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The Raman spectra of molten and solid mix-
tures of GaCl, and CsCl, as well as CsAlGaCl,,
have been investigated. The data are interpreted
in terms of the successive formation of GaCl,~,
Ga,Cl,~, Ga,Cly,+,", n>3, and Ga,Cl; upon
addition of GaCl, to CsCl. The data for GaCl,~
have been analyzed by the FG matrix method.
Experimental evidence for strong bridge bonds
in Ga,Cl,- and Al,Cl,~ has been obtained.
The frequencies of the aluminium and gallium
chloride species are compared.

Although halogen bridges might be more
common in inorganic chemistry than generally
anticipated, few attempts have been made to
characterize them. The present study of
GaCl,—CsCl mixtures is part of a general
study of chlorine bridges, which started with
an investigation of molten AlCl;—KCL%? This
work has now been extended to include mix-
tures with LiCl and CsCl as well.? Bridge
formations in AICl,—MCl and GaCl;—MCl
systems are accompanied by a very strong
variation in acid-base characteristics, which
make the mixtures suitable reaction media for
inorganic as well as organic reactions.

In contrast to the AlCl;-containing system,
the present GaCly-CsCl system has the
advantage of being completely miscible,* and
a full study over the whole concentration
range can be performed. The vibrational force
constants of GaCl,~ are also rather similar to
those of AICl,~, as demonstrated by the close
identity of frequencies for the two vibrational
modes where the central atom is not moving.%®

A brief account of some preliminary results
on GaCl;—CsCl liquid mixtures has been
published previously.®
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EXPERIMENTAL

Apparatus. A Coderg PH 1 Raman spec-
trometer with a pulsed ruby laser, exciting line
6943 A, was used. The time average power of
the laser was between 500 and 150 mW,
depending on the applied voltage and the
operating time of the activating Philips 1000 W
high pressure mercury pulse lamp. The detector
was an EMI Electronics photomultiplier, type
9558 A. The Raman spectrometer apparatus is
described in more detail by Bues, Brockner
and Grinewald.” The partly circular and
partly plane polarized ruby laser light is passed
through a horizontal polarizer before reaching
the sample. The 90° emitted Raman light is
then passed through a horizontal polarizer
(non-polarization spectra) or a vertical polarizer
(polarization spectra), in front of the instru-
ment’s monochromator. The purpose of the
horizontal polarizer in front of the mono-
chromator for the non-polarization spectra was
to reduce stray light.

Each sample was contained in a sealed
cylindrical quartz cell, inner diameter 4 mm
and length 20 mm, fitted with a side arm
(Hellma, Millheim Baden).® Independent ex-
periments showed that the cells could with-
stand pressures up to 80 atm at 600 °C.

The optical cell (A) was contained in a
stainless steel tube (B). These were both
heated in a small furnace fitted to a Coderg
multiple reflection Unit (M.R.) (Fig. 1). The
scattered Raman light was observed through
an opening in the furnace (C) perpendicular to
the incident laser beam. On the opposite side
of the Raman spectrophotometer was a mirror,
which reflected the scattered light in this
direction back to the spectrometer. The
furnace was insulated with fire bricks (D) and
water-cooled on the outside (E).

The temperature was controlled with four
heating elements (F), two end elements, a
middle element, and a top element. The two
end elements were coupled in series. Each of
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Fig. 1. Furnace with sample. A. Optical quartz cuvette with sample. B. Stainless steel tube. C.
Opening for observation and back reflection. D. Fire bricks. E. Cooling coils. F. Kanthal heating
wires. M. R. Coderg multiple reflection unit. T. C. Pt/Pt10Rh thermocouples.

the three heating circuits was regulated in-
dependently using a Pt/Pt10Rh thermocouple
(T.C.) and proportional controllers, (PID+
SCR, Eurotherm, Worthing, Sussex, England).

As the furnace had openings for the incident
laser beam as well as for the scattered Raman
light, temperature gradients in the sample
were hard to avoid. To minimize cooling at
the end windows, the end elements were kept
20°C above the middle element. Nevertheless,
temperature gradients within the sample of + 5°
were observed by solidification experiments.
Fortunately, the temperature was found not
to be a sensitive parameter in the present in-
vestigation.

Chemicals. Anhydrous GaCl,;, 99,99 9% was
obtained in 10 g ampules from Schuchardt,
Miinchen. Cesium chloride, p.a., was obtained
from Merck, Darmstadt. The CsCl was further
purified by dissolution and re-crystallization
in water and drying under vacuum at 400 °C.
The salt was then melted and filtered through
a quartz frit.

