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The crystal structures of methyl bromide and methyl iodide have been determined by the X-ray diffraction
method at about —120°C and about —80°C respectively. Both the crystals are isomorphous, with orthorhombic
space group D.f—Pnma. Unit cells containing four molecules have the dimensions: a=4.47,(1), b6=6.42,(2),
and ¢=9.15,(1) A for methyl bromide, and: a=4.59,(2), 5=6.98,(1), and ¢=10.11,(1) A for methyl iodide. These

structures are quite different from that of methyl chloride, which has a symmetry of C};—Cmc2,.

In the three

crystals, all the molecules are found on the mirror planes; the difference lies in the mutual orientations of the mole-

cules.

As part of a series of investigations of various halogen-
ated methanes, the crystal structures of methyl bromide
and methyl iodide have been determined by the X-ray
diffraction method. Since Burbank reported the crys-
tal structure of methyl chloride,!) several spectroscopists
have discussed whether or not the crystal structures of
methyl bromide and methyl iodide are isomorphous
with that of methyl chloride.? The present authors
will here report the crystal structures of these two
compounds.

Experimental

Methyl bromide and methyl iodide, both from commercial
sources (Tokyo Kasei Industries, Ltd. and Wako Pure Chemi-
cal Industries, Ltd., respectively), were purified repeatedly
by recrystallization by cooling and by vacuum distillation,
followed by sealing in thin—wall glass capillaries in vacuum
(0.3 mm in internal diameter and 0.01 mm in wall thickness).
The specimen was placed on an X-ray goniometer head and
was crystallized by letting flow thereby a cold gas stream from
liquid nitrogen. By means of careful temperature control,
it was possible to grow a seed of a crystal very near to the size
of the capillary at temperatures directly below the melting
point (—93.7°C for methyl bromide and —66.5°C for methyl
iodide) ; the crystal was then cooled gradually. It was found
later that a single crystal of methyl bromide was grown with
the [110] axis, and that a single crystal of methyl iodide was
grown with the [100] axis, of the respective orthorhombic
lattices nearly along the capillaries.

The cell dimensions of the two crystals were determined
from oscillation and Weissenberg photographs around the
axes mentioned above. These measurements were made at
about —120°C for methyl bromide and at about —80°C for
methyl iodide. From systematic extinctions (0kl with k--/
odd and #k0 with & odd) and intensity distributions, both the
crystals were found to belong to space group Pama or Pn2,a,
with four molecules per cell. The crystal data for these two
compounds are summarized in Table 1. The intensity data
were collected by means of multiple-film oscillation photo-
graphs, using Ni-filtered Cu Ko radiation; 212 independent
reflections around the [110] axis for methyl bromide, and 177

* To whom all correspondence should be addressed. Present
address: Department of Research and Development, Nippon
Crucible Co., Ltd., 925 Inada, Higashi-Osaka 577.

1 Deceased on May 31st, 1967.

1) R. D. Burbank, J. Am. Chem. Soc., 75, 1211 (1953).

2) D. A. Dows, J. Chem. Phys., 29, 484 (1958); M. E. Jacox
and R. M. Hexter, ibid., 35, 183 (1961); M. Ito, ibid., 41, 2842
(1964); R. Kopelman, ibid., 44, 3547 (1966).

TABLE 1. CRYSTAL DATA
Methyl bromide, CH,Br Methyl iodide, CH,I
MW 94.94 MW 141.94
Mp —93.7°C Mp —66.5°C
Tr. p. —99.4
Exp. temp. —120 Exp. temp. —80
Orthorhombic Orthorhombic
a =4.4744+-0.012A a = 4.5974+0.016 A
b =6.4204-0.019 b = 6.987+0.012
¢ =9.15040.013 ¢ =10.11740.011
V= 262.8A3 V= 324.9A3

Dy =2.399 g/cm?®
D, »=2.346 (at —195°C)

Dy =2.901 g/cm?
D, ¥=2.840 (at —79°C)

Z= 4 Z= 4
u =188.64 cm™! (Cu Ke) u =815.77 cm™! (Cu Ko)
D} — Pnma D3, — Pnma

such reflections around the [100] axis for methyl iodide, were
used for the following analyses. The intensities measured
visually were corrected for Lorentz-polarization and absorp-
tion effects by the cylindrical approximation, after which
they were brought into respective common scales by con-
sidering different time exposures.

