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Brillouin spectra in molten Antimony Trichloride are investigated for the first time. Measure-
ments are performed both in the normal and in the supercooled region. The acoustic velocity
and absorption, obtained by a refined method of analysis of the experimental data, as function
of frequency and temperature, show a dispersion that is characteristic of associated liquids.
This acoustic anomaly is interpreted in terms of a relaxation phenomenon in which the strong
intermolecular forces are involved.

1 GENERAL CONSIDERATIONS

Recently the existence of cooperative phenomena in the dynamical''? and
statical®* properties of liquid Antimony Tricloride, both in the normal and
in the metastable {(supercooled) regions, has been stressed. In the liguid
state, this molten salt exhibits a structural arrangement that is far from being
random. In fact, X-ray and neutron diffraction experiments,® near the
melting point (73.4°C), and the subsequent theoretical interpretation on the
basis of the RISM model* have shown that the melt has a chain structure
in which the molecular unities (pyramidal SbCl;) are strongly bonded via
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chlorine bridges. Furthermore, the existence of a van der Waals type inter-
chain interaction has been confirmed. This bond connectivity could explain
the anomalous chemical-physical properties (high dielectric constant,® low
electrical conductivity and low autoionization constant®) of this peculiar
system in which the long range coulombic forces seem to play a minor role.
From this point of view, Antimony Trichloride looks like as an associated
liquid” rather than a molten salt: it appears to be a structure dominated
liquid.

Finally, it is a good solvent for both organic and inorganic compounds and
this quality, together with the above mentioned ones, allowed some compari-
son with liquid H, O.

The dynamical properties of SbCl; have been extensively studied by
Raman spectroscopy, both near the solid-liquid transition' and in the super-
cooled region.? In particular, the isotropic Raman spectra show all the
intermolecular stretching and bending modes of the pyramidal unities and
the depolarized contribution shows a zero centered component (Rayleigh
Wing) convoluted with a smoothed spectral contribution. The former was
connected with a thermal activated process, with a characteristic energy value
of about 2.4 Kcal/mol and a backward barrier height of 0.7 Kcal./mole,
that can be associated with the breaking and making mechanism of chlorine
intermolecular bonds. The latter was interpreted as due to a disorder induced
Raman effective density of vibrational states yX(w), which is typical of
many amorphous® and liquid® systems. This anisotropic spectral density
envelopes the low frequency optical phonon modes of the crystal, so that the
melt still maintains a memory of the ordered phase collective excitations.

In the present work the acoustic properties of the melt are investigated
and are studied in some details by analyzing the system response to the
time dependent stress by means of an ultrasonic probe and by studying the
Fourier components of the density fluctuations correlation function by
Brillouin scattering. The experiments are performed as a function of the
temperature both in the normal and in the supercooled liquid phase.

We will show that, due to the high degree of cooperativity in the dynamic
properties of the system, a dissipative bulk phenomenon, that is frequency
and temperature dependent, is observed. A similar behaviour has also been
reported in the literature for moderately supercooled liquids'®*! and for
low viscosity liquids with dependent structure effects,'? in which strong
interactions among molecules take place. In addition, it will be shown that
the longitudinal relaxation time 7, and the longitudinal relaxation modulus
K,,evaluated on the basis of visco-elastic theories, ' give an activation energy
of few Kcal./mol, which is connected with the finite mean life time of the
chlorine bridges.
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2 EXPERIMENTAL PROCEDURES AND HANDLING
OF THE DATA

The high purity SbCl; was prepared by the same procedure elsewhere de-
scribed! and was sealed, under low argon pressure, into a quartz optical
cuvette (1.00 x 1.00 cm? of section). The purified, colourless melt of high
optical quality was analyzed in the same cell for both ultrasonic and hyper-
sonic measurements.

We used a specially built optical thermostat for the polarized list scattering
(Brillouin) experiments with a temperature control within 0.002 °C in the
investigated range 50 < T < 100°C (Tm = 73.4°C).

We use a Tropel mod. 350 plane Fabry-Perot piezoelectrically scanned
interferometer with a typical 90° scattering geometry.

The transferred wavevector R = 4n/A, - n(T)-sin 0/2 values are 3.398
10* cm ™! at 98.7°C and 3.400 10* cm ™~ ' at 40.1°C.A F.S.R. value of 8.0 Ghz
was chosen as the best compromise between the Brillouin shift and the resolu-
tion. The measurements wave performed with a mean overall working finesse
of 45. A single mode Ar ™ laser (Spectra Physics mod. 170) with a mean power
of 800 mW at 5145 A was used. The detection system consists of an RCA
C-31034 cooled photomultiplier with a flat spectral response and a dark
photoncount less than 10 photons/sec. The interferometer operations, as
well as the collection and normalization of the experimental data, are con-
trolled on-line by a Digital MINC 11/23 minicomputer. To obtain a good
signal to noise ratio, many spectra (up to 10) were taken at each temperature
and then automatically added taking into account possible zero-frequency
drift. Furthermore, in order to reject all the unwanted contributions to the
spectra (Raman, fluorescence and so on), an optical filter was inserted on the
collection optics.

