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Abstract

A powerful combination of calorimetric and high-
resolution neutron powder-diffraction techniques has
been used to study the phase transitions in deuter-
ated methylammonium iodide. The neutron powder-
diffraction measurements have confirmed the four-
fold disorder of the deuterium atoms about the C;
axis of the methylammonium ion in the tetragonal
(P4/nmm) «’ phase. The structure of the metastable
& phase was determined using a novel method of
chemically constrained profile refinement. It was
found to be orthorhombic (Pbma, Z =4, a = T7.1743,
b=7.0967, ¢=8.8323 A) in which the deuterium
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atoms were completely ordered in an anti-parallel
manner along the b axis. Heat capacities of the a’
and 8 phases of CD;ND;I were measured in the
temperature range 13-303 K. A continuous A-type
anomaly was found at the 6—a’ phase transition
which occurred at 164.0 K with an associated transi-
tion entropy of 8.8 J K~' mol . The results are very
similar to those of CH;NH;I measured previously,
indicating that deuteration of the methylammonium
ion does not affect the mechanism of the §—a’ phase
transition of CD3;ND;I.

1. Introduction

CH;NH,;X (X =Cl, Br, I) compounds have many
polymorphs related to the various types of orienta-
tional disorder of the methylammonium (CH;NH;")
ion. In the high-temperature ¢ phase (observed only

© 1992 International Union of Crystallography
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for I), the CH;NH; ion is disordered both with
respect to the orientation around the C—N axis and
to that of the C—N axis itself. In the moderate-
temperature phases a (for Cl and Br) and a’ (for Br
and I), the orientation of the C—N axis is ordered
but that around the C—N axis is still disordered.
The remaining disorder is removed through two
different phase transitions at low temperatures; i.e.
to the stable B8 (for Cl and Br) or B’ (for I) phases
and to the metastable 6" (for Cl) or § (for Br and I)
phases. The y phase appears only for the chloride
between the @ and B phases. These rather compli-
cated phase relations have been clarified by calori-
metric (Aston & Ziemer, 1946; Yamamuro, Oguni,
Matsuo & Suga, 1986a), DTA (Ishida, Ikeda &
Nakamura, 19824,b; Yamamuro, Oguni, Matsuo &
Suga, 19865) and IR (Cabana & Sandorfy, 1967;
Théorét & Sandorfy, 1967) studies. X-ray diffraction
studies (Yamamuro, Oguni, Matsuo & Suga, 1986b)
showed that the ¢ phase has a CsCl-type cubic
structure, and the @ and a’ phases have tetragonal
structures belonging to the same space group of
P4/nmm, where the C—N axis was uniquely oriented
along the fourfold crystallographic axis (Hendricks,
1928; Hughes & Lipscomb, 1946; Stammler, 1967;
Gabe, 1961). In these phases, however, the positions
of H atoms of the CH;NH; ion have yet to be
determined. Although no structural studies of the
low-temperature B, B’, 6 and 6’ phases have been
done, the B and &’ phases are expected to be the
same as the B and & phases, respectively. The
rotational motions of the CH;NH;" ion have been
most actively investigated by NMR (Yamamuro,
Oguni, Matsuo & Suga, 1986b; Tsau & Gilson, 1970;
Tegenfelt, Keowsim & Siterkvist, 1972; Albert &
Ripmeester, 1973; Sundaram & Ramakrishna, 1982;
Ishida, Tkeda & Nakamura, 1982a,b, 1986), NQR
(Jugie & Smith, 1978), IR (Whalley, 1969), Raman
(Castallucci, 1969) and inelastic neutron scattering
(Ludman, Ratcliffe & Waddington, 1976) studies.
They indicated that both the CH; and NH;" groups
were spinning rapidly around the C—N axis in the ¢,
a and a’ phases, while the rotations became slow in
the v, B, B’, 8 and &’ phases (especially in the 8 and
B’ phases).

Methylammonium iodide, CH;NH;l, is the most
interesting compound of those noted above because
it is the only compound of this series in which both
the stable B’ and metastable & phases can be studied
down to low temperature. The phase relationships of
CH;NH;I may be represented schematically as
shown in Fig. 1.

