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Thermal diffusion forced Rayleigh scattering measurements on binary mixtures of carbon
tetrabromide (CBry), tetraethylsilane, and di-tert-butylsilane in carbon tetrachloride (CCl,) are
reported at different temperatures and concentrations. The Soret coefficient of CBr, in CCly is
positive and St of both silanes in CCl, is negative, which implies that the heavier component always
moves to the cold side. This is the expected behavior for unpolar simple molecules. Both silanes
have the same mass so the influence of the difference in shape and moment of inertia could be
studied. For all three systems, S; decreases with decreasing CCl, concentration. The results are
discussed in the framework of thermodynamic theories and the Hildebrand parameter concept.
Additionally, the Soret coefficients for both silane/CCl,; systems were determined by
nonequilibrium molecular-dynamics calculations. The simulations predict the correct direction of
the thermophoretic motion and reflect the stronger drive toward the warm side for di-tert-butylsilane
compared to the more symmetric tetracthylsilane. The values deviate systematically between 9%

and 18% from the experimental values. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2746327]

I. INTRODUCTION

Thermal diffusion describes the migration of molecules
in a temperature gradient. The molecular origin of the effect,
also called the Ludwig-Soret effect, is one of the unsolved
problems in physical chemistry. In some cases, even qualita-
tive predictions, which are of practical importance, are im-
possible. The main practical applications are separation
process.es"2 such as thermal field flow fractionation of poly-
mers and colloids or isotope separation, characterization of
geochemical processes,3’4 and combustion.’

Thermal diffusion in liquid mixtures of nonpolar fluids is
known to reflect a range of microscopic properties such as
the mass, size, and shape of the molecules as well as their
interactions.® In mixtures of polar liquids, specific interac-
tions between the molecules dominate the thermal diffusion
process, while mass and size of the molecules are most im-
portant in Lennard-Jones fluids. For liquids more complex
than Lennard-Jones fluids, the Soret effect appears to depend
on a delicate balance of the molecular properties of the
components.L9

Even for fairly simple solvents without specific interac-
tions, there is often no simple relation between the Soret
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coefficient and other physical properties. Especially if the
solvent molecules are not approximately spherical, devia-
tions from some simple rules of thumb are found: typically,
the component with the larger mass or higher density moves
to the cold side, and the effect becomes stronger if the com-
ponents are less miscible.® For isotopic mixtures of benzene
and cyclohexane, it was found that the Soret coefficient can
be written as a sum of three contributions: the mass differ-
ence, the difference in moment of inertia, and a chemical
contribution.® Recently, it was shown by equilibrium and
nonequilibrium simulations of Lennard-Jones (LJ) mixtures
that the composition dependence of the Soret effect is deter-
mined by the chemical contribution. '’

The values of the Soret coefficient can also be compared
with the cohesive energy density, also referred to as the
Hildebrand solubility parameter.”_14 Two substances are mu-
tually soluble if the free energy of mixing AG,, is negative.
By definition, AG), is given by

AGy = AH, — TAS,,, (1)

where AH,, is the enthalpy of mixing per unit volume and
AS,, is the entropy of mixing per unit volume. The value of
AS,, is determined by the properties of the given mixture
such as composition, compressibility, and specific interac-
tions (e.g., hydrogen bonds). For mixtures of nearly spherical
molecules without specific interactions and almost the same
sizes, the value of AS),, is always positive, while there is a
certain limiting positive value of AH,, above which dissolu-
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tion is impossible. Hildebrand first correlated solubility with
the cohesive properties of the solvents and made the ansatz
for a binary mixture

AHy = 0,05(5 - &) (2)

where ¢; and ¢, are volume fractions and &, and &, are the
solubility parameters of the two components. Equation (2)
predicts that AH,,=0 if §,=5,. Hence, two substances with
equal solubility parameters should be mutually soluble. In
this limit, the two components become identical to each
other, which makes the Soret coefficient of such mixture
equal to zero. This hypothesis was confirmed by simulations
of Sy for binary LJ mixtures.'? It was found that the compo-
nent with the larger Hildebrand parameter moves to the cold
side. Later, this concept was successfully applied to non-LJ
mixtures of components, which still can be mapped onto LJ
spheres.6

