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A nearly full assignment of the vibrational modes of methylmercury
halide crystals has been proposed. Factor group analysis has been used to
derive the vibrational selection rules for the lattice modes. It is concluded
that the Dap’ space group allows all the vibrations observed for the fluoride
and chloride. CH3Hgl showed only five Raman and one infrared features
below 50 cm™’, i.e. much less than expected for the Dan!! structure with four
molecules in the unit cell. Lattice modes for CH3Hgl and CD3Hgl can be as-
signed on the basis of C2n!! substructure with two molecules per unit cell.
The bromide gave an ultra-low wavenumber band (7.0 cm™!) which we were
unable to assign. Force constants have been calculated on the basis of a
primitive unit cell (containig two molecules). The internal HgX stretching
force constants 2.112, 1.658, 1.507 and 1.347 N em~! and the transverse
translatory force constants 0.719, 0.364, 0.266 and 0.218 N cm™! obtained for
fluoride, chloride, bromide, and iodide, respectively, show strong dependence
on the kind of halide.

* Dedicated to Professor Dusan HadZi on the occasion of his seventieth birthday.
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INTRODUCTION

The basic theory for the vibrational spectra of crystals was proposed by Bhagavan-
tam and Venkatarayudu' in 1939, and further developed by Hornig? and Winston and
Halford?.

At the present stage, when the structure of a crystal is known, it is possible to
predict the number of its infrared and Raman active bands, as well as their fine struc-

ture and polarization. The theory can also be useful in assigning a space group from
the spectra.

Recent progress in laser Raman and Fourier transform mid- and far-infrared in-
strumentation has made it feasible to obtain complete vibrational spectra including the
very low wavenumber characteristics of solids.

In this paper, we discuss the possible ways of interpreting the vibrational spectra
of some molecular crystals. We describe the usefulness of the theoretical calculation
of lattice force constants and summarize the present state of the art by reference to

the results of our recent investigation on molecular crystals of organometallic
samples.®®

METHYLMERCURY CHLORIDE

There are significant changes between the vibrational spectra of the free molecule
and the crystalline substance. These arise both from intermolecular interactions in the
crystal lattice and the symmetry characteristics of the molecular environment.
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Publications by ourselves®? and Z. Mei¢ and M. Randié® have drawn attention to
the great differences between the wavenumbers of the Hg-halide stretching vibration®
observed in the infrared and those found in the Raman spectra of solid methylmercury

halides. This correlation splitting due to the crystal field in CH3HgCl, is shown in
Figure 1.

We have previously determined the wavenumbers of fundamental vibrations of
compounds CH3zHgX and CD;HgX (X = Cl, Br, I) in solution and noted that they dif-
fered by 15-20 cm-! from those of the solids.%?

The X-ray diffraction study of Grdeni¢ and Kitaigorodski!® for CH;HgCl showed
a tetragonal symmetry with a unit cell belonging to the Dy’ (P4/nmm) space group
(No. 129) with two molecules in it. Considering the CHzHgCl molecule as a linear tri-
atomic system (in which the methyl group is regarded as a point mass), in accordance
with the C; site taken in the unit cell, all the atoms take the 2c position determined
by the Wyckoff-site notation. Using the Adams-Newton tables!! for the crystal space

group No. 129, the factor-group analysis has been carried out, giving the fundamental
vibrations of the unit cell as:

Internal vibrations: Fing = 235 + eg + 225, + €,
Rotatory (librational) modes: IR =e + e,
Translatory vibrations: It = ap, (transverse) + e, (longitudinal)

The result of the factor-group analysis provides an explanation of the difference
between the solid phase infrared and Raman frequencies, and it is in good agreement
with the appearance of four infrared and six Raman bands in the range below 600 cm=!.4

The centrosymmetric relationship between neighbouring molecules immediately
explains the lack of frequency correspondence between the infrared and Raman bands.
It means that all fundamental vibrations of the free molecule are split into different
infrared (a,,, e,) and Raman (ajg and eg) active modes. The assignments for the lattice
vibrations are based on infrared and Raman studies of partially oriented crystals.? The
Raman spectra of the iodides showed two additional bands in the very low wavenum-
ber region, suggesting that it is not isomorphic with the chloride.