The supercooled metastable phases of CH;NH,Cl
(6’) and CH;NH;Br (8) readily transform to the
stable B phase on cooling. In addition the & phase
can also only be observed in CH;NH;l. Recent
calorimetric and dilatometric studies of CH;NH;I
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(Yamamuro, Oguni, Matsuo & Suga, 1986a) have
shown that the phase transition from B’ to a’ is first
order with large supercooling and superheating
effects, while that from 8 to &’ was of a higher-order
nature. It also indicated that both the low-
temperature phases were completely ordered at abso-
lute zero from entropic considerations. Subsequent
microscopic and dielectric studies (Yamamuro,
Oguni, Matsuo & Suga, 1987) revealed that the
metastable § phase adopted an orthorhombic or
monoclinic structure in which the CH;NH; ions
were ordered in an anti-ferroelectric manner.

In this study, we present high-resolution neutron
powder-diffraction measurements of the a’ and &
phases (the B’ phase could not be obtained as
described below) on the deuterated compound
CD;ND;l. The purpose of the study was to
determine the structures, including the positions of
deuterium atoms associated with the CD;ND;" ion,
and to clarify the mechanism of the phase transition
from a structural viewpoint. In order to examine the
entropic aspect of the phase transition, the heat
capacity of CD;ND;l was measured in the tempera-
ture range 13-303 K with an adiabatic calorimeter.
Deuteration effects, such as shifts in the transition
temperature, are most accurately studied by calo-
rimetry which also revealed there to be no
metastable-stable transition in the deuterated com-
pound as is observed in the hydrogenous material.

2. Experimental
2.1. Sample preparation

The CD;NDsl sample used for the calorimetric
and neutron powder-diffraction studies was prepared
as follows. CD;NH, gas was produced by mixing
CD;NH;Cl (>98 atom% D; Aldrich Chemical
Company) and a saturated aqueous solution of
NaOH. The CD;NH, gas was dissolved in HI — 50%
aqueous solution (Wako Pure Chemical Industries
Ltd), in which the amount of HI was slightly in
excess compared with CD;NH,. Removal of the
water and the excess HI by pumping gave CD;NH;I,
which was recrystallized from ethanol and washed
with chloroform. Deuteration of the CD;NH;1 was
performed by repeating the following procedure
twice. The CD;NH;I was dissolved (40 times by

T(K) 1o 220 15

stable B
o €

metastable 8 |

Fig. 1. Phase relationships of CH;NH;I.
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volume) in degassed deuterated water (>99.75
atom% D; Aldrich Chemical Company) in a helium
atmosphere, the subsequent water removal being car-
ried out by vacuum distillation. All the procedures
described above were carried out in the dark since
CD;ND;l, especially in solution, is rapidly
decomposed by light.

The following values show the result of the
elemental analysis of CD;ND;I in mass%:

C D N 1
Obs. 7.31 7.23 8.49 76.96
Cale. 7.28 7.33 8.49 76.90

All of the observed values agree with the calcu-
lated figures within an error of less than 0.1%. The
deuteration level was calculated to be 99.73% by
considering the ratio of deuterium to nitrogen.

2.2. Neutron diffraction measurements

Neutron powder-diffraction data of CD;NDsl
were recorded at 4.2 K and room temperature using
the high-resolution powder diffractometer (David,
Akporiaye, Ibberson & Wilson, 1988), HRPD, at the
spallation pulsed neutron source ISIS. Data were
collected using 2 cm® of sample contained within a
vacuum-tight vanadium can. Three time-of-flight
regions 30-130, 100-210 and 180-280 ms were
recorded. These regions correspond to a total d-
spacing range from 0.6-5.6 A. After the o’ phase
data were collected at room temperature, subsequent
rapid cooling to 4.2 K yielded the & phase. Attempts
to obtain the B phase by annealing at temperatures
just below the 160 K transition temperature were
unsuccessful.

