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The temperature variations of ' H N M R spin-lattice relaxation times and ' H N M R second 

moments in «-C4H9NH3I and its N-deuterated analog were studied in a wide range of temper-
atures above 77 K. DTA experiments revealed a solid-solid phase transition between room and 
low temperature phases taking place at 268 K for the former salt and at 267 K for the latter. For 
rapidly cooled ( ^ 2 Kmin - 1 ) samples, another phase transition possibly between substable low 
temperature phases was found at ca. 210 K for the former and ca. 205 K for the latter. The 
transition entropy observed at 268 K was 33 J K - 1 mol - 1 . This is much larger than the melting 
entropy (16 J Kr1 mol - 1), suggesting that butylammonium ions obtain their motional freedom 
mostly at the phase transition. In the low temperature phase of «-C4H9NH3I, the CH3 and NH3 
groups perform C3 reorientation about their respective symmetry axes with the activation 
energies 10.4 and 26.8kJmol_ 1 , respectively. The rapidly cooled sample showed two Tx 
components attributable to the stable and substable low temperature phases indicating the 
coexistence of both phases. In the room temperature phase, the cations rotate rapidly about their 
long axes and partly conformational disorder of the alkyl chains takes place. The mechanism of 
the phase transitions is discussed. 

Introduction 

Recently, we have studied the molecular dynam-
ics of bu ty l ammonium cations (ba + ) in the three 
crystalline phases of «-C 4 H 9 NH 3 Br [1], In the low 
tempera ture phase below 200 K, C 3 reor ienta t ion of 
CH 3 groups could be observed while the 180° f l ip 
mot ion of the cation chains and C 3 reor ientat ion of 
N H 3 groups were detected in the in te rmedia te 
phase between 200 and 249 K. The high temper-
ature phase, having tetragonal crystalline symmetry 
[2], is characterized by the onset of rapid rotat ion of 
the cation chains accompanied by the occurrence of 
partial conformat ional melting. 

Butylammonium iodide is known to form tetra-
gonal crystals at room tempera ture , which are iso-
morphous with the high tempera ture phase of baBr 
[2], Therefore , phase transitions similar to those of 
baBr are expected to take place for ba l at lower 
temperatures , a l though no thermal data have been 
reported as yet. The present investigation of 'H 
N M R , differential thermal analysis (DTA), and dif-

Reprint requests to Prof. Dr. D. Nakamura, Department of 
Chemistry, Faculty of Science, Nagoya University, 
Chikusa. Nagoya 464, Japan. 

ferential scanning calorimetry (DSC) in crystalline 
bal has been under taken to locate the expected 
phase transit ion and discuss its mechanism as well 
as to clarify the molecular mot ion of the cation in 
such solids. 

Experimental 

The salt ba l was synthesized by neutralizing an 
ethanol solution of buty lamine with hydroiodic 
acid. The crystals obta ined by evaporat ion were 
pur i f ied by recrystallizing them twice f rom absolute 
ethanol. Colorless thin plate crystals were obtained. 
A partially deu te ra ted salt, « -C 4 H 9 ND 3 I (bal -d 3 ) 
was prepared by dissolving bal in heavy water and 
then evaporat ing the solvent. T h e above manipula-
tion was done repeatedly in an airt ight glass appa-
ratus. Finally, the crystals obta ined were pur i f ied by 
recrystallization f rom deuterated ethanol (C2H5OD). 
Because bal dissolved in water or ethanol is easily 
decomposed by mak ing contact with air and also it 
is highly hygroscopic in the crystalline state, the 
prepara t ive manipu la t ion was per formed, at all 
t imes, in an a tomosphe re of dry nitrogen. 
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The second moment AF> of 'H N M R absorpt ion at 
a resonance frequency of 40 MHz was de termined at 
various tempera tures between 77 and 420 K by 
means of a JEOL J N M - M W - 4 0 S wide-l ine spec-
trometer . The measurements of the 'H spin-latt ice 
relaxation t ime F, were carried out in the tempera-
ture range 1 0 0 - 300 K with a f requency-f ixed 
(20 MHz) pulsed spectrometer [3] and a f requency-
variable one [4]. A conventional 1 8 0 ° - r - 9 0 ° 
pulse sequence was used for the de te rmina t ion 
of F , . 

