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Five crystalline phases have been characterized in the perovskite layer compound (C,oH,,NH,),CuCl,,
using differential scanning calorimetry, X-ray diffraction and infrared spectroscopy. The ordered phase
V contains three types of hydrocarbon chains; two of them have an almost extended configuration with
a gauche bond in the proximity of the NH, group, the other one is the planar all-trans form. The
proportion of the different forms varies as a function of temperature from 100 K to 306 K within phase
V. The crystallographic symmetry of phases V and IV is triclinic while phases II and I belong to the
monoclinic and orthorhombic systems respectively. When raising temperature, two discontinuous tran-
sitions, V-III and III-II, affect the interlayer distances and are related to the presence of conformational
defects of the type gt’g~ and gtg ~, respectively, as well as to a relative disorder in the chain orientations.
When decoupling the III-V transition by cooling, the abrupt change in the lattice parameters occurs
between phases I11 and IV. The high temperature II-I transition is athermic and implies only a continuous
structural modification from the monoclinic to the orthorhombic symmetry.

Keywords: Bidimensional compounds, phase transitions, conformational disorder, X-ray
diffraction, Infrared spectroscopy

INTRODUCTION

Perovskite-type layer compounds of general formula (C,H,, , ;NH;),MCl, (CnM
for short) show a large variety of order-disorder structural phase transitions which
are governed by the dynamics of the alkylammonium groups and by the rotational
motions of the MCl, macroanions about their crystallographic axes. The type of
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disorder which can occur and the sequence of thermotropic phase transitions depend
on several factors. For compounds containing the same alkylammonium cation, it
depends on the nature of the metal ion but the reason of this effect is not well
understood.

When M = Cd, Mn, Cu, the mineral layers are constituted of more or less
distorted corner-sharing MCl, octahedra forming a two dimensional matrix and are
sandwiched between hydrocarbon layers. The NH, groups are attached to the layers
by weak NH . . . Cl hydrogen bonds. Van der Waals interactions and long range
Coulomb forces account for the interlayer bonding. Crystalline structure and phase
sequence above room temperature of C10Cd are well known.! The chains are tilted
by 40° with respect to the layer normal and form a zig-zag arrangement along the
crystal ¢ axis. This compound exhibits two first order phase changes, a minor one
at 308 K and the main one at 312 K. The first transition is related to the onset of
a reorientational motion of the chain heads between two positions in the cavities,
accompanied by a beginning of melting; the second one corresponds to the occur-
rence of an important conformational disorder.!? In the room temperature (RT)
phase of C10Mn, the chains are tilted by 45° and are all parallel to the same
direction.® The unique phase change at 308 K, leads to a disorder similar to that
of the high temperature (HT) phase of C10Cd.*

Neither the structure nor the space group of C10Cu are known; however it has
been shown from X-ray diffraction diagrams that all the chains are tilted by 40°
with respect to the layer normal and parallel to a single direction.> Though the
geometry of the octahedral cavities has not been described, one can admit that it
resembles the structure of the inorganic part of the homologous compound
(CsH,NH;),CuCl$: the copper and chlorine atoms form square planar CuCl ions
with Cu—Cl bonds of 2.29 A bound together in sheets nearly perpendicular to the
planes of CuCl} ions by Cu—Cl bonds of 3.04 A. Consequently, the octahedral
configuration of the copper atoms is distorted. Using infrared spectroscopy, we
have shown in a recent study’ that three types of chain conformations are present
at room temperature. This is different from C10Cd which contains equal propor-
tions of A (one gauche (g) bond between the first and the second carbon atoms)
and B (one gauche bond between the second and the third carbon atoms) and from
C10Mn where all the chains are in the B form.

C10Cu as C10Cd presents two successive phase changes at 309 K and 312 K, but
their order is reversed’#*: it has been stated from DSC and '*C NMR measurements
that the first one implies only a conformational disordering and the second transition
is due to a disordering of the polar heads.>® But our study indicates that both
processes in C10Cu are coupled and begin at the lower transition.”