2.3. Heat-capacity measurement

The heat-capacity measurement was carried out
over the temperature range 13-303 K using an
adiabatic calorimeter described elsewhere (Tatsumi,
Matsuo, Suga & Seki, 1975; Matsuo & Suga, 1985).
The accuracy of C, was better than 0.3% across the
whole temperature range. The CD;ND;l sample was
sealed in a calorimeter cell of volume 4.624 cm? with
helium gas at atmospheric pressure to facilitate ther-
mal contact between the cell and the sample. The
mass of the sample used was 4.2582 g, corresponding
to 2.5806 x 10~ mol. The temperature increment for
each measurement was 1-3 K in the normal region
but was reduced to 0.1 K around the peak of the
transition.

3. Results and discussion
3.1. The a’-phase structure (295 K)

At room temperature, methylammonium iodide
has a tetragonal structure. The methylammonium
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Table 1. Final structural and profile parameters for
a,-CD3ND3I at 300 K

Tetragonal: space group P4/nmm (No. 129), a=5.12729 (1), b=
5.12729 (1), ¢=9.01794 (2) A. Deuterium site occupancies =
0.18750. R,=17.10%, R,r=5.17%, R..,=1.89% and x> =747
for 4458 profile points and 17 basic variables.

x y z B, (A?)
N i i 0.20393 (21)  4.09 (15)
C i 3 0.36233 (30)  7.91 (18)
1 P H 0.81101 (45)  3.88(17)
DIl i 0.06596 () 0.16490 (30)  8.03 (17)
DI2 0.11986 (-) 0.11986 (-) 0.16490 (30)  8.03(17)
DI3 0.17957 (-) 0.07997 (-) 0.16490 (30)  8.03 (17)
D21 i 0.06596 (-) 040136 21)  8.03(17)
D22 0.11986 (-) 0.11986 (-) 0.40136 (21)  8.03(17)
D23 0.17957 (-) 0.07997 (-) 0.40136 (21) 8.03 (17)

molecule is oriented along the tetragonal axis and is
orientationally disordered about that axis since the
free form axis of the molecule coincides with the
fourfold crystallographic axis. Using the X-ray data
of Hendricks (1928) as a starting point in the profile
refinement, rapid convergence was obtained. The
C—N bond is indeed aligned along the fourfold axis,
and the disordered configuration of the methyl group
was accurately fitted by a 12-site disordered model
for the deuterium positions. However, because of the
large thermal motion, it is impossible to distinguish
between a 12-fold disorder and free rotation of the
methyl groups about the tetragonal axis. For this
reason it also proved difficult to refine the in-plane
deuterium x and y coordinates and in the final
refinement these values were fixed. The refined struc-
tural parameters are presented in Table 1. The large
values for isotropic temperature factors, particularly
up and down the ¢ axis for the methyl group, may be
an indication of a small degree of frozen-in disorder
of the methylammonium orientation up and down
the z axis.

3.2. The &-phase structure

The powder-diffraction pattern obtained at 5K
clearly showed that a phase transition had occurred
in agreement with the heat-capacity measurements
discussed below, which indicated an order—disorder
transition consistent with the ordering of the methyl-
ammonium ions about the ¢ axis of the tetragonal
structure. Although the continuous nature of the
structural phase transition at 161 K between the o’
and & phases suggests that the low-temperature space
group is a subgroup of the tetragonal space group
P4,/mmm, a preliminary inspection of the 5 K dif-
fraction data revealed that a cell doubling had most
probably occurred and that there was a significant
distortion from the tetragonal phase indicative of
orthorhombic or lower symmetry. The orthorhombic
symmetry was indeed confirmed by traditional auto-
indexing techniques. The positions of the highest
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d-spacing reflections were manually measured for
indexing purposes. Using the autoindexing program
TREOR (Werner, 1976), the crystal lattice was
indexed to an orthorhombic cell a=7.1675, b=
7.0919, ¢ = 8.8251 A (see supplementary material*),
indicating a \/2 by \/2 increase in cell size within the
ab plane. This ease of lattice parameter determina-
tion from first principles is typical of time-of-flight
powder diffraction cxperiments when the highest d-
spacing information is available. This is because the
zero-point error becomes progressively less impor-
tant the larger the d-spacing in time-of-flight meas-
urements, in contrast to the opposite effect for
constant-wavelength measurements. Calculation of
all possible d-spacings consistent with the ortho-
rhombic cell obtained by autoindexing indicated that
the orthorhombic structure possessed several
systematic absences. These systematic absences were
obtained using the following procedure. Instead of
performing a traditional Rietveld profile refinement
in which the unit cell, atomic coordinates and peak-
shape parameters are varied, the present method
involves the refinement of unit-cell constants and
individual peak intensities. This technique was origi-
nally pioneered by Pawley (1981). The space group

