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Raman spectroscopic studies of solid AlCl; as a function of the temperature were performed up
to the melting point (T = 193.3°C). Measurements were also performed on molten AICl,, known
to be a molecular liquid. In particular, the evolution of the dynamical properties of the system
was studied near and through the solid-liquid transition. The temperature evolution of a phonon
mode centered at 196 cm ™~ ! seems to herald the melting transition, and we identify this phonon
as the soft mode theoretically foreseen by March and Tosi.*?

Furthermore, our analysis of the Raman data in the melt provided an interpretation of the
quasi-elastic central component (Rayleigh wing); its width gave an indication about the mean
life time of intermolecular bonds. Finally, we detected a phonon-like contribution that gives an
effective Raman density of states.

| GENERAL CONSIDERATIONS

The investigation of the vibrational properties of systems undergoing a
structural phase transition represents one of the most challenging problems
in lattice dynamics.” Very recently,'>** the ionic to molecular transition
was analyzed from a theoretical point of view for systems such as AICI;,
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Hgl,, etc. in which a change takes place just after the transition occurs.
In particular, as far as the aluminum chloride system is concerned, March
and Tosi® investigated in some detail the melting transition from the
ionic solid to molecular liquid, the molecule being (AICl,),. These authors,
among other things, give a theoretical prediction of the possibility of a
softening of a particular phonon mode that heralds the melting transition.

The physical and chemical properties of AICI; have been extensively
studied especially in the liquid phase. In fact, liquid mixtures of AlCl, and
SbCl, are used as catalytically active solvents*'3-® for chemical reactions
of polycyclic arenes; in addition AICI, is used in technological applica-
tions.(”

Crystalline AICl, is an ionic compound with a layered structure.® The
solid is monoclinic with four Al and twelve Cl per unit cell. Furthermore,
an octahedral coordination of Cl around the aluminum ion with shared
faces forms the above mentioned layered structure. However, it is to be
noted that nuclear quadrupole resonance measurements’® show a sizable
degree of covalence in the Al-Cl bond. At the melting point, the aluminum
atoms move from octahedral to tetrahedral sites in such a way that dimeric
Al; Clg units are formed.

Near the melting point, the electrical conductivity!®!! of solid AlCl,
shows an anomalous behaviour as a function of the temperature. A large
increase in the conductivity with increasing temperature is in fact observed
in the 140 + 190°C range, followed by a sharp drop at the melting transition.
This anomalous behaviour has been explained on the basis of a jump
diffusion of chlorine ions from octahedral to unoccupied tetrahedral sites
randomly distributed. Such an abrupt drop of conductivity i1s due to the
molecular nature of the liquid phase. Other authors,"? however, suggest
that this effect may be induced by the presence of impurities in the solid
matrix.

As stressed above, molten AICl, is a molecular liquid having AICl,
dimers as basic units. X-ray diffraction measurements'** on molten AICl,
near the melting point show that the melt consists of (AICl;), units in which
each Al atom is surrounded by a tetrahedral arrangement of chlorine atoms
and the two tetrahedra share an edge. It should be noted, however, that
this structure 1s far from being regular, just as in vapor phase. The (AICl;),
molecules appear to be stretched in the Al-Al direction. This distortion
from a regular double tetrahedron is interpreted in terms of interactions
between intermolecular chlorine atoms. In fact, two maxima in the radial
distribution function at high values of r (>7A) (See Ref. 13 for details) seem
to be due to intermolecular coordination.

The dynamical properties of AICl; have been extensively studied in the
gascous!* !5 and liquid states, particularly in mixtures with alkali
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halides'*¢: 1 and with antimony trichloride.!8-1%) As far as the vibrational
modes of dimer (AICl,), are concerned, experimental Raman and IR data
are fully explained by a normal coordinate analysis of the D,, symmetry
group. The aim of the present work was to perform a careful experimental
analysis of the vibrational dynamics in solid AlCl; near the melting tran-
sition, together with the investigation of intramolecular effects in the liquid
phase. It will be shown that there is a phonon mode that seems to go soft
in accordance with March and Tosi’s hypothesis.”” Its center frequency,
width and strength depend strongly on temperature (compared with other
modes in the solid phase). Furthermore, the Raman spectrum of molten
AICI; shows all the intramolecular vibrational modes typical of the Al,Clg
units present in the disordered phase. The anisotropic component of the
spectrum in the low-frequency region indicates the presence of a central
mode that can be assigned to the mean life time of the intermolecular
bonding. In addition to this contribution, there is a projected density of
states in the translational region?® that takes into account the intermolecular
connectivity of the system under examination.