A h o m e m a d e D T A appara tus [5] was employed 
for the observation of phase transitions. A Perkin-
Elmer DSC-1 B differential scanning calor imeter 
was used to determine enthalpy changes at the 
solid-solid phase transition and melt ing tempera-
tures (hereaf ter denoted by Ftr and F m , respec-
tively). The tempera ture of the sample was scanned 
at a rate of 5 K m i n - 1 . The enthalpy changes of 
transition recorded at F tr and Tm were cal ibrated by 
those of adaman tane observed at 208.6 K [6] and of 
metall ic indium, respectively. 

Tempera tures in the above physical measure-
ments were mostly determined by use of a copper-
constantan thermocouple and were es t imated to be 
accurate within ± 1 K unless otherwise indicated. 

Results 

DTA curves recorded in a t empera tu re range 
7 7 - 4 6 0 K are shown in Figure 1. 

When bal was cooled f rom room tempera tu re 
with a slower cooling rate than 0.7 K min" 1 , an 
exothermic anomaly was observed at 260 K. With 
increasing tempera ture , the sample which had been 
cooled down to 80 K with the slow cooling rate 
showed an endothermic peak at 268 K, indicating 
the occurrence of a f irst-order phase transit ion 
between room and low tempera ture phases. 

When the sample was cooled rapidly (<: 2 K 
min" 1 ) , on the other hand, a new exothermic anoma-
ly appeared addit ionally at 209 K. This anomaly 
was much smaller than that at 268 K. With increas-
ing tempera ture , the sample which had been rapidly 
cooled down to 77 K yielded a heat anomaly around 
210 K. This anomaly had an unusual shape as can 
be seen in Fig. 1 and in view of its shape one can 
conclude that three successive phase transit ions 
occur around this t empera ture showing two endo-

thermic peaks and an exothermic one. When the 
sample rapidly cooled to 245 ± 5 K was kept (an-
nealed) at this t empera ture for ca. 1 h, this unusual 
anomaly d isappeared completely, even though the 
sample t empera tu re was scanned more rapidly than 
2 K min" 1 . Hereaf ter , we call the rapid temperature 
change employed above as "rapid-cooling". Con-
versely, we use "slow cooling" for such cases where 
the t empera tu re is changed with a rate slower than 
0.7 K min" 1 or the t empera ture is changed at any 
rate af ter it was annealed for ca. 1 h at ca. 245 K. 

The DTA curves of ba l -d 3 were very similar to 
those of bal . The slow and rapid cooling methods, 
respectively, gave a single exothermic peak at 259 K 
and two exothermic peaks at 259 and 205 K. With 
increasing tempera ture , the sample treated by the 
slow cooling showed an endothermic peak at 269 K 
while the sample treated by the rapid cooling 
showed an addi t ional heat anomaly having a struc-
ture like that of bal a round 205 K. It is interesting 
to note the low tempera ture anomaly (ca. 205 K) 
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Fig. 1. DTA curves of »-C4H9NH3I recorded on slow (a) 
and rapid (b) change in temperature. The low temperature 
anomaly being very small, the intensity scale on the low 
temperature side of b is ten times enlarged. 
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Fig. 2. Temperature variation of the second moment 
o f ' H NMR absorptions for /J-C4H9NH3I. 
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Table 1. Changes in enthalpy AH and entropy AS at the 
solid-solid phase transition and melting temperatures of 
butylammonium iodide. The data for butylammonium 
bromide are also included for comparison. Data in 
parentheses are for the partially deuterated analogs 
(/7-C4H9ND3X). 