In the present work, the crystallographic aspect of the polymorphic behavior of
(C,0H;;NH,),CuCl, has been studied by X-ray diffraction technique, on powdered
samples. This analysis allowed the determination of the unit-cell parameters of
most of the different encountered phases, in particular the higher temperature ones
I and II and the lower temperature ones IV and V. The intermediate phase III,
stable within a very narrow temperature range (AT = 3-4 degrees), gives a dif-
fraction pattern unable to permit an easy indexing tentative. However, X-ray dif-
fraction alone cannot give complete information on the characteristic features of
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the phase transitions, in particular those concerning the dynamics of the chains and
the way in which they are involved. To answer this type of question, we have
performed a simultaneous infrared spectroscopic study.

EXPERIMENTAL

Diffraction experiments have been performed with a Guinier-Simon camera using
the monochromatized radiation CuKa, (1.5406 A). This technique allows to obtain
a diffraction pattern which shows the continuous variation of all the diffraction
lines with temperature. The geometry of the diffraction scheme was Seeman-Bohlin
type. The experimental conditions were as follows: X-ray generator power of 1
Kw, window width of 1.0 mm, film speed of 1.5 mm.h~!. In order to prevent
eventual moisture effects during thermal variation on the sample (low temperature
experiments) the powdered product was introduced and sealed in a Lindemann
capillary of 0.5 mm diameter and then centered in the X-ray beam. The crystalline
preferred orientation effects due to the formation of microcrystals (platelets) re-
mained present in the sample in spite of a long grinding; they were minimized by
rotating the capillary around its axis during the measurements. Evolution of the
temperature was obtained using a nitrogen gas flow system and checked by a
chromel-alumel thermocouple located near the sample. The temperature regulation
was controlled by an electronic programmer for heating or cooling processes. The
selected temperature range was 100—-373 K and the rates of temperature variations
were defined owing to the type of desired exploration: 0.1 K min~!; 0.07 K min~";
0.027 K min~!. The uncertainty of the temperature, determined from the diffraction
pattern, was estimated to be +3 K: this accuracy depends of course on the sharpness
of the diffraction pattern changes related to the corresponding phase transition.
On the other hand, the positions of the diffraction lines were determined from the
diffraction film by using a calibrated ruler (for A = CuKa,) which gives directly
the corresponding distances d,,. In this technique, the accuracy in the determi-
nation of d,,, depends on the 0 regions: for instance, in low 8 region, it is estimated
tobe 0.1 A (at d = 10 A) and in high 8 region, to be 0.003 A (at d = 1.5 A). So,
for fixed room temperature investigations, (phase V), a powder diffractometer
allowing a very slow scanning speed of the detector (1/20°/26/min) was used to
improve the accuracy of the positions of diffraction lines ( =0.01°6). The results
were then corrected for systematic errors by using an internal standard (quartz).

The phase transitions of (C,,H,NHj;),CuCl, have also been investigated by
differential scanning calorimetry (DSC). We have used a Perkin-Elmer Series 7
apparatus. The experimental conditions were: temperature range 293 K-353 K,
heating or cooling rates 2 K min~!, weight of sample 2-3 mg. The transition
temperatures were defined according to ICTA (International Confederation of
Thermal Analysis) recommendations: they were given as the “‘onset’ temperature
“Ty" (for first-order transitions) of the corresponding DSC signals. Peak temper-
atures “T,” can also be usefully given in order to describe the sharpness of the
thermal phenomenon. Let us recall that only 7| is considered for second-order
transitions.



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:45 18 February 2013

96 N. B. CHANH et al.

Polycrystalline films for the infrared measurements were prepared on Csl win-
dows by rapid evaporation of hexane solutions. The spectra were registered using
a Bruker 113V FTIR interferometer equipped with a MCT detector. The resolution
was 1 cm~! and 300 scans were accumulated. The samples were in an evacuated
chamber where temperatures were stable within 1°C.