* Lists of autoindexing results, refined intensities, systematic
presences, molar heat capacities and standard thermodynamic
functions have been deposited with the British Library Document
Supply Centre as Supplementary Publication No. SUP 54870 (7
pp.). Copies may be obtained through The Technical Editor,
International Union of Crystallography, 5 Abbey Square, Chester
CH1 2HU, England.
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assumed in the refinement was the orthorhombic
group Pmmm since it possesses no systematic
absences. The systematic absences and hence the
correct space group are determined by examination
of peak intensities which are less than three standard
deviations in magnitude. The first 105 intensities
extracted by this procedure have been presented for
deposition. These intensities and the standard devia-
tions were then automatically scanned for systematic
presences. All reflections with intensities less than
three standard deviations were rejected. The systema-
tic presences indicated that for 0k/ reflections k must
be even, and that for hk0 reflections 4 must be even.
This is consistent with the extinction symbol Pb—a
and with the space groups Pbma and Pb2,a as
presented in the supplementary material. Considera-
tion of the eight possible ordering schemes of the
molecule consistent with cell doubling, shown in Fig.
2, led to one space group conforming to Pbma. This
is indicated in Fig. 3. Trial atomic coordinates were
obtained from consideration of the high-temperature
tetragonal structure. Basic packing considerations
indicated that this initial trial structure may be a
considerable distance from the final true solution. As
traditional Rietveld profile refinement is invariably
unstable if the initial structural guess is some way
from the correct solution, the problem was restrained
by constraining the methylammonium bond lengths
to be fixed during the refinement. This has the effect
of forcing the methylammonium ion to move as a
rigid group and severely reduces the possible insta-
bilities that may arise during profile refinement. This

G

Ps)

7

e

@J\Q v
o 3
o

Fig. 2. Possible ordering schemes of the methyl groups for the 8-phase structure derived form the a-phase structure by a cell doubling.
(The sections are drawn in the ab plane showing a fractional z coordinate for each group.)
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technique, although similar in effect to the work of
Pawley (1981), is different in that in the structure
solution of CF;Cl, Pawley & Hewat (1985) ensured
that the molecule would move as a rigid body by
reducing the number of parameters that were refined
and used to describe the molecular coordinates. In
the present work, the number of refined parameters
is not reduced, rather the number of observations is
increased by imposing strict chemical information to
deal with very strongly constrained bond lengths.
Nevertheless, the effect is equally dramatic. Both
techniques yield an extremely robust refinement.
Inspection of the calculated profiles, Fig. 4, at the
end of each cycle graphically illustrate this. The
intensity’s R factor reduces from 112% to 30% in
five cycles. This is consistent with an average atomic
movement of greater than 0.2 A. The structure
obtained using these strong slack constraints was
subsequently refined using the traditional Rietveld
method. The observed and calculated profiles and
structural model are shown in Figs. 5 and 6 respec-
tively. The final structural and profile parameters are
given in Table 2.

3.3. Heat capacity

Heat capacities of the phases obtained by rapid
cooling (ca 5 K min~ ! around 200 K) of the deuter-
ated sample are plotted in Fig. 7 as open circles. The
data of the metastable phases (6 and a”) of
CH;NH;I (Yamamuro, Oguni, Matsuo & Suga,
1986a,b) are plotted as closed circles. In CH;NH;I,
the irreversible phase transition from the metastable
a’ to the stable B’ phase occurred just above the
temperature of the A-type transition from the é to a’
phase and made the C, measurement of the a’ phase
impossible in the temperature region 175-215 K. In
the deuterated sample a similar A-type transition was
observed in the analogous temperature region. The

Fig. 3. Methyl-group ordering scheme consistent with the space
group Pbma.
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irreversible transition, however, did not occur. From
the similarity of both heat-capacity curves, discussed
below, the phases observed here should be 6 and a’,
corresponding to the phases of CH;NH;l. In fact,
the neutron diffraction study shows that the high-
temperature phase of CD;ND;l is the same as that
of CH;NH,I ().