Salt Transi- 77 K AH/kJ AS/5 K"1 

tion mol - 1 mol - 1 

>?-C4H9NH3I solid to - 2 1 0 2 0 5 ) — _ 
solid 268(269) 8.8 33 
melting 442(448) 7.2 16 

«-C4H9NH3Br solid to 200(198) 1.5 7.5 «-C4H9NH3Br 
solid 249(249) 5.7 23 
melting 478 8.3 17 

Fig. 3. Temperature dependences of 'H NMR Tx observed 
at 20 MHz for «-C4H9NH3I. Circles and dots are the Tx 
values described in the text. Vertical lines indicate the 
uncertainties of T\ determined at various temperatures 
where nonexponential 'H magnetization recovery curves 
were observed. The solid line shows the theoretical curve 
fitted by the method of least-squares. 

did not easily d i sappear even when ba l -d 3 was 
t reated by the slow cooling. In other words, ba l -d 3 

gave somet imes two anomalies on warming though 
it had been treated by the slow cooling. The 
d i sappearance of this anomaly in ba l -d 3 seems to 
occur more easily for high purity samples. This is 
because the sample employed without any purif ica-
t ion by recrystallization f rom deutera ted ethanol 

always yielded the addi t ional anomaly al though we 
tried many runs using several kinds of cooling and 
anneal ing processes. 

When ba l and ba l -d 3 were heated above room 
tempera ture , no heat anomaly was observed up to 
442 and 448 K, respectively, where the samples 
melted with part ial decomposi t ion taking place. 
This was conf i rmed f rom the fact that by repeat ing 
the processes of mel t ing and solidifying, Tm gradu-
ally decreased and the sample changed its color to 
yellow or somewhat brown. 

F rom the measuremen t s of DSC, the enthalpy 
changes observed for the phase transit ion at 268 K 
and the melt ing are given in Table 1. The enthalpy 
change for the phase transition around 210 K could 
not be de te rmined , the heat anomaly being too 
small. 

The t empera tu re variat ion of 'H M2 for bal was 
observed with increasing the t empera ture af ter the 
sample was cooled to 77 K by the slow cooling. The 
results are shown in F igure 2. 

When ba l was wa rmed f rom 77 K to ca. 270 K, 
M2 decreased almost continuously f rom 27 to 11 G 2 , 
however nearly constant values of 22 and 11.5 G 2 

were obta ined in two narrow tempera ture regions 
a round 150 and 250 K, respectively. At ca. 270 K, a 
discont inuous decrease in M2 was observed in agree-
ment with the presence of the phase transition 
revealed by DTA. With increasing the tempera ture 
fu r the rmore , M2 decreased gradually and reached 
2 G 2 at 420 K. 

Figure 3 shows the t empera tu re dependences of 
'H T, at 20 M H z observed for bal. Dots indicate Tx 

values measured with increasing tempera ture af ter 
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Fig. 4. Time dependence of 'H magnetization recovery at 
248 K. Measurements were made immediately (a), 2 h (b), 
and 8 h (c) after setting the temperature. 

Fig. 5. Temperature dependences of 'H NMR observed 
at 12.6 (A) and 20 (o and • ) MHz for rc-C4H9ND3I. Dots 
and circles, respectively, indicate 'H T] values determined 
with increasing temperature after rapid cooling to 77 K 
and with decreasing the temperature slowly. The meaning 
of the vertical lines is the same as in Figure 3. The solid 
line is the least-squares fitted theoretical curve. 

cooling rapidly to 77 K while circles show those 
determined on slow cooling or on warming af ter 
slow cooling to 100 K. 

The slowly cooled sample yielded, on the warm-
ing run, two deep F, min ima of 51 and 37 ms at 127 
and 260 K, respectively, in the low tempera tu re 
phase. With increasing the t empera tu re F, increased 
discontinuouslv bv two orders of magn i tude at 

268 K which agreed well with F tr de termined by 
DTA. and increased again monotonously above this 
tempera ture . 

When bal was slowly cooled f rom room tempera-
ture, nonexponent ia l 'H magnet izat ion recovery 
curves were observed between 240 and 260 K. At a 
given t empera tu re in this range, the shape of free 
induct ion decay (F ID) signals was observed to 
change gradually over a period of several ten 
minutes, indicating that the room temperature phase 
is t ransformed gradual ly into the low tempera ture 
phase. 