RESULTS

. DSC Analysis

The results are given on Figure 1a (heating process) and Figure 1b (cooling process).
On the heating curve, two endothermic signals are observed respectively at 309.3
K and 313.6 K (“onset” temperatures) and on the cooling curve, three exothermic
signals are detected, respectively at 312.4 K, 309.0 K and 305.4 K. These phenom-

310.6
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FIGURE 1 DSC results (2 K min~'): a) Heating process; b) cooling process.
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ena have already been pointed out in a precedent paper,” but some small differences
can be observed in the temperature values: we think that these discrepancies can
be due to the use of different calorimeters and probably to the ageing of the
products. Nevertheless, these calorimetric results give evidence of four crystallo-
graphic phases of C10Cu.

ll. X-ray Diffraction Results

1. Evidence of crystallographic phase transitions. In order to study the varia-
tions of the diffraction diagrams with the temperature through the different phase
transitions in (C,,H, NH;), CuCly, three experiments have been performed with
the Guinier-Simon camera:

¢ a heating experiment in the low temperature region between 100 K-223 K, with
arate of 0.1 K min~1.

¢ a heating experiment between 223 K and 343 K with a heating rate of 0.07 K
min~!,

¢ a cooling experiment from 373 K to 293 K, with a low cooling rate of 0.027 K
min~ 1.

The different temperature rates (heating or cooling) have been chosen in order
to point out more easily the diffraction changes on the pattern. The transition
temperatures observed by diffraction analysis are slightly different from those ob-
tained by DSC analysis which has been performed with a higher temperature rate
(2 Kmin1).

In the temperature range of 100 K-223 K (Figure 2), no clear crystalline phase
change is observed on the pattern. This region corresponds to the low temperature
phase of (C,,H,;NH;), CuCl, called phase V. Curvation of the diffraction lines
towards low 0 diffraction angles when the temperatures increases is only due to
the thermal expansion of the unit-cell.

In the second diffraction pattern between 223 K and 343 K (Figure 3a), two
main crystalline phase changes are detected at around 306 K and 310 K, respec-
tively. These transitions correspond to a sudden increase of the interlayer distances
dy, between the perovskite sheets through two successive steps as it can be seen
by the shifts of the first diffraction lines dy,; (1 = 4, 6, 8, 10) on the left of the
film towards low 6 angles when the temperature increases. These changes are
sharply discontinuous and affect also the whole diffraction pattern. They certainly
correspond to the phase transitions observed by DSC analysis at 309.3 K and 313.6
K, respectively. The distance dyy,. equal to 8.4 A for the room temperature phase

Heating experiment
—dhe

100K— . - !
/ Il [ ns Phose ¥
i j
223K— .

(C,O H2|NH§)2 Cu Cl4

FIGURE 2 Guinier-Simon diffraction analysis at low temperature.
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FIGURE 3 Heating diffraction patterns: a) C10Cu (Guinier-Simon) temperature range 223-343 K;
b) C10Cd (Guinier-Lenné) temperature range 293-353 K.

(V) becomes 9.0 A in the intermediate phase (III) and is 9.2 A in the upper phase
(II). On this diffraction pattern, another change can be detected at higher tem-
perature (=338 K). It corresponds only to small modifications of some diffraction
lines. In particular, several double lines, present immediately higher than 310 K,
become progressively unique at = 338 K. These minute changes could be attributed
to a phase transition of second order type which does not affect the interlayer
distance since the lines are continuous around 338 K. This progressive transition
could correspond to a structural ‘“monoclinic-orthorhombic’ change of the structure
with a small modification of the monoclinic angle which becomes equal to 90 degrees
in the highest temperature phase. This assumption is supported by the similarity
of the high temperature diagrams of the C10Cu and C10Cd (Figure 3b); indeed
the structure of the cadmium derivative has been found to be orthorhombic.! So,
we can propose the following crystallographic phase changes with increasing tem-
peratures: V — III at =306 K; III — II at =310 K; IT — I at =338 K. The last
phase change (338 K) is not detected by DSC analysis.

