we notice some differences in
rotator phases of (n-C,Hz,+1 NH3)2ZnCls and n-alkylammo-
nium chlorides (abbreviated to C,Cl).> ¢ The temperature
ranges of the rotator phases in (n-CsH;NH3),ZnCl, and (a-
Ci2H»5NH3),ZnCly are 350—436 K and 362—438 K, re-
spectively, narrower than those in C,Cl1 (CsCl: 256—503 K;
C12Cl: 345—475 K). In the '"HNMR relaxation due to the
cationic uniaxial reorientation, the non-linear log T vs. T-!
curve has been observed in C,Cl except for C,Cl; however,
log T; vs. T~! plots were linear in (n-CsH; NH3),ZnCly
and (n-C2H25NH3),ZnCly. The self-diffusion of the an-
ions was not observed in phase I and HTP, while it was
activated in C,Cl. E, values of the cationic self-diffusion in
(n-CsH;NH3),ZnCl, and (n-C2H,sNH3),ZnCly are nearly
the same, while those in C,Cl depend on the length of the
carbon chain. We need some more systematic experiments
on (n-C,Hy,.1NH3),ZnCly to conclude that these differences
are generally observed between (n-C,Hz,, NH3)2ZnCly and
C,Cl. In what follows we discuss only the translational self-
diffusion of alkylammontum ions.

It was reported that (n-CsH;1NH3),ZnCl, forms an or-
thorhombic lattice in phase I;*® however, detailed structural
data in phase I and HTP are unavailable. According to
Refs. 10 and 20, the crystal structure of phase I is orthorhom-
bic with space group Pnma and a = 10.323, b =7.406, and
¢=25.171 A at 295 K; the cell parameters for phase I are:
a=102, b=7.1, and ¢=27.9 A at 349 K. We see that
the lengths of a- and b-axes are nearly the same in both
phases, while c-axis in phase I increases by approximately
11%. This drastic change in c-axis at the transition can be in-
terpreted as follows.? The all-trans and intercalated carbon
chains in phase II transform to the non-intercalated chains
that have shorter length and larger diameter due to kink and
end-gauche structures in phase I, as is schematically de-
picted in Fig. 10. A phase transition from an intercalated to a
non-intercalated bilayer structure was first reported in CoCl,
which is reconstructive and not reversible.”® The I-1I and
HTP-RTP transitions are however reversible. Such a cell
expansion at a phase transition from the second highest-tem-
perature to the highest-temperature phase was observed in
(n-C|3H27NH3)2ZnCI4 and (n-C14H29NH3)ZZnC14 with 19%
and 17.5% increase in c-axis, respectively. Moreover, our
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(a) (b)
Fig. 10. The schematic representation of (a) intercalated and
(b) non-intercalated layer structures.

X-ray powder diffraction gave ¢ = 51.7 A in HTP increased
by 16.4%. Since it is clear that a non-intercalated structure
is preferable for a diffusion of alkylammonium chains and in
fact phase I and HTP showed a relatively high ionic conduc-
tivity of ca. 1073Q~'m™! comparable to that in C,Cl, it is
most likely that phase I and HTP have the non-intercalated
structure.

The ionic conductivities in phase I and HTP are expected
to be anisotropic due to their layer structures. That is, the
self-diffusion constant within the layer, D, is thought to be
different from that along the c-axis, Dy. In the present case,
D, can be approximately related to the correlation time of
the motion, 7p, by the equation

D, = éld—rD. (5)
where, d is the nearest jump distance. Assuming that ions
jump to the nearest Schottky-type lattice defects, d in phase
I can be estimated to be 6.0 and 6.7 A based on the crystal
structural data in phase II, because - and b-lengths scarcely
change at I-1I transition. Since RTP has ¢ =7.409 and b =
10.379 A and it is expected that HTP has nearly the same
a- and b-lengths as in RTP,*°d in HTP is also estimated to be
6—7 A. These values are somewhat longer than 5.0—5.2 A
reported for C,C1.>~* Using Eq. 5, we evaluated 1p. Here the
diffusional correlation time extrapolated to the melting point,
(Th), was calculated using d = 6.4 A, leading to the order
of 1077 s for phase I and HTP. It has been reported that the
same order of 7p(Ty,) is observed independent of compounds
and melting points for plastic crystals and rotator phases in
C,Cl?

The activation energies of cationic self-diffusion, E,,
in phase I in (n-CsH; NH3);ZnCl; and HTP in (n-
C12H35NH3),ZnCl, have similar values of 70—80 kJ mol ',
while those of rotator phases in C,Cl depend on the chain
length, i.e., E, increases with increasing the chain length
(CsCl: 50 kI mol™"; C,Cl: 100 kimol~"). This suggests
that inter-chain interactions, i.e., van der Waals force, are
very effective to the potential barrier for the diffusion in
C,Cl. At least in Ci,Cl, the interactions are seems to be
dominant. The inter-chain interactions, however, seem to
be less effective in (n-C,H,,+1 NH3),ZnCly, because their
inter-chain distances are longer than those in C,,Cl. Hence, it
is expected that anion—cation interactions, mainly N-H---Cl
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hydrogen bonds, are more important in the potential energy
for the diffusion in (n-C,H,,,1NH3),ZnCly. As described
previously, an orientational order of anions is preserved in
phase I but is lost in HTP. It appears that this can also affect
E, of the diffusion, i.e., the disorder of anions can weaken
the hydrogen bonds. Accordingly, it is concluded that the
anion—cation interactions are more effective than inter-chain
interactions especially in phase I and the orientational disor-
dering of anions in HTP makes the barrier lower.

Conclusion

Phase 1 in (n-CsH;NH3),ZnCl; and HTP in (n-
C»H3sNH;3),ZnCly were found to be rotator phases where
two distinct motions are excited. One is the uniaxial rota-
tion of alkylammonium cations about their molecular long
axes, accompanied by the conformational disorder in the
chains such as kinks. Phase I and HTP are believed to be in
such a high conformational disordered state that chains can
be regarded as melting. The organic chains are however not
completely melted and some orders in conformations remain,
1.e., rotations about C—C axes are not free but reorientational
jumps with two equivalent sites.

The other motion is the two-dimensional self-diffusion of
the cations moving within the layer perpendicular to the c-
axis. Itis mostlikely that the alkyl chains are non-intercalated
in phase I and HTP, so that the cationic diffusion is expected
to be easily excited with the diffusional correlation time of
the order of 1077 s extrapolated to the melting point. The
same order values were observed at the melting temperatures
in plastic crystals and C,,Cl compounds. N-H:--Cl hydrogen
bonds affect the diffusional activation energy more than inter-
chain interactions, which are important in C,,Cl compounds.
It can be concluded that the rotator phases newly found here
are quite analogous to those detected in C,Cl compounds,
although there are some differences.

In a temperature range between ca. 120 K and the melt-
ing point, (n-CsH;;NH3),ZnCly, shows four first-order struc-
tural phase transitions; however, (n-C2H5NH3),ZnCl un-
dergoes only a single transition. All of these transitions
are regarded as order-disorder type. The I-1I, II-1lI, and
RTP-HTP transitions are related with disordering of alkyl-
ammonium ions. The II-1II transition is an order—disorder
one of the rigid pentylammonium ions with two equivalent
sites about their molecular axes. In the I-1I transition, the ori-
entational order of cations about the axes is completely lost
and a conformational melting takes place. The RTP-HTP
transition can correspond to that between phase IIl and I in
(n-CsH,;;NH3),ZnCl,, with a difference that the orientational
order of ZnCl;*~ ions is lost in HTP but preserved in phase
1.
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