To examine the t ransformat ion rate of the room 
tempera tu re phase more in detail, 'H magnet izat ion 
recovery was measured at 248 K every 1 h by the 
180° - T - 90° pulse sequence. Each measurement 
was completed within 15 min to avoid complexity 
arising f rom a considerable change of the F I D 
signals during our measuring time. The results 
obta ined just a f te r setting the t empera ture and af ter 
2 and 8 h f rom that are shown in Figure 4. Two 
components , 43 ± 3 and 190 ± 20 ms could be di-
rectly obtained by dividing the recovery curves into 
two parts. The intensity ratios of the divided F I D 
signals giving rise to the long T\ component and the 
short one were 1:1 immediate ly af ter fixing the 
tempera ture , 1:4 af ter 2 h, and almost zero af ter 
8 h. 

The sample bal treated by rapid cooling yielded 
nonexponent ia l 'H magnetizat ion recovery curves at 
various temperatures between 145 and 260 K. There-
fore. the F] values were determined in this temper-
a ture range by assuming the presence of two 
magnet izat ion components having di f ferent T] val-
ues. The roughly est imated ratio of the intensities of 
these two components was 1:1. Below ca. 130 K, the 
magnet izat ion showed normal exponential decay 
curves giving a un ique F , . In the narrow tempera-
ture range 1 3 0 - 145 K. the magnetizat ion recovery 
curves were apparent ly not due to a single relaxa-
tion mechanism. However, it was diff icul t in the 
present exper iment to determine two TX values 
separately f rom the recovery curve, because the two 
magnet izat ion components were too close to each 
other. 

The F[ values of ba l -d 3 determined on both slow 
and rapid cooling are shown in Figure 5. 

When bal -d 3 had been rapidly cooled and then 
was warmed , nonexponential 'H magnet izat ion re-
covery curves yielding two different F, values were 
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Table 2. Calculated values of 'H NMR second moment M2 for various motional states of butyl-
ammonium cations in «-C4H9NH3I. 

Contribution rigid CH3 rot. (CH3+NH}) rot. (CH3+NH}) rot. (CH 3+NH 3 
lattice + Chain 180° flip + Chain) rot. 

intra-ionic 21.9 17.3 11.1 7.94 2.78 
inter-ionic ~ 4.4 ~ 3.5 ~ 2.8 ~ 1.7 ~ 1 3 
total 26.3 20.8 13.9 9.6 4.1 

observed between 140 and 260 K in the low temper-
a ture phase just as in bal . This indicates that some 
substable phase, p robab ly the same as that of bal is 
mixed with the low tempera tu re stable phase of 
ba l -d 3 . Below 136 K and above Tir, the sample 
treated by rapid cooling gave the normal exponen-
tial recovery curves. A T\ m i n i m u m of 39 ms was 
located at 130 K. a l though the short Tx component 
showed another T, m i n i m u m of 60 ms at ca. 180 K. 

When bal -d 3 was slowly cooled and warmed, 
somewhat nonexponent ia l 'H magnet izat ion recov-
ery curves indicat ing the existence of two T] com-
ponents were observed at all t empera tures studied 
in the low t empera tu re phase. This was always t rue 
a l though the sample was treated by several kinds of 
anneal ing processes. These 7", results are consistent 
with those of the above D T A experiment : it was not 
easy to cause the anomaly a round 205 K to disap-
pear by anneal ing whereas the correspondingly 
anomaly of bal always d isappeared by annealing. 
The foregoing observat ions of Tx and D T A suggest 
that another solid phase of slowly cooled ba l -d 3 , 
possibly the same substable phase obtained for 
rapidly cooled ba l -d 3 is always mixed with the low 
t empera tu re phase. This behavior of the substable 
phase of ba l -d 3 fo rms a contrast with that of bal . 
Slowly cooled ba l -d 3 yielded a Tx m i n i m u m of 
38 ms at 130 K. Wi th increasing tempera ture , Tx 

increased monotonous ly up to ca. 210 K, above 
which r , decreased. At Ttr, Tx increased discon-
t inuously and in the high t empera tu re phase Tx 

again gradual ly increased with tempera ture . 