The ultrasonic experiments were performed with astandard MATEC pulse-
echo apparatus. The X-cut quartz (transducer and receiver) of 5 Mhz
fundamental frequency were bonded to the window of the same calibrated
optical cuvette used for the Brillouin measurements. The cell was put into
an air controlled thermostat with a temperature deviation of about 0.1°C.
The apparatus was tested by performing some velocity measurements on
pure water contained in a similar cuvette; the results were in very good
agreement with the literature data.'* The 15 Mhz velocity measurements
accuracy is better than 1% while the same frequency absorption values are
not processed because the additional losses at the various interfaces. Values
of the density p and the refractive index # at the various temperatures, needed
to calculate the acoustic quantities of interest, were taken from the
literature.*>
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FIGURE 1 Brillouin Spectra of molten SbCl, at different temperatures. (a) T = 98.7°C;
(b) T = 75.2°C; (c) T = 50.4°C; (S and AS refer Stokes and Antistokes component respect to
the R central component) x: Exp. Points; : Theoret. Fitting with EQ. (1); —-— . — :
Rayleigh component; —..—-- —: Symm. Brillouin components; ......... : Asymm.
Brillouin components.

As an example in Figure 1 we show three typical polarized spectra, taken
at 98.7°C, 75.2°C and 50.4°C respectively: a theoretical fit (see the next
section) 1s also shown.

3 DISCUSSION OF THE RESULTS AND CONCLUSIONS

The dynamical properties of a liquid systems are well described by the
structure factor S(k, w), which is defined as the Fourier transform of the
density fluctuations time correlation function.'® Using the usual hydro-
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dynamic equations, the S(k, w) proportional polarized spectrum can be
written as:

. Ag-Tg(k) Ap- T'p(k)
Il @) = 03 T T o = T3 = T3]+ T30
N Ay Tyl) LT
(o + [0 — 200177 + 1200 T [wd(h) - T2
W
o [efl) - TR o [wdk) - TH)"
T30 + (o + [wdd) - T3017 T30 + {0 ~ [wi(k) - T3]}

where the first term represents the quasi-elastic contribution, the second the
symmetrical lorentzian lines and the last two terms the asymmetric ones. Our
data, deconvoluted from the instrumental resolution function, are fitted by
Eq. 1. In order to obtain the better accuracy of the parameters the fitting was
performed on three F.S.R. In this way we obtained the values of w, and I'y
from which the high frequency velocity V, and absorption a/f* can be
calculated

These values are to be compared with analogous quantities founded by
means of ultrasonic experiments. It is to be noticed that a direct comparison
between ultrasonic measurements (that analyze the spatial damping of the
sound wave) and Brillouin measurements (that refers to the temporal
damping of thermal phonons) is not obvious.’®!® In an ultrasonic experi-
ment the driving frequency is imposed by the probe and it is a real quantity,
while the wavevector turns out to be complex. Then, we can write:

) I? 1 I
V==V, |1+ secztg™ = 2
= Re(k) ~ ° [ +w2] Sec(z & w) @
where V, = (K/p)*'?, K being the longitudinal modulus and I the damping
parameter. On the contrary, in a Brillouin scattering experiments, the wave-

vector k is a real quantity, fixed by the experimental conditions, while w is
complex. In this case the following relation holds:

/
VBERe(w)z VO-[I r? ]12 3)

k 4k’

These circumstances have to be taken into account to avoid some non-
physical results. From our experiment we set the two probe independent
quantities vy and o/ 2, which in a Brillouin experiment are related as:

o 2nl g

vy = % and 7 = s 4)
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FIGURE 2 Sound velocity v, vs T.[]: Hypersonic data; O: Ultrasonic data;
best fit (see text).

In Figures 2 and 3 the velocity v, and the absorption «/f? are plotted as
a function of the temperature. As far as the velocity data are concerned, the dis-
persive behaviour of v, is to be noticed. Furthermore the absorption values
at high frequency are well above the “classical” value. The values of the non-
relaxing, frequency independent, shear viscosity #,, that enter in the classical
expression are taken from literature.® We estimate an overall accuracy of the
high frequency o/f 2 values of the order of 39, while the error on the ultra-
sonic and hypersonic velocity is less than 1 9. The values for the supercooled
phase are extrapolated both by means of Arrhenius law and means of
Fulcher-Tamman-Hess equation.'! It has to be noticed that for SbCl; the
ideal glass temperature Ty of the V.F.H. equation takes the value of 210°K.