Procedure. In an N,-filled glove-box (moisture
content <20 ppm) a calculated amount of
GaCl, was transferred to a quartz tube above
a quartz frit. The tube was evacuated to
<0.1 Torr and sealed off. (The poor vacuum
was due to the relatively high vapour pressure
of GaCl; at room temperature). The salt was
then sublimed through the frit and condensed
on the other side as large crystals. Small pieces
of glass from the broken ampule remained on

the frit. They were later weighed and their
weight subtracted.

The optical cell was fused to a tube with a
quartz frit. In the glove-box, a calculated
amount of CsCl was added, together with the
GaCl; and the tube connected to & vacuum-
line and sealed.

The salts were melted and mixed in
a Kanthal-wound quartz furnace. When the
salts were thoroughly mixed, the temperature
was suddenly raised and the furnace tilted.
The sudden increase in vapour pressure pushed
the melt through the frit and down into the
optical cell. The optical cell was sealed off and
was then ready for use.

RESULTS

The Raman spectra of liquid GaCl;—CsCl
mixtures, retraced directly from the spec-
trometer charts, are shown in Figs. 2a and 2b,
Fig. 2b giving polarization spectra for some
selected compositions. See the experimental
section for a description of the optical ar-
rangement. The spectral slit width for the
melt spectra was 8 cm™ and the scanning rate
was 30 cm™!/min.

The given composition corresponds to the
weighed-in amount of salt. Great care was
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Fig. 2a. Raman spectra of liquid GaCl,~—CsCl
mixtures,
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Fig. 2b. “Polarized”” Raman spectra of some
selected liquid mixtures of GaCl;—CsCl.

taken to avoid evaporation losses, consequently
no chemical analysis was performed after the
experiments.

Because of the high vapour pressure of
GaCl,, it was not desirable to carry out the
investigation isothermally. Fig. 2a gives the
spectra as & function of composition in
isothermal steps.

The Raman vibrational frequencies of molten
GaCl, — CsCl, solid GaCl; and solid CsGaCl, are
listed in Table 1. Each value given is the
average for all spectra recorded at the specific
composition and temperature. The frequency
was measured as the middle of the peak at 3/4
its maximum height. The standard deviation
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was +2 em™, The recorder was calibrated
using CCl,. The polarization features of the
bands are, in many cases, difficult to establish.
Only peaks that are polarized with certainty
are marked accordingly. Table 1 gives the
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Fig. 3. Raman spectra of liquid GaCl;—CsCl
mixtures as a function of temperature: (a)
45 mol 9% GaCl;, (b) 55 mol % GaClg; (¢) 75
mol 9%, GaCl,.

assignment of the different lines to GaCl,,~
Ga,Cly, - n=2, and Ga,Cl,.

Figs. 3a, 3b and 3¢ demonstrate the influence
of temperature on the Raman spectra of the
liquid mixture GaCl;—CsCl at three com-
positions: (a) 45, (b) 55, and (¢) 75 mol 9
GaCl,.
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Fig. 4. Raman spectra of the solid compounds
CsGaCl, and GaCl,.
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Fig. 5. Raman spectra of the liquid mixtures
corresponding to the stoichiometry CsAlGaCl,.

Fig. 4 gives the spectra of the solid com-
pounds, GsGaCl, and GaCl,. The latter was
measured using a slit width of 2 em™. Repeated
attempts to obtain the spectra of the reported
peritectic compound CsGa,Cl,* gave only
background scattering and a featureless
spectrum.

In order to obtain additional information
about the bond structure in the Ga-—Cl
polymers, a spectrum of the mixture 33 mol 9,
GaCl,, 33 mol 9%, AICl,; and 33 mol 9, CsCl was
measured. This corresponds to the stoichiometry
of CsAlGaCl,. The results are given in Fig. 5.

DISCUSSION

Species formation. Upon inspection of Figs.
2a and 3a—c, it becomes apparent that the
spectral contrasts between the different mix-
tures are not characterized by a gradual shift
of the frequencies of the Raman bands. The
spectral changes are, however, well described
by Raman bands having definite frequencies.
The relative intensities then change with com-
position and temperature. These indicate the
presence of species equilibria in the melt mix-
tures, rather than gradual structural changes.
The Raman frequencies in Table 1 have been
interpreted accordingly.