Discussion 

The theoretical values of ' H M2 for five motional 
states of the ba + cat ions in bal can be calculated by 
use of Van Vleck's fo rmula [7] and are given in 
Table 2. In the calculat ion of M 2 , the intraionic 
contr ibut ions were assumed to be the same as those 
calculated for a few mot ional states of the cation in 
our previous study of baBr [1], At room tempera-

ture, bal forms tetragonal crystals belonging to the 
space group P 4 / n m m with a — 5.18 A , c— 15.30 A 
and Z = 2 [2]. Since no data are avai lable for the 
structure of the low t empera tu re phase, the inter-
cationic contr ibut ion to M2 was es t imated by as-
suming the same crystal s t ructure as that of the 
room tempera tu re phase. 

According to the BPP theory, ' H Tx due to h o m o -
nuclear magnet ic d ipolar interact ion can be wri t ten 
as 

7T1 = C [ t / ( 1 4- to2 r 2 ) + 4 r / ( l + 4 co2 r 2 ) ] . (1) 
Here, C , t, and to denote the mot ional constant , the 
correlation t ime of a mot ion responsible for the 
relaxation in quest ion, and the angular resonance 
frequency, respectively. Assuming an Arrhenius re-
lat ionship between r and the activation energy £ a of 
the motional process, one has 

T = r0 exp (Ea/RT). (2) 

When two kinds of mot ions cont r ibute to Tx wi thout 
any correlations between them, the resulting relaxa-
tion rate Ti (/ ')" ' can be writ ten approximate ly by 
the sum of two relaxation rates Tx(a)~x and 
Tdb)-1: 

T\ (>•)-' = TX («)-' + TX (by1. (3) 

The Low Temperature Phase 

The M2 value observed at 77 K was 27 G 2 in good 
agreement with that calculated for ba l by assuming 
a rigid lattice. This indicates that all molecular 
motions of the cat ion given in Table 2 are f rozen 
below 77 K. 

The nearly constant M2 value (22 G 2 ) obta ined 
around 150 K can be explained by the cation having 
a reorient ing C H 3 g roup about its C3 axis. The o ther 
pla teau value (11.5 G 2 ) observed just below Ttr, 
however, is somewhat smaller than the value calcu-
lated for rotat ing C H 3 and N H 3 groups about their 
respective C 3 axis. This suggests that some new 
motion other than those given above also contri-
butes to the decrease of M2 to 11.5 G 2 . 
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Table 3. Activation energy £ a for each mode of reorienta-
tion. the motional constant C, and pre-exponential factor 
r0 determined from NMR T, for «-C4H9NH3I, k-C4H9ND3I, 
and /7-C4H9NH3Br (for comparison). 

Compound EJ k J 
mol - 1 

Cx 10~9 / 
s-2* 

r0xl01 3 /s Mode of 
reorienta-
tion 

//-C4H9NH3I 10.4 ± 1 1.6(1.95) 2.3 C H 3 //-C4H9NH3I 
26.8 ± 1 2.6(2.59) 2.2 N H 3 

«-C4H9ND3I 10.5 ± 1 2.2(2.60) 2.2 C H 3 «-C4H9ND3I 
12 ± 2 

2.2(2.60) 
alkyl 
chain 

>?-C4H9NH3Br 11.0 2.2(1.95) 4.2 C H , >?-C4H9NH3Br 
23 

2.2(1.95) 
NH3 

* The values in parentheses are theoretical ones. 