On the cooling diffraction pattern (Figure 4), it can be pointed out that the three
phase transitions cited above are reversible, with some delays. The corresponding
temperatures, measured from the film, are respectively equal to 326 K, 309 K and
306 K. On the diffraction diagram, it can be seen another phase change at around
300 K. Such a very weak transition is detected by small modifications of some
doublets which become unique at this temperature. Like the II « I transition
around 326 K, this transition does not modify the interlayer distance which shows
no discontinuity when the temperature diminishes from 306 K to 293 K. However,
this transition does not occur progressively, so that a small peak is detected at
302.7 K on the DSC thermogram.

In summary, Guinier-Simon diffraction analysis shows the existence of four phase
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transitions in (n-C,,H,,NH,), CuCl, crystals and consequently of five crystallo-

graphic phases named I, II, III, IV and V according to the following schemes.

\Y 111 II I
increasing temperature 4 1 i » T(K)
306 310 ~338
v 1Y 111 11 I
decreasing temperature <¢— 1 1 L A
300 306 309 -~326

2.

Crystallographic Analysis of the Different Phases.

Determination of the

crystallographic unit-cell of the different phases in (n-C,,H;NH;), CuCl, has been
done from the powder diffraction data, beginning by the phase I which shows
numerous similarities with the known orthorhombic HT phase of C10Cd (Figures
3a and 3b).

a. Form L

The powder data have been measured at approximate temperature

of 340 K in Guinier-Simon pattern. The analogies with the HT phase of C10Cd
allow to index this powder diagram in the orthorhombic system. The refinement
on the whole diffraction pattern (28 observed diffraction lines have been used) is
then performed with a program named AFMAIL and leads to the results shown
in Table I. After refinement, the parameters are obtained as follows:

Form I (340 K): orthorhombic

a=7261(4)A
b = 7343 (4) A
c=5465(3)A

N

=4
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TABLE I

X-ray (Guinier-Simon) powder data for the form I of (C,yH;,NH,).
CuCl, (T ~ 340 K)

N° fobs hkl fcale fobs Pcale

1 3.250 004 3.232 0.018

2 4.850 006 4.851 -0.001

3 6.500 008 6.474 0.026

4 8.100 0010 8.102 -0.002

5 8.575 110 8.580 -0.005

6 8.905 108 8.906 0.001
and / or

113 8.920 -0.015

7 9.480 019 9.474 0.006
and / or

115 9.497 -0.017

8 10.290 117 10.303 -0.013

9 12.090 020 12.110 -0.020

10 12.230 1013 12.223 0.007
and / or

200 12.249 -0.019

11 12.800 025 12.787 0.013

12 13.720 211 13.716 0.004

13 14.495 126 14.468 0.026

14 15.525 129 15.494 0.031

15 16.160 0213 16.173 -0.013

16 17.110 1118 17.116 -0.006

17 17.385 220 17.360 0.025
and / or

221 17.380 0.005

18 17.455 222 17.440 0.015

19 17.700 224 17.678 0.022

20 17.885 1214 17.874 0.011

21 19.065 2116 19.081 -0.016

22 19.320 2018 19.313 0.007

23 19.450 307 19.463 -0.013
and / or

132 19.469 -0.019

24 19.760 0 0 24 19.771 -0.011

25 20.130 1122 20.127 0.003

26 20.510 2213 20.496 0.014
and / or

138 20.531 -0.021

27 24.625 3212 24,647 -0.022

28 26.295 4009 26.288 0.007
and / or

3216 26.288 0.007

Differences between 6, and 0, are less than 0.03° which can be considered
as acceptable for the refinement through this technique. In the case of C10Cd,
Kind et al.! have proposed the Amaa group for the highest temperature phase and
Schenk,® the Cmcm group. Examination of the possible values of hkl (Table I)
shows that these groups are not compatible with the present results on our com-
pound. On the other hand, Kind et al. have determined the intermediate temper-
ature phase of C10Cd as Pmnn: this group seems compatible with the hkl indices
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(Table I) for the phase I of C10Cu, though we cannot produce any clear evidence
of such conclusions.