The assignments have been performed as
follows:

The spectral bands present in liquid mixtures
with Xg,qq, <0.50, Fig. 2a, have been at-

tributed to the tetrahedral GaCl,~ (Ref. 5)
and marked «— d. The relative intensities of
these bands decrease with increasing GaCl,
content above 50 mol %, GaCl,, corresponding
to the stoichiometric composition of CsGaCl,.
The bands a—J correlate closely with the
bands observed for the solid compound CsGaCl,,
Fig. 4.

The spectral bands in pure liquid GaCl,,
Fig. 2a, have been attributed to a double
bridged Ga,Cl,, symmetry D,;, and marked
a—j. The relative peak intensities of these
bands decrease with decreasing GaCl; content.
The bands correspond closely to those of a
previous investigation by Beattie and Horder,®
and to those of solid GaCl; (Fig. 4), which is
known to consist of Ga,Cl, entities.?

Our spectrum of solid GaCl; agrees closely
with that of Balls et al.'® We obtained better
resolution below 150 e¢m™ which showed band
splittings and new low-lying bands, probably
caused by Ga,Cly rocking modes, (Table 1).

The bands not assigned to GaCl,~ or Ga,Cl,
have been attributed to polymers of the form
Ga,Cly,+,,~ n=2, and marked A—F.

Polymerization mechanisms. Ga,Cl,” in the
form of two tetrahedra sharing one edge with
a single chlorine bridge, is assumed to be one of
the species present in the molten GaCls— CsCl
mixture. This is inferred from the similarity
between the Raman spectroscopic bands as-
signed to ALCl~ and to Ga,ClL~* and the
presence of the solid compound GsGa,Cl,.* The
double tetrahedron Ga,Cl,~ also provides the
natural structural link between the isolated
GaCl;~ tetrahedrons for 50 mol 9, GaCl,, and
the Ga,Cl, double-bridged tetrahedron for
pure GaCl,. Taylor has obtained the Raman
spectra of solid Ga,Cl, and KGa,Cl,.}* Although
the spectral details are somewhat different, the
same strong band around 342 cm™ is observed.

Species with a chlorine/gallium ratio lower
than 3, for example GaCl,*, appear very un-
likely in view of the strong chlorine affinity of
gallium(III) chloride and the lack of evidence
for dissociation of Ga,Clg into its monomers. An
octahedral complex like GaCls>~ can also be
ruled out, since no Raman evidence for octa-
hedral coordination is found at compositions
corresponding to Cs;GaCly, 4.e. 25 mol 9
GaCl; (Fig. 2a). The radius ratio is also un-
favourable for GaCl?.

Acta Chem. Scand. A 29 (1975) No. 5



Table 2. Integrated peak intensities in molten
GaCl, —CsCl mixtures given in percentages of
the band envelope between 250 and 800 cm™
(from Fig. 2a).

Mol 9, GaCl, t°C o B B

25.0 575 13 87

45.0 575 13 87

50.0 575 13 79

55.0 475 11 57 28

58.3 475 59 21

66.7 475 6 12 53

70.0 475 15 9 50

75.0 275 19 36

80.0 275 19 36

856.0 275 5 17 26 26

90.0 275 5 18 22 25

95.0 275 24 19 33
100.0 275 29 32

A c b

The scattering of the Raman light is very
sensitive to small changes in the experimental
arrangement and the physical state of the
sample. It is only with difficulty that the in-
tensity of & Raman band can be used as a direct
measure of species concentration. The relative
intensities of the Raman bands for a certain
species in the liquid state, however, are in-
sensitive to changes in the environmental
structure and temperature. This is demonstrated
by GaCl;~ in the three upper curves in Fig. 2a
and in Fig. 3a.

Table 2 lists the relative intensities of some
of the more prominent Raman bands for the
GaCl, — CsCl mixtures. The integrated peak in-
tensities are determined from Fig. 2a as peak
areas after dividing the total peak area between
the different peaks, and are given as the per-
centage of the total peak intensity of the band
envelope between 250 and 500 cm™. There is
no established theoretical basis for this
normalization, but the figures obtained by this
method are more easily read than those found
if only peak intensities, relative to other peak
intensities, are tabulated. A fairly large margin
of error must be allowed, due to the difficulties
involved in separating overlapping peaks and
subtracting the background scattering. The
numbers in Table 2 may nevertheless have some
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physical meaning as demonstrated by the
variation with increasing content of GaCl,.
A monotonic decrease in the peak assigned to
GaCl,~ and an increase in the ¢ and b peak
assigned to Ga,Cl,, were observed. The most
important feature of Table 2 is the relative
variation of the band intensities of A and B.
The intensity of A increases relative to B upon
the addition of GaCl; beyond 66.7 mol 9,
(CsGa,Cl,). A maximum around 75 mol %,
is observed, which corresponds to the stoi-
chiometry of CsGa,Cl,,. This is contrary to
indications of the preliminary studies.* Hence
Ga,Cl,~ cannot be the only polymer present,
but higher polymers, Ga,Clyy+,~, n=3, are
formed.