As a possible mot ion which accounts for the 
addit ional decrease of M 2 , a 180° flip mot ion or 
free rotat ion of the cation as a whole about its long 
axis can be considered. However , the M2 values 
calculated for these mot ions are much smaller than 
the observed value. Accordingly, a large ampl i tude 
l ibration or a h indered rotat ion of the cation as a 
whole is thought to be excited just below TtT 

together with the C H 3 and N H 3 reorientations. 
In the low t empra tu re phase of slowly cooled bal . 

the T\ m i n i m u m at 127 K is a t t r ibutable to the 
random reorientat ion of C H 3 groups about their 
respective C3 axis. This assignment is reasonable in 
view of the above analysis of M2. The o ther deep Tx 

m i n i m u m at 260 K just below Ttr can be assigned to 
the C3 reor ientat ion of the N H 3 g roup by taking the 
foregoing discussion into account. This assignment 
is strongly conf i rmed by the fact that ba l -d 3 never 
gives such a deep m i n i m u m . 

Since the log Tx versus T - 1 curve observed in the 
stable low t empera tu re phase of bal can be approxi-
mately expressed by the superposi t ion of the above 
two relaxation processes, a least squares fit t ing cal-
culation of the T\ curve according to ( l ) - ( 3 ) was 
carried out. The best fi t ted values of the parameters 
E.d. C. and r0 are given in Table 3. The calculated T\ 
curve is also shown in Fig. 3 by the solid line. The 
theoretical values of C given in Table 3 were calcu-
lated by employing the same interprotonic distances 
in the CH 3 and N H 3 groups as those used in the 
preceding calculation of M2 [1], 

The £ a value obta ined for the C 3 reor ientat ion of 
C H , groups in bal is nearly the same as that of baBr 

[1]. This indicates that the intraionic potential bar-
rier hindering the CH 3 reor ientat ion is mainly re-
sponsible for £ a , like in the case of baBr. On the 
other hand, £ a for the N H 3 reor ienta t ion in bal is 
somewhat greater than that est imated for baBr. This 
may be due to greater steric h indrance of the iodide 
anions. 

Immediately below T t r , 7", of slowly cooled ba l -d 3 

decreases with increasing t empera tu re , indicat ing 
that a new relaxation process begins to contr ibute 
appreciably to Tx. This agrees well with the addi-
tional M2 decrease found for the p la teau near Trr. 
Therefore , we assign this decrease in Tx to the large 
ampl i tude libration or the hindered rotat ion of the 
cation. To estimate E.d for this mot ional process 
roughly, we carried out 7j measurements . The 
log T] versus T~ ] curve obta ined at 12.6 M H z af-
fords an £ a which is given in Table 3 along with the 
motional parameters for the C H 3 reor ienta t ion in 
slowly cooled ba l -d 3 . 

At various tempera tures below 130 K, rapidly 
cooled bal yields a T, which can be approx imated 
as being single and nearly the same as that on slow 
cooling. This indicates that both the stable and 
substable low tempera tu re phases of ba l exhibit 
almost the same 7~, a t t r ibutable to C H 3 reorienta-
tion and that the local environments of the C H 3 

groups are very similar in the two phases. 
Above 130 K. rapidly cooled bal gave two qui te 

different log Tx versus T~] curves a t t r ibu tab le to the 
two phases. The substable phase yielded a broad Tx 

m i n i m u m of 32 ms at ca. 150 K. T h e depth of this 
m i n i m u m is almost the same as the Tx m i n i m u m of 
the stable phase observed at 260 K, which is attri-
buted to N H 3 reorientat ion. Accordingly, the broad 
7"i m i n i m u m of the substable phase can be assigned 
to N H 3 reorientat ion, indicating that N H 3 groups 
reorient more easily in the substable phase than in 
the stable phase, as is to be expected [9, 10]. The 
broadening of the T, curve is thought to be origi-
nated partly f rom the low activation energy of the 
N H 3 reorientat ion as well as partly f rom the dis-
tr ibuting correlation t imes of the N H 3 reorienta-
tion [11], Such dis t r ibut ion in r is mostly related to 
a disordered a r rangement of molecules in crystals, 
which is often found in substable phases similar to 
the present system [ 12]. 