b. Form II. The measurements have been made on the diffraction pattern at
a temperature immediately above T = 310 K. The fact that some unique lines of
the orthorhombic high temperature form I (in particular the 113, 115 and 117 lines)
become double leads to assign the form as monoclinic. 29 observed diffraction lines
have been used for refinement of the unit-cell parameters. We have obtained:

Form II (T ~ 315 K): monoclinic

a=727703)A
b=7203@3)A
c=5459 () A
B = 92.25 (4)°
Z=4

Comparison between 0, and 8., is given in Table II: the differences are less
than 0.03°, which can be considered as acceptable. The index hkl show that the
results are compatible with P2,/a or P2,/n space groups. Let us recall that the RT
phase of C10Cd belongs to the P2,/n space group.!

¢. Form V. This form corresponds to the RT phase of C10Cu. A single crystal
diffraction study has already been made by K. Schenk et al.!' who have found the
following parameters: triclinic symmetry, PT, a = 7.2490 (6) A; b = 7.5740 (9)
Aic=51.120(7) A, « = 93.21 (1)% B = 92.053 (9)°; vy = 90.013 (8)°, Z = 4.
From our powder Guinier-Simon data, completed with the results of powder dif-
fractometer, the refinement of 30 observed lines has given the following unit-cell:

Form V (293 K) Triclinic

a = 7.219 (6) A
= 7.509 (7) A

c=51192) A

a =927 (1)°

B = 92.11 (7)°

vy = 89.86 (5)°

Z=4

Differences |0, — 0.aic| are less than 0.03° (Table III). Nevertheless, our results
present small differences with the data of Schenk er al. They could be explained
by the different origins of the products.

d. Form IV. The diffraction pattern of this form can be observed between 306
K and 300 K, during slow cooling X-ray experiment (Figure 4). The differences in
the diffraction pattern between form V and form IV are little and no discontinuity
is observed concerning the interlayer distance at the passage IV — V. Only some
unique lines of form V (in particular at 8 = 9.754° and 10.500° (Table III) become
clearly double in form IV. These observations lead us to consider that form IV
could have a triclinic symmetry as form V and we have refined the diffraction
diagram of form IV with this assumption. The results are:
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TABLE 11
X-ray (Guinier-Simon) powder data for the form II of (C,,H,,NH,), CuCl,
(~315 K)
N* fobs hkl bcalc fobs™ feale
1 3.250 004 3,238 0.012
2 4,850 006 4,859 -0.009
3 6.505 008 6.486 0.019
4 8.100 0010 8.117 -0.013
5 8.575 110 8.603 -0.028
6 8.870 T13 8.878 -0.008
7 9.030 113 9.009 0.020
8 9.440 T15 9.417 0.022
9 9.650 115 9.624 0.024
10 10.185 117 10.194 -0.009
11 10.450 117 10.461 -0.011
12 11.400 00 14 11.401 -0.001
13 12.195 020 12.194 0.001
14 12.230 200 12.232 -0.002
15 12.950 00 14 12.951 -0.001
16 13.520 T113 13.506 0.014
17 13.720 212 13.734 -0.014
and / or

T22 13,738 -0.018
and / or

207 13.726 0.004

18 15.525 T1 16 15.513 0.012
and / or

2011 15.520 -0.005

19 16.280 1211 16.289 -0.009

20 17.180 2 0 14 17.180 -0.000

21 17.250 T213 17.257 -0.007

22 17.455 221 17.441 0.013

23 17.815 224 17.818 -0.003

24 19.180 T121 19.170 0.010

25 19.400 10 22 19.397 0.003

26 19.790 00 24 19.808 -0.017

27 21.300 2 2 14 21.293 0.007

28 23.160 1315 23.162 -0.002

29 24,910 3119 24.912 -0.002

Form IV (303 K) Triclinic
a=7211)A

b =1750(1) A
=51.19Q2) A

= 92.7 ()