METHYLMERCURY FLUORIDE

Infrared and Raman spectra of crystalline CH;HgF were published as a prelimi-
nary communication in 1971,!® but only covered the internal modes above 170 cm-..
We have measured the low frequency part of the spectra (below 170 cm-!) and ob-
served three Raman bands at 84, 72 and 41 cm™! and one dominant IR band at 69 cm-!
(with a shoulder at 54 cm™!). These lattice vibrations show a strong similarity to the
spectral pattern of CH3HgCl which suggests that the crystal structure of CH3;HgF is
isomorphous with CH3;HgCl. Full assignments of the solid state spectra of CH;HgF
have been made by analogy with CH3;HgCl, based on Dy’ crystal structure. Assign-
ments of the two isomorphous crystals are presented in Table II. Weak correlation
splittings have been observed for internal vibrations above 500 cm-!, but much bigger
differences between infrared and Raman wavenumbers have been detected for HgF
stretching and CHgF bending modes (see Table II).
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TABLE I
Crystallographic data of methylmercury-chloride, -bromide and -iodide

CH3HgCl CH3HgBr CHsHgl
a/A 4.7135(2) 8.825(3) 8.678(2)
b/A =a 6.971(3) 7.399(3)
c/A 9.206(2) 6.909(2) 7.214(2)
Space group Dap"—P4/nmm Dop'!—Pbem Dap!!—Pbcm
z 2 4 4
(formula units)
Dm/g em™ 3.83 - -
Dy/g cm™ 4.04 4.83 4.88

METHYLMERCURY BROMIDE AND IODIDE

We have previously attempted to account for the low wavenumber spectra of these
two systems on the basis of a Dyj" structure.* This was not satisfactory because more
very low wavenumber features were observed than such a structure predicts. Grdenié
and his coworkers have now performed an X-ray crystallographic study on CH3;HgBr
and CH3Hgl.!?2 Their results (Table I) show structures with unit cells belonging to
space group Dyp!! (Pbcm) containing 4 formula units.

For the skeletal atoms of the molecules, which take oy, sites in the unit cell, all
heavy atoms are at the 4d positions based on the Wyckoff-site notation. Using the
Adams-Newton tables for the factor-group analysis,!! the lattice vibrations of the unit
cell can be divided as:

Rotatory (librational) modes: I'r = 2bgg + 2bgg + 2a, + 2by,
Acoustic translatory modes: Iac = by + bay + by

Translatory vibrations: I't = 2ag + 2bg + byg + bgy + a, + by, + b,

Since a, is inactive, ten Raman active and four infrared active modes are expected
in the low frequency region of the spectra. Experimentally only five Raman bands and
one infrared band can be detected, which is much less than what is predicted by fac-
tor-group analysis.

According to the unit cell geometry in CH3zHgl, there is a »short« distance (361 pm)
and a »long« distance (370 pm) intermolecular interaction in the lattice. If one con-
siders a primitive unit cell with the two closest molecules in it with a space group of
Csp!!, the factor group analysis gives the following distribution of lattice modes:

I'r = 2bg + 2a, (rotatory)
I't = 2a5 + by (translatory)

which predicts five Raman bands and two infrared bands. This solution is very close
to the experimental observations and should not be considered unrealistic.

Assignments of lattice modes in accordance with Dyp!! structure and four
molecules per unit cell are presented in Table IIL. It is clear from this table that 6 ex-
perimental frequencies are distributed among 14 optically active lattice modes.
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TABLE I11

Suggested assignment of optically active lattice modes for
CH3HgI and CD3HgI

SPECIES CH3zHgl CD3Hgl
MODE Doyl v/cm‘% v/em!
Rotatory b2g 43.6 42.7
bag 43.6 42.17
bag 37.6 36.5
bag 37.6 36.5
b1y 47 47
b1y 47 47
b2y 47 47
b3u 47 47
Translatory ag 32.9 32.6
(transverse) ag 32.9 32.6
Translatory b2g 37.6 33.5
(longitudinal) b3g 34.4 32.6
big 13.1 13.1
big 13.1 13.1

The alternative assignments for the simplified unit cell (Cg4!!, Z = 2) are presented
in Table IV. Only one infrared band is missing from the perfect picture of factor group
analysis, but all five Raman bands (in agreement with prediction) can be assigned on
the basis of Cs,!! substructure.

TABLE IV

Lattice modes and suggested assignments for the simplified
unit cell of CH3HgI and CD3HGI

SPECIES CHsHgl CD3Hgl

Ll Canl! v/ cm’% v/em™1
Rotatory au 47 47

au 47 (47)

bg 43.6 42.7

bg 34.4 32.6
Translatory
(transverse) 8 e (28
Translatory bg 37.6 36.5
(longitudinal) ag 13.1 13.1

The infrared and Raman spectra of solid CH3HgI and CD3Hgl in the whole range
of the internal and external vibrations are summarized in Table I. The doublets of the
correlation splittings suggest that the vibrational coupling is detectable only between
two neighbouring molecules. Nevertheless, the assignments in Table V are made in ac-
cordance with the Dj,!! structure.
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TABLE VIa

Experimental and calculated wavenumbers of vibralions in
methylmercury fluoride crystal

Skeletal and lattice CH3HgF
modes Obs. calc?
ajg CHg stretch 570 570.0
HgF stretch 410 410.0
Translatory (transverse) 72 73:9
azy  CHg stretch 564 564.0
HgF stretch 486 486.0
eg CHgF bending 170 169.9
Rotatory 84 84.2
Translatory (longitudinal) 41 40.9
ey CHgF bending 130 130.0
Rotatory 69 69.1

% Refinement was generally completed in 34 iteration steps.