Structure Determination and Results

Approximate co-ordinates of the halogen (bromine
or iodine) and carbon atoms, deduced from the three-
dimensional Patterson diagrams, indicated that these
atoms lie on the mirror planes given by the space
group Pnma. Least-squares refinement, omitting the
hydrogen atoms, was applied by using isotropic tem-
perature factors. No positive evidence was found that
the space group should not be Pama. The discrepancy
indices, R=Y}||F,|—|F,||/>|F,|, dropped to 0.11 for
methyl bromide and to 0.12 for methyl iodide.

The observed and calculated structure factors are
listed in Table 2, while the final sets of the positional
and thermal parameters of the halogen and carbon
atoms are listed in Table 3. The two crystal structures
are isomorphous, having the symmetry Dii-Pama.
There are four molecules in each unit cell. The
halogen and carbon atoms lie on the mirror planes.
Figure 1 shows a schematic drawing of the molecular

3) W. Blitz and A. Sapper, Z. Anorg. Allgem. Chem., 203, 277
(1932).
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TABLE 2. OBSERVED AND CALGULATED STRUCTURE FACTORS

(a) Methyl bromide

Fo

50,85

4,99

-3.93
40,83

60,02 63,58
61,64 52,83
5.92 4,39
41,15 43,22
56,70 62,38
3,47 3,22

36.38 -31.96
16,79 -14,83
53,61
24,84
49,22 -41.64
45,06 -36.36

2,80
46,83
63,01 -72,56
12.48 -13.38
38.72 -37.60
35.17 -35.98

73.31
24,31

3,06
47.39

22.80 22,64
9,79 -9.89
29.56 27,66
10,89 11.15
64,84 -61,12
25,46 19.95

34,11 -33,02
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(b) Methyl iodide

Fa

~114.32
-95.79
37,86
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-141,92
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37,22
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83,u8
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61.39
15.93
19.38
21,93
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TABLE 3. POSITIONAL AND THERMAL PARAMETERS OF THE
HALOGEN AND CARBON ATOMS, WITH THEIR
e.s.d.’s IN PARENTHESES

;(;’;’1;1 atom X Y z

CH,Br Br 0.1544( 9) 1/4(—) 0.0968( 4) 3.51( 7)
C 0.3330( 88) 1/4(—) —0.0871( 42) 3.35( 73)

B (A?)

CH,I I 0.1571( 15) 1/4(—) 0.0946( 4) 4.60( 9)
C 0.3144(214) 1/4(—) —0.1039( 61) 4.00(128)
i
1o
- aW
Fig. 1. Schematic drawing of the crystal structure of methyl

bromide and methyl iodide, projected along the & axis.
Interatomic distances and angles between neighboring
molecules for methyl bromide and those for methyl iodide
(in parentheses) are given.

arrangement of the two crystals, projected along the
b axis. In this figure, an assumed orientation of the
methyl group, as will be described later, is given, and
the interatomic distances and angles between neigh-
boring molecules for methyl bromide and those for
methyl iodide (in parentheses) are given.

The bond distances between the halogen and carbon
atoms are found to be 1.86;+0.04 for Br-C and 2.13,-+
0.06 A for I-C. The corresponding values obtained
by a microwave study? in the gaseous state are 1.9391
and 2.1392 A. Because of the large e.s.d.’s of the
carbon positions, it can not be said that these bond
distances are different in their gaseous and crystalline
states.

Each halogen atom is in contact with two halogen
atoms of the neighboring molecules lying on the same
mirror plane, with distances of 3.587+40.008 for Br---Br
and 3.895+0.010 A for I.--I. These distances are
much shorter than twice the conventional van der
Waals radii, 3.90 for the bromine atom and 4.30 A
for the iodine atom. The juxtaposition of the mole-
cules is such that:

4) S. L. Miller, L. G. Aamodt, G. Dousmanis, C. H. Townes,
and J. Kraitchman, J. Chem. Phys., 20, 1112 (1952).
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~ C-X--X

116° and 167° = 1°
124° and 164° + 2°,

where X denotes the halogen atom. It should be
noted that the smaller values, 116° and 124°, can be
compared to the sp? tetrahedral angle, while the larger
ones are not far from 180°.

Methyl bromide
Methyl iodide

Discussion

Egan and Kemp® have reported that there is a
first-order phase transition in the crystal of methyl
bromide, occurring at —99.4°C with a latent heat of
0.113 kcal/mol. Although the present structure deter-
mination was carried out for the crystal at about
—120°C, much lower than the transition point, it
might have been of a supercooled form of the high-
temperature one («). In order to clarify this question,
the following experiment was carried out.