= 91.8 (1)°

= 89.6 (1)°

=4

N ®R O

The comparison between 8,,, and 6, is given in Table IV. From a crystallo-
graphic point of view, the unit-cell of form IV is nearly the same as that of form
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TABLE III

X-ray (automatic powder diffractometer) data for the form V of
(C,cH,NH,), CuCl, (293 K)

N°® [ h k1l 6 [ [
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obs calc obs Ycalc

1 3.440 004 3.457 -0.017

2 5.203 006 5.203 0.013

3 6.918 008 6.927 -0.009

4 8.559 171 8.561 -0.002

5 8.567 T1i11 8.572 -0.005

6 8.592 112 8.591 0.001

7 8.889 1 T3 8.899 -0.009
and / or

018 8.899 -0.009

8 9.051 113 9,055 -0.004

9 9.420 108 9.439 -0.019

10 9,605 115 9.594 0.011

11 9.754 T09 9.761 -0.007

12 10.255 116 10.256 -0.001

13 10.500 T17 10.512 -0.012

14 11.341 118 11.329 -0.005
and / or

1011 11.567 -0.016

16 12.261 023 12.262 -0.001

17 12.330 7201 12.330 0.000
and / or

200 12.331 -0.001

18 13.385 120 13.382 0.003
and / or

120 13.389 -0.004

19 14.029 124 14.038 -0.009

20 14.399 127 14.399 0.000
and / or

2009 14.404 -0.005

21 14.890 7010 14.882 0.008
and / or

171 14 14,902 -0.012
and / or

209 14.904 -0.014

22 15.725 1115 15.730 -0.005
and / or

00 18 15.745 -0.020

23 17.180 1018 17.172 0.008
and / or

1117 17.174 0.006

24 17.247 270 17.242 0.005
and / or

271 17.259 -0.012

25 17.385 2724 17.384 0.001

26 17.597 223 17.594 0.003

27 18.030 276 18.022 0.008
and / or

07216 18.023 0.007
and / or

12 14 18.026 0.004
and / or

2113 18.029 0.001

28 19.390 00 22 19.370 0.020

29 21.218 00 24 21.211 0.007

30 23.099 00 26 23.077 0.022
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TABLE IV

X-ray (Guinier-Simon) powder data for the form IV of
(CioH;)NH;), CuCl,

N° Yobs hkl bealc Sobs Peale
1 3.450 004 3.456 -0,006
2 5.200 006 5.188 0.012
3 6.920 008 6.925 -0.005
4 8.520 111 8.507 0.013

and / or

110 8.511 -0.001
5 8.690 0010 8.668 0.021

and / or

017 8.671 0.019

and / or

112 8.706 -0.016
6 8.950 T13 8.961 -0.011
7 9.065 113 9.042 0.023
8 9.435 108 9.421 0.014
9 9.535 115 9.554 -0.019
10 9.640 T15 9,630 0.010
11 9.790 115 9.776 0.014

and / or

109 9.789 0.001
12 10.200 117 10.187 0.013
13 10.440 0012 10.420 0.020

and / or

177 10.453 -0.013
14 10.570 117 10.550 0.020
15 11.855 1110 11.842 0.013

and / or

071 11.856 -0.002
16 12.285 T110 12,280 0.005
17 13.975 0016 13.954 0.021

and / or

124 13.970 -0.005
18 17.110 T213 17.128 -0.018

and / or

0118 17.135 -0.025
19 17.370 274 17.381 -0.011
20 17.510 223 17.523 -0.013
21 19.350 00 22 19.364 -0.014