Thermodiffusion in Lennard-Jones binary fluids was in-
vestigated by molecular dynamic (MD) simulations.'*" In
those simulations, the influence of the different L] param-
eters mass, atomic diameter, and interaction strength has
been investigated systematically for binary mixtures. The ra-
tio of one of the parameters was varied, while the others
were fixed and equal for both compounds. The magnitude of
the Soret coefficient was observed to depend on all three
ratios. It was found that the heavier species, the smaller spe-
cies, and species with higher interaction strengths tend to
accumulate in the cold region.

The goal of this paper is the investigation of rather
simple tetrahedral, nonpolar molecules, which can be well
approximated by a spherical shape. Experiments on mixtures
of tetrahedral liquids are in principle possible; the side atoms
can be halogens, hydrogen, or alkyl groups (CH;,C,Hs),
whereas the central atom can be turned into C, Si, Ge, Pb,
Sn, Ti, or other transition metals. Unfortunately, many of the
chemicals containing Sn and Pb are highly toxic. And, most
of the others containing Sn, Ge, Si, and Ti react with water
vapor so that they are not suitable for systematic investiga-
tions with our present setup. After screening many spherical
solvents, we picked carbon tetrachloride (CCl,) (cf. Fig. 1),
which has a rather small moment of inertia (cf. Table I).
Additionally, we selected tetraethylsilane and di-tert-
butylsilane, which differ in their moment of inertia, but have
the same molar mass, which is slightly lower than the mass
of CCl, (cf. Table I). The size of both molecules corresponds
roughly to a sphere with van der Waals radius of 3.51 and
3.57 A, respectively (cf. Table I). Tetraethylsilane can better
be approximated by a sphere than di-tert-butylsilane. As
heavier compound we picked carbon tetrabromide (CBr,),
which is solid at room temperature, but dissolves in CCly.
Both carbon tetrahalides can be approximated by spheres
with van der Waals radii of 2.91 and 2.73 A, respectively (cf.
Table I and Sec. II).

Il. EXPERIMENT
A. Sample preparation

Carbon tetrachloride (99.8%) was purchased from Fluka
and carbon tetrabromide (99%), tetraethylsilane (99%) and
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FIG. 1. Sketch of the investigated molecules carbon tetrabromide (CBry),
tetraethylsilane, di-tert-butylsilane, and carbon tetrachloride (CCl,) as ball-
and-stick models. The diameter of the silanes is roughly twice as large as the
diameter of CBr, and CCl,. The reference system used for the calculation of
the moments of inertia listed in Table I is indicated. The z axis is perpen-
dicular to the paper plane.

ccl,

di-tert-butylsilane (97%) were ordered from Aldrich. Carbon
tetrabromide (CBr,) forms white crystals at room tempera-
ture. The mole fraction was adjusted by the molecular mass
and weight fraction of the components. At higher mole frac-
tions (x=0.5), CBr, becomes insoluble in CCl,. For the
highest mole fraction investigated (x=0.45), CBr, remains
dissolved in CCly for at least one day. All samples contained
a small amount of Quinizarin (Aldrich). The weight fraction
of the dye is approximately 0.002 wt %, corresponding to the
optical density of 1.5 for a 1 cm cell. This amount ensures a
sufficient temperature modulation of the optical grating. On
the other hand, the quantity is small enough to avoid convec-
tion and contributions of the dye to the concentration signal.
Approximately 2 ml of the freshly prepared solution were
filtered through 0.2 um filter (hydrophobic PTFE) into an
optical quartz cell with 0.2 mm optical path length (Helma),
which had been carefully cleaned of dust particles before
usage. Experiments were performed in a temperature range
from 20 to 40 °C.