The temperature variation of the Raman
spectra supports also the assumption of the
stepwise formation of GaCl;~, Ga,Cl,
Ga,Cly, 4+, n=3, n>3? Fig. 3a, as previously
mentioned, demonstrates the temperature in-
sensitivity of the spectra for the mixture
45 mol 9, GaCl;—55 mol 9, CsCl. Fig. 3b
shows, for the mixture 55 mol 9, GaCl;—45
mol 9% CsCl, that the peaks B and A, assigned
to Ga,Cl,~ and Ga,Cly, ", n=>3, respectively,
become less prominent with increasing tem-
perature. Fig. 3c shows for the mixture 75 mol %,
GaCly—25 mol 9, CsCl that peak B increases
relative to peak A with increasing temperature,
2.e. the polymer Ga,Clg,4,”, n=3, becomes
less prominent. This tendency toward a decrease
in polymerization degree with increasing tem-
perature is expected from statistical thermo-
dynamic considerations.

The technique developed for calculating the
equilibrium constant for the dissociation of
2A1,Cl,~ = 2AICl~ + Al,Cl? can also be applied
to this system. The species assumed to be
present are GaCl,~, Ga,Cl,~, Ga;Cl,;~ and Ga,Cl,.
The many equilibrium data required and the
difficulties in determining reliable relative in-
tensities, however, make such a calculation
impracticable and prone to uncontrollable
errors. Our conclusions, therefore, are more
qualitative in nature.

In the GaCl;—CsCl systems a stepwise
formation of the species Ga,Cl;, GayCl,,~
(Ga,Clsyt,~, n=3), Ga,Cl,~, and GaCl,~ upon
addition of CsCl to GaCl, is observed. A reason-
able stoichiometric condition is that each
species is at & maximum concentration at the
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corresponding bulk composition.

The corresponding composition as a function
of the number of Ga atoms in the complex, 7,
is then given by X.q, =7/(n+ 1). From Fig. 2
it can, however, be seen that Ga,Cl,” or Ga,Cl,,~
is not exclusively present at the respective
mol fractions 0.67 and 0.75. Therefore, the
equilibrium constants for the following dis-
sociations are not negligible:

2Ga,Cl,~ = GaCl;~+ Ga,Cl,~ (1)
2Ga,Cl,,~ = 2Ga,Cl,~ + Ga,Cl, (2)

The results found in the GaCl, — CsCl system
closely parallel those recently found in AlCl;—
CsCl mixtures.? In the GaCl;—CsCl system,
however, there is only one band that can be
assigned with certainty to higher polymers. In
view of the general features of the Raman
bands in Fig. 2, it is possible that the additional
bands might be hidden, since despite the
structural differences of GaCl,~, Ga,Cl,~, and
Ga,Cl,, the spectra have the same general
features: A collection of bands containing the
strongest polarizable peak is found between
380 and 450 cm™, and between 100 and
180 cm™ another band envelope appears which
contains the strongest depolarizable bands.

Gallium  tetrachloride ton (GaCl;~). The
observed Raman frequencies for GaCl,~ closely
resemble those found by Woodward and Nord *
for GaCl, dissolved in aqueous hydrochloric
acid. The difference is less than 6 %,.

For determining the vibrational force con-
stants, the Wilson FG-matrix method is
applied.’? A modified valence force field and
T; symmetry are used,®* setting non-diagonal
F-matrix elements equal to zero.

F,(4,) =fr+ 3fer
Fn(E) =fa"2fa¢
F”(T.) =fr _fn-
Fu(Ts) =foz

The calculation yields in mdyn/A: f,=1.842,
Je=0.210, f,=0.147, and f,,=0.045. The
corresponding force constants (mdyn/A) for
AlCl~ in CsAICl, are: f,=1.651, f,=0.273,
fe=0.187, and f,,=0.044.2

The close similarity in F matrix elements of
GaCl,~ and AICl~ means that the difference
in Ga—Cl and Al-Cl vibrations are mainly
due to the mass difference between Al and Ga.

Digallium heptachloride ion (Ga,Cl;”). The
frequencies B, C, D, E, and F are assigned to
Ga,Cl,~. For the corresponding ion Al,Cl~
a double tetrahedral model with the sharing
of one Cl and with symmetry D,? was
previously assumed. The Al—-Cl-—Al bridge
was assumed weak.?