The structural effects are very important in our system, hence its acoustic
behaviour can be connected to some relaxation phenomenon. These effects
have a microscopic origin, because the finite time necessary for the restoring



08: 47 28 January 2011

Downl oaded At:

MOLTEN ANTIMONY TRICHLORIDE 237
70
[ B
~
~a
~ o
S~
™~
B
\u\ \'
~ - - 8
— = ~ad
o~
Q
0 @ Hypersonic(~5Ghz)
T
£ 50&. ° (a/f)(ass.
L
=
=
x
o~
>
S
C\
(=)
=
a
G
n 30
L0
<
©
o
3
o
wn
~.
10— Tm \\*\
°
| l TR !
40 60 80 100
o
T°C
FIGURE 3 Sound absorption «/f? ¢s T. [J: Hypersonic data. ———: guide for eye; O:
() tases 2 (/P With y from Arrhenius law; — —— — with 5, from

Tamman-Fulcher-Hess law.



08: 47 28 January 2011

Downl oaded At:

238 G. MAISANO er al.

forces to drive the system to a local equilibrium is altered by the pressure
and temperature changes connected to the waves propagation. This phenom-
enon can be explained on the basis of the compressional relaxation or visco-
elastic theories.!!''* Accordingly, for a single relaxation process, we can
write,

a  2n? T, 4
2 dK. il 5
* pvd [ ’ 1+w2-fi+3m] ©
1 wt,
2l Ky + K, 6
U P [ ot K, 1+w21%:| (6)

where K, and 7, are the relaxing part and the zero frequency value of the
modulus. 7, is the volume, or structural relaxation time. By combining
the ultrasonic and the hypersonic results, the egs. (5) and (6) give for 1, :

_ pvg — Ko
Lp-vd2nt - (wff?) ~ 5 ns]-

In Eq. (7) the ultrasonic velocity values that enter in K, are obtained, as a
function of the temperature, from the experimental data at 15 Mhz by means
of a linear fit:

153

(M

v,=a—h-T (8)

where: a

b

153817 cm./sec.
155.344 cm./(sec.°K)

Finally, by inserting 7, in Eq. (6), one can extract values of a function
of the temperature. We are aware of the fact that some criticism could be
raised about the assumption that structural processed in associated liquids
follow an exponential decay law with a single relaxation time. Usually,
in fact, this class of liquids relaxes with more complex laws.?® Many theoreti-
cal models have been developed to explain this behaviour. In our case,
the impossibility to obtain data on a more extended range of temperature
in the supercooled region, in addition to the lack of information about the
intermediate frequency values, did not allow us to perform a detailed analysis
of the complex relaxational processes involved. Moreover, in order to gain
information about the acoustic dispersion that are shown by the experimental
results, we look at the temperature evolution of the relaxing modulus and of
the relaxational longitudinal time ;.

From the plots of In (K,/7) versus 1/T, it is possible to obtain the difference
of energy between the two states between which the system relaxes. The
results are shown in Figure 4; the fitting from the law In (K;/T) ~ AGy/RT
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FIGURE 4 Arrhenius plot of the relaxation bulk modulus; O Exp. results;
fit.

: Theor.

allows to obtain a value of 2.03 Kcal./mole for AG,, that results independent
from the extrapolation law for #, in the supercooled region.

Values of the order of 0.2 nsec. are obtained for t; near the melting point
and its temperature dependence gives an activation energy of 400 <+ 500
cal./mole. If we assume a thermally activated process, this value represents
the barrier energy for the reverse process and can be due to the strong inter-
molecular Antimony-Chlorine bridges.*

Surprisingly, this value together with the one of AG, obtained from the re-
laxing modulus K, are in close agreement with those deduced by the analysis
of the Rayleigh-wing in a previous work? where the quasi-elastic component
of the molten SbCl; spectrum was correlated with an activated process of
breaking and making chlorine bridges. On the basis of a “bond-lattice”
model,>! the two states in the liquid are characterized by the existence of
intact bonds (state “on”) and broken bonds (state “off”).

In particular the above mentioned value of AG, can be interpreted as a
fractional part of the vaporization energy.'® On the other hand, in SbCl;, the
possibility to originate an “off ” state need only the breaking of one of the
three chlorine bridges. In this case, in fact, the possibility of an hindered
rotation around the chain axis makes possible the hole formation and the
subsequent volume variation in the melt.
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We think that other measurements are needed to obtain more detailed
information about this interesting liquid system (e.g. dielectric relaxation
measurements). In fact a systematic study, in the intermediate frequency
range between 10° Hz and 10'° Hz are in progress in our laboratory to
better clarify the microscopic nature of the observed structural relaxation.
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