Il EXPERIMENTAL SECTION

The Raman experiments were performed on ultrapure AICl; samples
prepared at the Chemistry Division of the Oak Ridge Laboratory according
to a procedure elsewhere described;?" the only difference was that in the
preparation of this sample HCl of electronic grade purity was used. In
order to avoid any chemical contamination, the samples were handled in
an argon atmosphere and sgaled under vacuum in fused quartz optical
cells. The purified salt was composed of clear colorless crystals, and the
corresponding colorless melt was of very good optical quality. All measure-
ments were performed in our laboratories with a Raman apparatus
described in detail elsewheret??2% and with the same cylindrical cell. Also
measurements were performed as a function of the temperature both in the
solid and the liquid phases. Temperature was controlled to within 0.02°C
in all the ranges studied by means of a specially built optical thermostat.
In the ordered phase we performed measurements at 53.3, 117.0, 171.3,
179.2, 184.2, 186.1, 189.2, 190.2, 190.9, 191.9, and 193.2°C. Because of the
very small temperature range of liquid phase existence'?® (the melting and
boiling points are practically coincident), and because of the high vapor
pressure {>2 atm at 200°C), Raman spectra of the melt were measured
only at 200.1°C, just above the melting point. Our sample melted at 193.3°C,
in good agreement with literature data.?" In order to avoid local heating,
we used the 4880 A line of an Ar* ion laser working with an optical power
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less than 50 mW for the crystal and less than 200 mW for the melt. The
reproducibility of the measurements was checked by performing various
runs as a function of temperature and, as the melting point was approached,
we found it necessary to wait in order to reach thermodynamic equilibrium.
Unpolarized Raman spectra were taken for the polycrystalline solid sample
in the range of 10 — 450 cm ™! of Stokes shift with a resolution of 1.5 cm ™!,
For the hquid state we recorded both I, and I, spectra in a 90° scattering
geometry, with 2.5 cm ™! spectral resolution in the range 10 —» 700 cm ™! of
Stokes shift. In order to study very carefully the low frequency contribu-
tion in the liquid state, we took I, spectra with 0.25¢m™! resolution in
the —10 - + 10 cm ™! of the spectral range; with a resolution of 0.5 cm ™!
in the —15— +15cm™! range, and with a resolution of 1 cm™! in the
—25— +25cm™! range. The digitized Raman data were automatically
normalized for the incident beam intensity and were sent to a Digital
MINC 11 system where all processing was performed.

In Figure 1 we report a typical unpolarized Raman spectrum for the
solid sample near the melting point. Figure 2 shows the isotropic (2a) and

Al Cl3solid
189.2 °C

Raman intensity (a.u.)
L]

-

40 150 260

Stokes shift w,cm™
FIGURE 1 Unpolarized Raman spectrum in crystalline AICl,.
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FIGURE 2 Isotropic (a) and anisotropic (b) Raman spectra for molten AlCl;.
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the anistropic (2b) Raman spectrum for 200.1°C. The isotropic spectrum,
which is in essence due to a partially coherent light scattering!®®) process,
is obtained through the well-known relation I, = I, — %Iy, and shows
all 9 of the low modes of the Al,Clg dimeric units. The anisotropic Raman
spectrum [, 4(w) shows, among other things (see Figure 2b), a large Rayleigh
wing in the low frequency spectral region.