The assumption of a weak bridge for Al,Cl,~
was tested experimentally in the present work
by obtaining the spectrum of CsAlGaCl, (Fig. 5)
and comparing it with the spectra of CsAl,Cl,
and CsGa,Cl,. If the bridge force constant is
very weak, the bridge would act as & vibrational
insulator and the spectra of AlGaCl,~ should be
superimposed on the spectra of Al,Cl,~ and
Ga,Cl,~. This is not the case. In addition to the
strong peaks at 311 and 366 cm™, correspond-
ing to the strongest peaks for Al,Cl,~ and
Ga,Cl,, a strong polarizable peak at 405 cm™
is observed, rendering a weak bridge model
highly unlikely.

Recent structural work on crystals of
Pd,(Al,ClL),(CeH,)a Te,(AlClL),,!* as well as
KAl,Br,,* all give a bent Al—X — Al bridge
(X=Cl, Br), the angle being close to the
tetrahedral angle and the bridge bond length
being only slightly larger than the terminal
Al-X bond length.

The Raman spectrum of CsAlGaCl,, the
apparent stability of Ga,Cl,~ and Al,Cl,,
as well as the similarities in bond length be-
tween the Al—X bridge and the terminal
Al—-X in solid crystals, all point to a strong
bridge force constant in the Al,Cl,~ and Ga,Cl,~
ions.

The bent Al—XI1-—Al bridge found in solid
crystals does not necessarily imply a bent
bridge for Al,ClL~ and Ga,Cl,~ in liquid mix-
tures. In spite of the good quality Raman-
spectra of the GaCl,—CsCl liquid mixtures,
no more than 5 Raman active frequencies
have been detected, compared with a minimum
of 21 expected for a bent bridge. A calculation
based on a D,; model, not given here, also
gives a reasonable explanation of the spectra.

Nevertheless, a bent bridge structure in the
melt with, for instance, C,, symmetry cannot
be excluded, as it may give the same general
spectrum as a Dy model, having two major
band envelopes around 350 and 100 em™2, the
fine structure being blurred by thermal move-
ments. As a conclusion we will, however,

Acta Chem. Scand. A 29 (1975) No. 5
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Fig. 6. Correlation diagram. Diagram illustrating the connection between calculated and observed
Raman-active frequencies for Al,Cl,~ and Ga,Cl,~, D,; and the “cross over’ of Al,Cl,~ and Ga,Cl,~
modes. A strong chlorine bridge is assumed. Filled columns: Vibrational modes involving stretching
of r. Hatched columns: Other total symmetric modes.

emphasize that the present melt studies do not
give any positive evidence for such a structure.

A correlation diagram for observed fre-
quencies for Al,ClL~ and Ga,Cl;~ is given in
Fig. 6. The valence stretch frequencies for
AICl,- and GaCl~ are also shown. In the
present correlation diagram frequencies with
similar vibrational characteristics have been
joined together, and differs somewhat from
the diagram given in the preliminary publica-
tion.®

The symmetric stretching frequencies of
AlCl~ and GaCl,~ are independent of the mass
of the central ion, and are found to be ap-
proximately equal. In view of this fact, it might
seemn surprising that the strongest polarized
frequency of Ga,Cl,~ is at a higher frequency
than for Al,Cl,~, as a mass effect would predict
the opposite trend.

This is considered due to the fact that the
mass of Cl is intermediate between Al and Ga.
The valence stretch frequency of MeCl,~
can for Me,Cl,~ be considered split up in an
end and bridge frequency, and a ‘“cross over’
is obtained when going from Al,Cl,~ to Ga,Cl,~.

This “cross over” for Me,Cl,~ can be ex-
plained qualitatively from a GF matrix cal-
culation where for simplicity a Dy; model was
chosen. Assuming a bridge stretch force

Acta Chem. Scand. A 29 (1975) No. 5

constant being 90 9, of the terminal force
constant and assigning the different vibrational
modes according to the potential energy
distribution,'’*® the observed shifts in the 4,
stretching modes for Al,Cl,~ relative to Ga,Cl,~
were reproduced. A parallel phenomenon is
described by Sicbert ** for XCN molecules. For
X being very much lighter or very much
heavier than C the CN frequency was about
the same. For intermediate masses of X the CN
frequency was shifted to lower frequencies for
X lighter than N, and to higher frequencies for
X heavier than N, with a similar “cross-over’’.
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