V as seen in the great resemblance between their diffraction diagrams: only small
changes on B and vy angles occur during this phase transition.

lil. Spectroscopic Analysis

The spectrum of C10Cu at 294 K shows some splittings of bands at 1492-1480
em™! (3, NH;), 1472-1467 cm~! (3CH,), 730-725 cm~!(rCH,), due to intermo-
lecular coupling between at least two molecules in the unit-cell. The methyl sym-
metrical deformation, 8,CH;, and the ammonium deformations 8, NH; and 8 NH;
involve only the vibration of a limited part of the chain. 8,CH; frequency, 1376
cm™!, is similar to that of RT phase of C10Cd: so the interactions between the
methyl ends of the cations are nearly the same. § NH; and 3 NH; frequencies,
1583 and about 1480 cm ™!, respectively, are lower than those in C10Cd spectrum,
which suggests that the NH . . . Cl hydrogen bonds are weaker. Well defined
progression bands due to intramolecular coupling of adjacent oscillators in an
extended chain are observed (Figure 5). They all are accounted for by the presence
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FIGURE 5 Temperature dependence of C10Cu infrared spectrum (in absorbance) between 1400 and
1500 cm ~*.

of three conformations, all-trans, A and B.” The intrinsic intensity of the rCH,
vibrations at 810 cm~! (A) and 785 cm ! (B) is the same since integrated intensities
of the bands are identical in the RT spectrum of C10Cd.? Then integration of the
absorbance under the bands at 810 and 785 cm~! of C10Cu shows that the pro-
portion of the B form is 42% of the A form.

Important modifications of the relative intensities are observed when decreasing
the temperature; this is most evident in the spectral domain 900—750 cm ~! (Figure
6a). Intensities of all-trans vibrations at 796 and 760 cm~! continuously diminish
and tend to zero below 100 K. At 100 K, the B type chains are nearly 90% of the
A ones and we may admit that there are 50% of A chains and 45% of B chains.
To follow the temperature dependence of these intensities, we have chosen the
intensity of 8,(NH,) band, at 1585 cm~!, as an internal reference. In that manner,
we find that the relative intensity of the 810 cm~! band remains constant when
raising temperature while that of the 785 cm~! band continuously decreases; at
292 K there are 50% of A forms and 21% of B forms; consequently the proportion
of all-trans conformers progressively increases until 29% (Figure 7). The same
results are obtained by considering evolution of the ratio I,44/I5,5. It can be noticed
that calculation of the ratios I;9¢/1;s55 and 1,06/, also leads to the above percentages
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FIGURE 6 Temperature dependence of C10Cu infrared spectrum (in absorbance) below 295 K. a)
680-980 cm ! spectral range; b) 1350-1500 cm ™' spectral range.
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FIGURE 7 Temperature dependence of the proportions of the three conformers of C10Cu (7T = all-
trans chain).

of all-trans forms; this implies that the intrinsic intensity of the rCH, vibrations at
796 (all-trans), 810 (A) and 785 cm~! (B) is about the same. Below 205 K, a third
component of the 3CH, splitting is observed at an intermediate frequency (Figure
6b). As chains still consist of t®, A and B conformers in this temperature range, it
is due to the crystalline field effect.

When raising temperature within phase V, for instance at 305 K, the B forms
are still 40% of the A ones but the amount of all-trans conformers varies from
58% to 45%. A very weak new broad band simultaneously appears near 1308
cm™!; it is characteristic of kink defects of the form gt?”~ g~ which allow the chains
to remain parallel.?
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In the spectrum of phase IV obtained by cooling at 306 K, the factor group
splittings have disappeared; the 3,NH; frequency is shifted from 1583 to 1580 cm~!.
This is consistent with a weakening of the intermolecular interactions and of the
strength of the hydrogen bonds. The spectrum is typical of extended chains though
the peak height of the progression bands is decreased. The kink band at 1308 cm ™!
and an absorption at 1341 cm ™!, assigned to gauche forms in the vicinity of the
methyl end, become conspicuous. The spectrum of phase III is characterized by
the quasi-disappearance of the progression bands, while the defect bands become
the dominant features. The § NH; wavenumber decreases further to 1576 cm~!
and the 3,CHj; frequency is shifted from 1376 to 1378 cm~', which indicates a
decrease in the interactions between the chains layers. The features characteristic
of extended chains are no longer observed in the spectrum of phase II. Intensity
of the defect bands strongly increases but no new defect such as gg sequences,
which should be characterized by an absorption near 1350 cm~!, is detected within
the accuracy of our measurements. The spectrum of phase I is strictly identical,
above 500 cm~!, to that of phase II. This transition does not seem to imply con-
formational changes in the chains, which is consistent with the absence of a thermal
effect.