TABLE VIb
Force constants for molecular crystals of CH3sHgF and CH3HgCl

Force constant Coordinate CH3HgF CH3HgCl Units

Skeletal - K (CHg) Stretch 2.769 2.623 (17)¢ a

internal K (Hgx) Stretch 2.112 1.6568 (11) a
H (CHgx) Bend 0.394 0.390 (6) b
F’ (CHg, CHg)® Str.-Str. 0.048 0.015 (17) a
F’ (HgX, HgX)® Str.-Str. -0.369 -0.107 (11) a
F’ (CHgX, CHgX)* Bend-Bend 0.103 0.107  (6) b

Lattice ft Transl. transverse 0.719 0.364 (3) a
f1 Transl. longitud. 0.233 0.201 () a
fr Rotatory 0.041 0.072 (1) b
fRR® Rotatory-rotatory 0.008 -0.005 (1) b

2 102 N m-L. ¢ Intermolecular interaction force constants.

b 10-18 N m rad-2. 4 In brackets: dispersion of force constants.

Although CH3;HgBr is isomorphous with CH3Hgl, the spectra are not so rich in
lattice vibrations. The very strong band at 7 cm™! is lower than anything observed for
CH;3Hgl and is out of keeping with any frequency trend expected. With the exception
of this band, its spectra resemble those of CHzHgCl of space group Dy;’. It can be seen
from Table I that the two intermolecular HgBr distances are very close, 349 and 345
pm, though not identical. Thus, deviation from a D4’ arrangement is very small. The
results are included in Table V, even though a satisfactory explanation is still awaited.

CALCULATION OF LATTICE FORCE CONSTANTS

The primitive unit cell chosen for the calculation of lattice force constants for
CH;HgF and CH3HgCl is shown in Figure 2. The experimental and calculated skeletal
and lattice modes for CH3HgF are presented in Table VIa. The force constants give
good agreement between the experimental and calculated wavenumbers (Table VIb).
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Figure 2. Unit cell (solid line) and primitive unit cell (dashed line) for CH3HgCl. Point group
Dar’, Z = 2, solid circles, Cl, empty circles, CH3 group.

TABLE VII

Lattice force constants for CH3HgI in symmelry coordinate representalion

SPECIES FORCE
e n Dox!! CONSTANT i+ Do
Rotatory b1u,b2u,b3u 0.068 (1)¢ b
bag 0.057 (0) b
bag 0.043 (1) b
Translatory (transverse) ag 0.218 (1) a
Translatory (longitudinal) big 0.035 (0) a
bag 0.279 (7) a
bag 0.228 (11) a
2 102 N m-1L ¢ In brackets: dispersion of force constants.

b 10-'® N m rad-2.

TABLE VIII

Lattice force constants o[ CH3HglI calculated for the simplified
Coh! structure unit cell

okt Coordinate Force constant values Units

constants
ft Transl. transverse 0.218 (1)d a
11 Transl. longitudinal 0.035 (0) a
f12 Transl. longitudinal 0.228 (11) a
Ji 3! Rotatory 0.063 (1) b
[RR Rotatory-rotatory® 0.005 (0) b
fr2 Rotatory 0.057 (0) b
'RR Rotatory-rotatory -0.012 (0) b

2 102 N m~L

5 10-13 N m rad-2.

: Intermolecular interaction force constants.

In brackets: dispersion of force constants.

Two different primitive unit cells were chosen for the calculation of lattice force con-
stants for CH;Hgl, as shown in Figure 3. The unit cell with four molecules (Figure 3A)
relates to lattice modes, as assigned in Table III. The calculated force constants using
lattice modes of CH3Hgl and CD3HgI are listed in Table VII.
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Figure 3. Unit cell (solid line) and different primitive unit cells (dashed lines) for CHzHgl. A —

four molecules/unit cell; point group Doyl Z = 4, B - two molecules/unit cell; point group Canll,
Z = 2. solid circles, I; empty circles, CH3 group.

The same calculation has been performed for the simplified unit cell with two

molecules per unit cell as shown in Figure 3B. The lattice force constants are given
in Table VIIL

DISCUSSION

The external (or lattice) vibrations were taken into account using a dynamical
matrix, as suggested by Shimanouchi and Harada!* and Walmsley.!5

According to our force constant calculation, it appears that rotatory modes show
slightly stronger isotopic shifts with deuteration of methyl group than the translatory
modes. This relationship is illustrated in Table IX for CH;HgCl and CD3HgCl. Thus,
in addition to Raman observations of oriented crystals, the isotope shifts may also be
used in assignment of the lattice modes.