The assignment of the broad Tx m i n i m u m to the 
N H 3 reorientation is conf i rmed by the following: 
We measured ' H N M R absorpt ions of rapidly 
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cooled bal at 155 K, where the N H 3 groups should 
be fixed in the stable phase but reorient rapidly in 
the substable phase. Because rapidly cooled bal 
contains both stable and substable phases, the reso-
nance absorpt ion of the substable phase was ob-
tained by est imating di f ference spectra f rom the 
spectra of slowly and rapidly cooled samples ob-
served at the same t empera tu re by adjust ing their 
integrated intensity ra t io to 1:2. This is because the 
abundance ratio of two phases in the rapidly cooled 
sample is approximate ly 1:1. The M2 value of the 
substable phase calculated based on the difference 
spectra derived above was ca. 13 G 2 . This agrees 
well with the theoret ical value of 13.9 G 2 for the 
cat ion having reorient ing CH 3 and N H 3 groups. 

In rapidly cooled ba l -d 3 , two T\ components are 
also observed similarly in bal, which are attr ibut-
able to the stable and substable low tempera ture 
phases. The substable phase yields a shallow Tx 

m i n i m u m at ca. 180 K in addi t ion to the deep one 
d u e to the CH 3 reor ientat ion. The addit ional mini-
m u m can be interpreted as arising f rom the relaxa-
tion process of the large ampl i tude l ibrat ion or the 
h indered rotation of the cation chains. This is 
because the same mot ional process detected above 
210 K. for slowly cooled ba l -d 3 , namely for the 
stable low t empera tu re phase, is considered to be 
activated at lower tempera tures in the loosely 
packed substable phase . 

N o anomaly in the Tx curves of the substable 
phase of rapidly cooled bal and bal -d 3 could be 
found near 210 K a l though the DTA curves showed 
a thermal anomaly. This suggests that the phase 
transit ion occurring between the substable phases 
gives no appreciable effect on the motion of the 
cation. 

The Room Temperature Phase 

The value of 'H M 2 observed for ba l at ca. 300 K 
is (3.4 ± 1.0) G2 , which agrees very well with the 
one calculated for the model of chain rotation 
together with CH 3 and N H 3 reorientations. Here, 
the chain rotation means random rotational j umps 
of the ba + cation abou t its long axis keeping its 
trans zigzag conformat ion . With increasing temper-
ature, M2 decreases gradual ly suggesting that some 
other motions of b a + chains such as motions of the 
alkyl chain and local translational mot ion of the 
cat ion as a whole are addit ionally excited. The 
log r , versus T~] curve of this phase is slightly 

convex for both bal and ba l -d 3 . This also indicates 
the existence of more than one mot ional mode 
involved in the relaxation process, in agreement 
with the above M2 results. 

The change of entropy observed at the phase 
transition to the room tempera tu re phase is 33 J K - 1 

m o l - 1 . This transit ion entropy is very large and 
comparab le to those reported for phase transit ions 
to plastic crystals [13], Such a large transition 
entropy has been found also in baBr [1], On the 
other hand, the entropy of melt ing is 16 J K - 1 m o l - 1 

which is fairly small in spite of the presence of 
many al lowable conformat ions in the cat ion chain. 
Even ionic crystals having no conformat ional free-
dom of the ions such as N a S C N , KSCN, and KN 3 

give melting entropies of 3 0 - 4 0 J K - 1 m o l - 1 [14], 
Evidently the cations in bal crystals obta in most of 
their motional f r eedom at the phase transit ion to 
the room tempera tu re phase. This means that the 
cations in the room tempera tu re phase are thought 
to be in a highly dynamical ly disordered state. With 
increasing tempera tu re , various motional modes of 
the cation will be activated successively. This is an 
explanation of the gradual decrease of M2 with 
increasing t empera tu re in the room tempera tu re 
phase. 