Fig. 2. Powder patterns for methyl bromide at various tem-
peratures. a—d correspond to the low-temperature phase,
e and f to the high-temperature phase, and g to the liquid
phase.

A polycrystalline specimen of methyl bromide was
heated to almost its melting point (—93.7°C), then
cooled slowly, and subsequently repeatedly warmed-up
and cooled-down. Powder patterns, given in Fig. 2,
were taken at several temperatures, from —120° to
—90°C. These patterns clearly show the existence of
the phase transition between the temperatures of —102°
and —98°C. The low-temperature phase (f) was
identified as the crystal structure described in the
previous section. The crystal structure of the high-
temperature phase («) must be of a form related to
that of the low-temperature form, since the heat of
transition is very small.

It is found that the crystal structure of methyl bromide
(B) and methyl iodide are isomorphous and that they
are quite different from that of methyl chloride. The
crystal of methyl chloride is orthorhombic, with a
tetramolecular cell with dimensions of ¢=6.495, b=
5.139, and ¢=7.523 A, and it belongs to space group
C32—Cmc2,.Y) However, if one replaces the methyl
group by its counterpart halogen atom, the three

5) C.J. Egan and J. D. Kemp, J. 4mer. Chem. Soc., 60, 2097
(1938).
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crystal structures will become almost the same as the
structures of solid halogen crystals, Cl,, Br,, and I,
which are known to be isomorphous.®) The difference
between the crystal structure of methyl chloride and
those of methyl bromide and methyl iodide can be
seen in the mutual orientation of the molecules. In
the crystal of methyl chloride, the molecules lying on
the mirror plane are aligned head to tail and are
parallel with the molecules lying on the adjacent
mirror planes. On the other hand, in the crystals of
methyl bromide (8) and methyl iodide, the molecules
lying on the mirror plane are aligned head to head
and are antiparallel with the molecules lying on the
adjacent mirror planes.

It was previously inferred by one of the present
authors? that, in the crystals of Br, and, particularly,
I,, partial covelency, based upon the charge transfer
from the pn*- to the po*-orbitals between the neigh-
boring molecules lying on the mirror plane, plays a
part in the intermolecular bonding. In the crystals of
methyl bromide (8) and methyl iodide also, the mutual
orientation of the molecules lying on the mirror planes
seems to favor a covalent bonding between the halogen
atoms of the neighboring molecules. It may be sug-
gested that this intermolecular bonding is responsible
for the exceedingly short distances for X:--X; it can
also explain why those crystal structures differ from
that of methyl chloride.

As can be seen in Fig. 1, the methyl groups are
loosely packed in the structures; this suggests that
these groups are in a state of hindered rotation or
reorientation. Indeed, an NMR study® of methyl
iodide has shown that the observed second moment,
AHR2, at —183°C is 8.4 gauss? and that the rotation
sets in at about —150°C, where the line width, 6H,

6) L. W. G. Wyckoff, “Crystal Structures,” Vol. 1, New York,
London, Sydney: Wiley-Interscience (1964), p. 52.

7) Y. Tomiie, Kwansei Gakuin Univ. Ann. Studies, 10, 208 (1961).

8) H. S. Gutowsky and G. E. Pake, J. Chem. Phys., 18, 162
(1949).
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decreases from 5 to 3 gauss. When an NMR study of
powdered specimen of methyl bromide was carried out,
it showed that an appreciable rotation of the methyl
group occurred from its melting point down to the
boiling point' of liquid nitrogen. The line width,
0H=~4.7 gauss, and the second moment, AH,z2~7.5
gauss?, remain constant in this temperature range.
Here, the theoretical values for the second moment
are 27.6 and 5.0 gauss? for the stational and rotational
states respectively. Figure 1 gives the most stable
orientation of the methyl group, as suggested by the
lattice-energy calculations.?

The actual alignment of molecules should correspond
to the potential energy minimum. By keeping the
unit-cell dimensions and the crystal symmetry, varia-
tions in the potential energies with the positional and
orientational parameters of the respective molecules,
which are X, Z, and 6 for methyl bromide and methyl
iodide and Y and 6 for methyl chloride, were calculated
by means of the lattice-energy calculations, as cited
in the previous paper.? It was found that the poten-
tial minima based upon the rotational models of the
methyl groups are in better agreement with the respce-
tive molecular arrangements than those based upon the
stational models. Burbank assigned the crystal struc-
ture of methyl chloride the stational orientation of the
methyl group by comparing the observed structure
factors. However, it can be expected from the lattice-
energy calculations that the rotation of the methyl
group also occurs in the crystal of methyl chloride.
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