TABLE IX

Isotope shift of lattice modes (cm™)

CH3sHgCl CD3HgCl
MODES SEECIES i Er ot e Aveale
Rotatory ey 74.0 68.0 6.0 24
Rotatory eg 68.0 63.3 4.3 22
Translatory long. eg 48.8 49.8 -1.0 03
Translatory transv. ag 37.2 36.0 1.2 0.2

The other argument that can be used in assignment of transverse and longitudinal
translational modes can be illustrated by the following consideration. It is surprising
that the ey translatory mode for CH;HgCl, which is closer to an asymmetric stretching
mode of the HgX, fragment, occurs at a higher wavenumber than the a, mode which

resembles an HgX, out-of-plane deformation. These types of modes are shown in Fig-
ure 4.
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iy

A B

Figure 4. Raman active translatory modes. A — »In-plane« longitudinal mode (eg) of HgX4 fragment;
B - »Out-of-plane« transverse mode (ag) of HgX4 fragment; solid circles, Cl; shaded circles, Hg.

The most substantial effect on the internal force constants on changing from ben-
zene solution to the crystal state is the reduction in the HgX stretching force constant
by 18, 16 and 14 %, respectively, for Cl, Br and I. The pairing of dipoles is doubtlessly
a major contribution to the lattice forces, together with additional weak co-ordination
of the strongly bound halide of each molecule to the neighbouring mercury atoms,
which leads to distorted octahedral co-ordination about each mercury atom.

We have concluded, from the solution studies, that CH3HgX molecules could add
up to one additional halide in an equatorial site without any gross distortion of the
strongly bound, linear Me-Hg-X fragment.!® The Hg- - -X force constants of the weak-
ly-bound halides have been calculated and they are remarkably close to the values for
the longitudinal translatory force constants (f;;) in Table VI.

The translatory force constants of the lattices might be expected to show a
relationship with other physical properties of the solids such as compressibilities, heats
of sublimation and melting points. Unfortunately, the available data are confined to
the last of these properties: 150 °C for I, 161 °C Br, 174 °C for C1'7 and assumed to
be about 220 °C for F (Figure 5).
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Figure 5. Correlation between melting points of methylmercury halides and their transverse

translatory force constants.
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The transverse translatory force constants are plotted as a function of Hg---X in-
termolecular distances in Figure 6. Averaged Hg---Br and Hg- - ‘I geometry has been
used on the basis of X-ray data presented in Table I. The intermolecular distance
Hg- - -F was calculated from the measured one for the CH3HgCl crystal by reducing it
by the difference of the van der Waals radii between chloride and fluoride.
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Figure 6. Correlation between intermolecular Hg- - -X distances and transverse translatory force
constants. (Hg: - -F) — 304 pm; (Hg---Cl) = 335 pm; (Hg---Br) = 347 pm (averaged); (Hg---I)
= 365 pm (averaged).

It can be concluded that the intermolecular interactions involving Hg and halide
atoms show an exponential dependence on intermolecular distances, which is a
reasonable correlation if compared with the expression of a usual intermolecular
potential function of exponential type.
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SAZETAK

Vibracijsko spektroskopsko istrazivanje molekulskih kristala
metal ziva(II) halogenida

J. Mink, P. L. Goggin i D. K. Breilinger

Predlaze se gotovo potpuna asignacija vibracija kristala metal Ziva(II) halogenida. Za izvedbu
vibracijskih izbornih pravila za kristalnu regetku primijenjena je faktorska grupna analiza. Za-
kljuéeno je da prostorna grupa Das” dozvoljava aktivnost svih vibracija fluorida i klorida. CH3Hgl
pokazuje samo pet Ramanovih i jednu infracrvenu vrpcu ispod 50 cm™!, tj. znatno manje nego
se otekuje za strukturu Dgx!! sa Getiri molekule u jedini¢noj celiji. Vibracije redetke za CH3Hgl
i CD3Hgl mogu se asignirati na temelju podstrukture C2x!! s divie molekule u jedini¢noj celiji.
Bromid pokazuje ultranisku vrpcu pri valnom broju od 7.0 em™!, koju nismo uspjeli asignirati.
Konstante sile izra¢unane su na temelju primitivne jedini¢ne éelije, koja posjeduje dvije molekule.
Unutarnje konstante sile istezanja su 2.112, 1.658, 1.507 i 1.347 Ncm~!, a transverzalne tran-
slatorne konstante sile od 0.719, 0.364, 0.266 i1 0.218 Nem~! m dobivene za fluorid, klorid, bromid
i jodid, pokazuju jaku ovisnost o vrsti halogenida.
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