Factors that determine the metastability of the
phases are not clear at present. However, because of
the persistent metastability of the @’ phase of the
deuterated sample, its heat capacity could be meas-
ured in the entire temperature region without being
disrupted by the irreversible transformation to the 8’
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Fig. 5. Calculated and observed profiles for §-methylammonium
iodide.

Fig. 6. SCHAKAL (Keller, 1988) illustration of &-methylam-
monium jodide.
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phase. The result showed that the interpolation pre-
viously made in the C, curve of CH;NH;I was
justified. It is reasonable to assume the existence of
the B phase for the deuterated compound although it
has not been observed.

3.4. The 6 to o’ phase transition

The heat capacity was measured with a tempera-
ture increment of 0.1 K around the peak of the
A-type 6 to a’ transition. Even at the top of the
peak, thermal equilibrium after heating was attained
as rapidly as in the temperature range free from
transition effects. This shows the transition to be of
higher order as with CH;NH;I. The heat-capacity
peak occurred at 164.0 K, which is lower than the
peak temperature of CH;NH,I by 2.1 K, indicating a
negative isotope effect.

In order to separate the transitional contribution
from the normal heat capacity, the vibrational heat
capacity (base line) was calculated using the fol-
lowing model heat-capacity function involving har-
monic oscillators and hindered rotors with a small
correction for the C,— C, difference: C,(base) =
C(intra-ionic vibration, 17, E) + C(libration, 2, E) +
C(lattice vibration, 3, D) + C(lattice vibration, 3, E)
+ C(internal rotation, 1, M)+ C(overall rotation, 1,
M)+ AC,’T, where E and D in the parentheses
indicate the Einstein and Debye models respectively
and M the heat capacity of a hindered rotor calcu-
lated by the use of the Mathieu energy levels. The
two M terms represent the internal and external
rotations of the methylammonium ion. Eigenvalues
of the Mathieu equation involve the moment of
inertia I of the rotors, symmetry number n and
barrier height ¥, as parameters, as described else-
where (Yamamuro, Oguni, Matsuo & Suga,
1986a,b). The wavenumbers (in cm~!') of the 17
intra-ionic vibrations were taken from the IR data
(Théorét & Sandorfy, 1967): 2311 (1), 2129 (1), 1157
(1), 1082 (1), 891 (1), 2379 (2), 2181 (2), 1148 (2),
1038 (2), 1005 (2), 658 (2), where the numbers in
parentheses denote the degeneracy. The librational
wavenumber was determined to be 101 cm~™! by
multiplication of the square root of Iy/Ip by the
wavenumber of the corresponding mode in
CH;NH,I [110cm ™!, after Ludman, Ratcliffe &
Waddington (1976)). The values I, » and V, for the
internal and overall rotations of the CD;ND; ion
were 5.002 x 10~*” kg m?, 3, 9.9 kJ mol ! and 20.08
x 107* kgm? 12, 3.4kJ mol™!, respectively. The
values other than those for 7 were assumed to be the
same as those of CH;NH;I.

The remaining three parameters, the Debye tem-
perature fp and Einstein temperature 6 for the
lattice vibrations and a coefficient of the last term A,
were determined using a least-squares fitting method.
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Table 2. Final structural and profile parameters for § CD;NDsl ar 5K

Orthorhombic: space group Pbma (No. 57), a = 7.17143 (2), b = 7.09673 (2), ¢ = 8.83232 (2) A. R,=3.93%, R,,=3.33%, R..,=122%
and x? = 7.43 for 3510 profile points and 61 basic variables.