DISCUSSION

Five crystalline phases have been evidenced in crystalline (C,,H,,NH;), CuCl,.
Form V belongs to the triclinic system. C10Cu is an ordered solid containing 3
types of extended chains at room temperature. This conclusion is in agreement
with X-ray diffraction preliminary results which propose a triclinic cell containing
four independent chains: two of type A, one B, and the other one probably T¥, at
room temperature.'! The existence of three bands assigned to a factor group split-
ting of the 8CH, mode agrees with the space group P, with four molecules in C,
sites, in the unit cell, below 205 K. When cooling down, a partial conversion of
all-trans chains to B chains is evident and at temperature less than 100 K, only the
two conformers A and B are present in equal proportions. As the Guinier-Simon
diagram does not show any obvious structural modification or phase change when
diminishing the temperature until 100 K, evolution of the relative intensity of B
and all-trans conformers implies some mobility, at least in the B cavities, within
the phase.

The lattice symmetry of form IV is still triclinic but its space group could not be
deduced from our powder experiment. It changes to monoclinic (form II) and
orthorhombic (form I); the crystallographic system of phase III was not determined.
On heating process, V-III and III-II transitions are discontinuous and particularly
affect the interlayer distance: the value of dy, is equal to 25.2 A in phase V and
to 27 A in phase I1I, which corresponds to an increase of 7%. This can be explained
by the variation of the tilt angle between the decylammonium cation and the layer.
Indeed in phase V, the chains are tilted due to the g bond near the NH; end.
Infrared measurements show that phase III is highly disordered and that the for-
mation of kinks gt>"~!g~ is important; it is expected that the g~ bond causes the
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chain end to be parallel to the layer normal. However the interlayer distance in
phase III is not sufficient to allow the existence of gtg~ forms; it is consistent with
gt’g~ sequences.” At the III-II transition a further increase of the interlayer dis-
tance, from 27 A to 27,6 A, is measured; it can be related to the formation of short
kinks gtg~. The athermic II-I transition implies that only the inorganic layers
undergo a weak structural modification. By contrast, the I1V-V transition which
can be observed by cooling involves a thermal effect and does not seem to modify
either the crystalline system or the interlayer distance; only the B and -y angles are
slightly different. Infrared spectrum analysis shows that a noticeable disorder exists
in the hydrocarbon part of phase IV (Figure 5).

It must be noticed that the crystallographic variables abruptly change at the
V-HI and III-1I phase transition temperatures. The chain dynamics evidenced by
spectroscopic analysis continuously increase from 100 K up to 330 K with a sharp
step at the first transition. The latter is more progressive when decoupled by cooling,
since the progression bands reappear in phase IV while the absorption due to
specific sequences of bands are still important. However, by contrast with C14Mn!2,
coexistence of ordered and disordered clusters is not observed, which suggests that
the initiation mechanism of the transition is somewhat different. C10Cu transition
behavior also is different from that of C10Cd where the occurrence of intercon-
version between two types of chain conformers is related to the first transition
while a similar phenomenon exists within phase V of C10Cu: this is likely due to
the different shape of the chlorine cavities which probably implies a looser packing
allowing some mobility of the chains.
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