Mechanism of Phase Transitions 

When bal was slowly cooled and kept at 248 K, it 
was found f rom the Tx measurements that the 
transition to the low tempera tu re phase, which had 
started at 260 K required several hours before it was 
completed. The reproducibi l i ty of the starting tem-
pera ture of the transit ion was qui te good al though 
we checked it by repeat ing the slow cooling runs of 
D T A several times. 

On these Tx exper iments , we observed two F I D 
components giving rise to long and short Tx values 
which are hereaf te r called L— T, and S — Tx, re-
spectively. The popula t ion of protons having L— Tx 

slowly decreased with t ime going by at a fixed 
tempera ture , whereas that having S — Tx conversely 
increased . Since the S - Tx value (43 ms at 248 K) 
is independent of t ime and is identical with the Tx 

value of the stable low tempera tu re phase deter-
mined at the same tempera ture , S — Tx is definitely 
identif ied as arising f rom the stable low tempera-
ture phase. However , L — Tx is much shorter than 
the extrapolated value (2 s) f rom the Tx curve of the 
room tempera tu re phase, al tough it is also t ime 
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independent . This suggests that the cations in the 
crystal, whose protons yield L — Tx, are in a tran-
sient state d i f ferent f rom both states of the room 
and low tempera tu re phases. 

The crystal s t ructure of the low tempera tu re 
phase is unknown. However , it can be ant ic ipated to 
have a lower crystal symmetry than tetragonal 
because the axial symmetry of the rotat ing ba + 

chains existing in the room tempera tu re phase is 
never retained in this phase involving non-rota t ing 
cations. Moreover , we can expect that the non-rotat-
ing cations are more compact ly packed between the 
layers of iodide ions than the rotat ing cations of the 
room tempera tu re phase. In fact, /?-C10H2iNH3C1, 
being an analogous compound to bal , was reported 
to t ransform into a new crystalline phase with a dis-
ordered structure above room tempera tu re [15, 16], 
while, below the transit ion tempera ture , it forms 
monoclinic crystals in which the a r rangement of the 
alkyl chains is completely ordered. The cat ions are 
compactly packed between the layers of the anions 
and their long axes are tilted with respect to the 
normals of the layers. W e can expect that the struc-
ture of bal in the low tempera tu re phase is similar 
to that o f /? -C 1 0 H 2 1 NH 3 Cl . 

From the foregoing discussion, the following 
mechanism can be proposed for the phase transi-
tion. When bal is slowly cooled f rom room tempera-
ture, the phase transi t ion to the low t empera tu re 
phase seems to take place in two steps. At first, the 
room tempera ture phase is t ransformed, within a 
shorter t ime than several minutes , into an inter-
media te state having L — F, . In this stage, the 
cations have lost most of their f r eedom of mot ion 
and. together with the anions fulfil a l ready approxi-
mately the symmetry of the low tempera tu re phase. 

F rom the measurements , the relaxat ion t ime 
f rom the in termediate towards the s table low tem-
pera ture phase is est imated to be s o m e ten minutes 
just below Ftr and about 4.5 h at 248 K. 

When bal is cooled rapidly, the in te rmedia te state 
may be partly frozen at lower t empera tu res without 
changing into the stable low t empera tu re phase 
because of the long relaxation t ime of the state. 
However, this frozen in termedia te state is trans-
formed into a substable phase at 209 K which is the 
addi t ional Ftr located on the rapid cooling run of 
DTA. When this substable phase yielding shorter F, 
values is warmed, it is t ransformed into another 
substable phase at ca. 210 K. The new substable 
phase seems to be di f ferent f rom the in termedia te 
state in two respects: First, the lat ter gave a dif-
ferent F, value f rom that of the f o r m e r when Tx 

measurements were m a d e at 248 K. Secondly, the 
t ime required for the latter to be t r ans formed into 
the stable phase is much shorter than the t ime for 
the former, which is not shorter than 10 h. 
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