X y z By, (Az) B, (Az) B;; (Az)
N ~0.03011 (43) -1 0.20779 (40)  0.23(10)  1.39(12)  1.75 (13)
c ~0.03312 (65) -4 037551 43)  1.95(17)  097(17) 148 (21)
I —0.02886 (52) -4 0.81006 (50)  0.52(14)  0.25(13)  0.25(13)
D1 ~0.16182 (68) -3 0.16664 (46) 2.92 (21) 2.67 (21) 1.41 (23)
D2 0.03352 (39) —0.36882 (39) 0.16443 (30) 2.34 (13) 2.34 (13) 2.30 (17)
D3 0.11725 (63) -3 0.41252 (54) 2.17 (21) 4.89 (24) 3.62 (26)
D4 ~0.10108 (43) —0.12664 (38) 0.41753 (35) 3.96 (16) 1.94 (13) 3.14 (19)

The temperature regions where the experimental heat
capacities were used for the fitting were 13-40 and
250-303 K, as used in the comparable calculation for
CH;NH;I. The fitted line reproduced the experimen-
tal data as shown in Fig. 8, where the contribution
from each term is shown separately. The best-fit
values of the parameters were as follows: 6p =
81.1K, 6:=143.7K, and 4 =1.56 x 107 J~ " mol.

100}

50}

¢,/ JK-mol

L 1 1 8
155 160 185 170 175
T/K

Fig. 7. Molar heat capacities of CD;ND;I (0) and CH;NH,I (e).

100

50

Cp / JK' mot!

T/K

Fig. 8. The heat-capacity curve of CD;ND;,l separated into the
various contributions. (4) Intra-ionic vibration, (B) libration,
(C) internal rotation, (D) overall rotation, (E) lattice vibration
(Einstein), (F) lattice vibration (Debye), (G) C, — C, correction.

Both of the Debye and Einstein temperatures are
lower than those of CH;NH;I (8p = 83.6 K and 6.
=171.2K), which reflects the mass effect on the
vibrations.

The anomalous heat capacities derived by subtrac-
ting the base line from the total are shown as open
circles in Fig. 9. Those of CH;NH;I are also shown
for comparison as closed circles. The temperature
scale is reduced by the respective transition tempera-
tures (164.0K for CD;ND;I and 166.1 K for
CH;NH;]). Clearly, the anomalous heat capacity of
CD;ND;I closely resembles that of CH;NH;I in the
whole temperature region. The entropy of the transi-
tion of CD;ND;" was 8.8 J K ™! mol ™!, which is also
close to that of CH;NH;I (9.3J K !mol™!). As
described above the C—N axis of the CDsND; ion
has a threefold axis located on the fourfold crystal-
lographic axis. The transition entropy therefore
should ideally be Rln4 (=11.5J K~ mol~') in the
static limit. The smaller experimental value for the
transition entropy is probably related to the quasi-
free rotation of the &’ phase as discussed previously
(Yamamuro, Oguni, Matsuo & Suga, 1986a,b) and is
in agreement with the neutron diffraction results.

Values for the molar heat capacities of CD;ND;I
have been deposited along with the standard thermo-
dynamic functions for CD;NDjsl which derived from
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Fig. 9. The anomalous heat capacities due to the §-a’ transitions
of CD;ND;I (0) and CH;NH;I (e).
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the heat-capacity data. The base line function
obtained in §3.3 was used for the extrapolation of the
heat capacity in the temperature region 0-13 K.

4. Summary

The studies described in this paper illustrate the
complementary nature of calorimetric measurements
and high-resolution neutron powder-diffraction data
for the detailed elucidation of phase transitions in
such molecular compounds. The heat-capacity meas-
urements indicate a continuous phase transition from
the tetragonal (P4/nmm) a phase to the & phase
suggesting the structure to be a subgroup of the
former phase. This does prove to be the case as a
distortion to an orthorhombic structure (Pbma)
results. The current work has provided valuable
information towards an understanding of the overall
phase behaviour and it is intended the structural
information be combined with studies of tHe molecu-
lar rotations from which a fuller account of the
phase behaviour mechanisms may be ascertained.
Preliminary work would suggest some scheme of
weak hydrogen bonding of the NH** groups as a
prerequisite for any such model.

The financial support given by the British Council
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