i1 DISCUSSION OF THE EXPERIMENTAL DATA AND
CONCLUSION

A comparison of Figure 1 and Figure 2 allows a qualitative identification
of the optical phonon modes of the crystalline salt. As previously mentioned,
calculations of force constants''® performed on Al,Clg (regular double
tetrahedron) allows us to assign the entire intramolecular spectrum for
the melt with a suitable account of the distortion of the regular tetrahedron
in the liquid. Then, by taking into account the local arrangement of the
crystal, it is possible to find a correspondence between the optical modes of
the melt and those of the crystal. Then it is possible to assume that the
vibrations centered at 115ecm™" (v, — A,) and 169 cm™' (v, — B,,) of the
Al, Clg structure with D,, symmetry are present in the solid phase without
large differences. The strong peak centered at 307 cm™! can be identified
with the highly symmetric v,-A,, stretching mode present at 340cm™*
in the molecule. Similarly, the mode centered at 285 cm™! in the liquid
corresponds to the 255 cm ™! mode of the solid. It is to be noted that at
the melting point, both the 307 cm™! and the 255 cm™' optical modes
suffer the same amount of frequency shift. This occurrence indicates that
the assignment!® of the 285 cm™! vibrational mode in the liquid (ie.,
v, + v, combination band) must be revised. In the liquid we have an addi-
tional vibrational mode centered at 217 cm ™" that cannot exist in the solid
phase. In fact, such a mode is mainly due to a stretching—stretching inter-
action at the angle between the aluminum and the two shared chlorines
(See Ref. 15 for details).

In the ordered phase we have a peak centered at 196 cm™! (for T =
53.3°C) which is absent in the liquid. Such a phonon mede is strongly
temperature dependent; it shifts towards lower frequencies as the temper-
ature increases and at the same time its width increases and its area
decreases. In Figure 3a, we show the behaviour of the intensity of such a
peak as a function of the temperature, and in Figure 3b the behaviour of
the ratio w,¢¢/Aw between the center frequency and the width of the
196 cm ™! phonon mode is shown. The temperature behaviour of such a
mode and its disappearance at the melting point suggests the identification
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FIGURE 3 Area (a) and Q-factor (b) of the 196 cm™! phonon vs. temperature. The con-
tinuous lines are a guide for eye.
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of this phonon as the soft mode that heralds the phase transition. It is to
be noted that the abrupt change towards higher frequencies of the two
modes centered at 255cm™! and 307 cm™!, as the melting point is ap-
proached, can be also connected to the disappearance of the 196 cm™!
optical phonon. If in fact, such a mode is identified with the one theoretically
predicted by March and Tosi,' it is possible to evaluate the angle (~ 60°)
between the vibrational direction of such a mode and that of the Al-Cl
stretching mode.?® Then, if the force constant of the disappearing phonon
is transferred to that of the contiguous mode, it is possible to recover exactly
the above mentioned frequency jump of the stretching mode. This work-
ing hypothesis has been verified for the antimony trichloride melting
process,'?® where the energy transfer process between vibrational modes'??
was evident. In order to understand the vibrational dynamics of molten
AICl;, it is important to stress that for liquids two alternative points of
view exist for explaining the nature of the dynamic contribution to the
scattered radiation. In the first one, the spectrum is interpreted in terms
of a gas-like model in which the system is collision dominated. Such a
model can be applied to liquids in which only a weak first-neighbor co-
ordination is present. In the second one the behaviour of this disordered
phase appears to be structure dominated. In such a case the liquid more
closely resembles an amorphous material, at least in the very short (107!
sec) temporal domain. This may be true, for example, for liquids like con-
centrated8-2% electrolyte solutions in which the structural arrangement
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is similar to that of the corresponding hydrated crystals, or for liquids
like B,O;%? and ZnCl,*® in which only a small number of bonds
are broken upon melting, or of liquids like SbC1;?? in which a polymeric
chain exists. Therefore, for those “structure limited” liquids,'®? the vibra-
tional modes are identified as *quasi-phononic” excitations for times that
are orders of magnitude shorter than the diffusional times. In any case,
while the isotropic component of the spectrum is connected with the eigen
modes of the system, the anisotropic spectrum /I, ,,;.(w), due to the breakdown
of the crystalline momentum selection rule, is interpreted in terms of a
vibrational density of states. The above concepts, although first developed
for amorphous materials and glasses®*?->® have been applied successfully
to the above mentioned liquids. Furthermore, there is also present a quasi-
elastic component (Rayleigh wing, which is depolarized) characteristic of
the liquid state that can be connected to various scattering mechanisms®#
as reorientational relaxation, jump diffusion, structural relaxation, and so
on. Taking into account the above mentioned contributions, I, 4(w) can
be written as follows:

Iyp(w) = Igikw) = Lg + Ls + Lai(w) (n

where Ly and Lg are Lorentzian components due to the reorientational
and structural relaxation processes, respectively, and I.®(w) oc P(w)-
n(w, T)-w ™ 'p(w) is the solid-like contribution; for the meaning of the
symbols see Refs. 20, 22. We have analyzed the Raman data on molten
AICl; in the frame of the concepts described above. The melt is composed
of dimeric units Al, Clg that are connected together, as revealed by x-ray
diffraction experiments,*® giving rise to a structured liquid. In this case
we have a structural relaxation time 7 that is smaller than the reorientational
relaxation time 7, and which gives a FWHM I’ of the Lorentzian Lg that
is the only component detectable in this measurement. This component is
convoluted, in the low frequency range, with the Raman effective density
of states

w

pe(@) = P(w) - p(w) = I}R{(w) o T+ 1

Then following a previously applied procedure?®:?% Eq. (1), for w <
25 cm™! becomes:

Ag-T2

IS (w) = w? 112

+C )]
The results of fitting our I}§(w), in the low frequency region, with Eq. (2)
is shown in Figure 4. The points are the experimental data, the continuous
line represents a central Lorentzian with [ = 3.91 cm ! and Ag = 5125.
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Al Cl3 molten
200.1°C

—
wm
I

—
(=]

Iyylcounts/ sec)x10°

FIGURE 4 Quasi-elastic contribution to anisotropic spectrum in molten AICl;. The dots
represent the experimental data. The continuous line is a Lorentzian curve fitting. The dashed
line is the value of the constant C (see text for details).

The dashed line represents the value of the constant contribution C = 530,
under the assumption that P(w) is w independent, that p(w) behaves like
Pacoust(®), 1.€. like w?, and the p,,(w) contributes only at higher frequencies.
Finally, the anomalously high experimental data near the zero frequency
shift are due to spurious elastic contributions that also mask the reorienta-
tional spectrum. The value of I'g(3.91 cm™') gives a characteristic micro-
scopic time 15 = (2nCI's)”! = 1.36 psec. This value, in the frame of the
existing models for the melt, can be connected to the mean-life of the inter-
molecular bonds. Unfortunately the difficulty of performing measurements
on the liquid as a function of temperature precludes a detailed examination
of the dynamics of the break-up of this intermolecular bond.

Taking into account Eq. (1), it is possible also to construct the Raman
effective density of states p%(w) for our system by removing the Lorentzian
contribution Lg from the experimental I'%2Y(w).

Figure S shows the p%(w) for molten AICI;.in the 2 - 200 cm™! of
Stokes shift region. An inspection of the figure shows that for very low
frequencies an w? behaviour exists as obtained through the fitting procedure.
This contribution is convoluted with optical modes for w > 15cm™},
giving rise to a broad band. Finally, intramolecular contributions to pX (w)
are present for @ > 70 cm™ !, It is to be noted that qualitatively the pR(w)

1
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FIGURE 5 Raman effective density of states g% (w) for molten AICl;.

in our system closely resembles the same spectral density obtained for
molten SbCl,#? and for molten and glassy ZnCl,.*? We would like to
stress that in the latter systems a convincing comparison has been performed
between the effective Raman density of states and the information obtained
with neutron scattering experiments. Unfortunately such a comparison
cannot be made for the system under examination because of the lack of
dynamical information in the literature. However, similarities between the
spectral behaviour of molten AICl; and the above mentioned systems
allows us to give the same interpretation in terms of the concept of density
of states.

Finally, to better clarify the short-time dynamics in molten AlCl;, Raman
measurements in liquid mixtures of AICl; with SbCl, are in progress in our
laboratories.
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