B. Properties and physical parameters

Table I lists the properties of the substances, such as
molecular weight M,,, density p, van der Waals radius r,,
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TABLE 1. Physical properties of the investigated solvents [M,: molecular weight, p: density, r,: van der Waals radius, Ty;: boiling temperature, &:
Hildebrand parameter at the boiling point, and /;: the moment-of-inertia components about the symmetry axes (cf. Fig. 1)]. The values of the main moments
of inertia for all investigated compounds were calculated using an atomistic model for a single molecule in vacuum (Ref. 16).

M,, (g/mol) p (kg/m?3) Tooit (°C) I1.(g A?/mol) I, (g A%/mol) I, (g A%/mol)
Solvent Ref. 17 Ref. 17 Ty (A) Ref. 17 S (MPa'?) Ref. 16 Ref. 16 Ref. 16
CBry 331.6 solid 291 190 18.1 796 796 796
Si(C,Hs), 144.3 0.761 3.51 153 13.4 452 492 593
[(CH;)5C],SiH, 144.3 0.729 3.57 129 12.7 246 637 650
CCl, 153.8 1.59 2.73 76 17.0 282 282 282

boiling temperature 7y, the Hildebrand parameter & at the
boiling point, and the moments of inertia about the symmetry
axes I;. We estimated 6 by

AH,, —RT\"?
Sk &

where AH,,, is the enthalpy of vaporization and V is the
molar volume of the pure component. The enthalpy of va-
porization at the boiling point was estimated using Trouton’s
rule. Trouton’s rule states that the entropy change for vapor-
ization is approximately 88 J mol~! K~! and holds for many
liquids to within 10%,'®

AI—Ivap = ASvaproil . (4)

The obtained values (cf. Table I) compare well with the lit-
erature values at lower temperatures [13.9 MPa!/? (Ref. 19)
for tetraethylsilane and 17.3 MPa!’? (Ref. 20) for carbon tet-
rachloride, estimated from the enthalpy of vaporization at
298 K]. For carbon tetrabromide we found only a value of
20.1 MPa'2,'**' 70 K below the boiling temperature. The
fact that these three experimental values are slightly higher is
consistent with the fact that the Hildebrand parameter in-
creases with decreasing temperature.

Van der Waals radii for all substances were estimated
using the van der Waals increment method* (cf. Table I).
This method gives the same value of 3.48 A for both tetra-
ethylsilane and di-tert-butylsilane. Estimation from the liquid
volume®®*? for these two compounds gives 3.57 and 3.66 A,
respectively. The effective hard-sphere diameter of tetraeth-
ylsilane calculated from modified van der Waals equation of
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FIG. 2. Refractive index increments (dn/dc), s and (dn/dT), . of CBry4 in
CCly as a function of temperature. The mole fractions of CBr, are 0.1 (H)
and 0.25 (@).

state is equal to 3.49 A which agrees with our estimates.
The averaged values of van der Waals radii for the silanes are
listed in Table I.

C. Refractive index increment measurements

Refractive index increments with concentration
(9n/dc), r at a constant pressure and temperature were mea-
sured using an Abbe refractometer. The temperature deriva-
tives of the refractive index (dn/dT), . at a constant pressure
and concentration were determined in temperature range
T+3 °C using a Michelson interferometer.”*

Figure 2 shows both refractive index increments at dif-
ferent temperatures and concentrations for CBr, in CCly;
(9n/dc), r increases, while (dn/dT), . decreases with increas-
ing temperature. The values for the higher concentration of
CBry, in CCly are slightly higher. The error bars, typically
around 0.3%, represent one standard deviation between re-
peated measurements. The refractive index increment with
temperature is almost insensitive to the concentration. Fig-
ures 3 and 4 show refractive index increments at different
temperatures and concentrations for Si(C,Hs), and
[(CH3);C],SiH, in CCly.

D. TDFRS experiment and data analysis

The principle of the thermal diffusion forced Rayleigh
scattering (TDFRS) method is described elsewhere in
detail.” An argon-ion laser (\,,=488 nm) is used for writing
the grating. The laser beam is split into two writing beams of
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FIG. 3. Refractive index increments (dn/dc), s of tetraethylsilane (solid
symbols) and di-tert-butylsilane (open symbols) in carbon tetrachloride as a
function of concentration.
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FIG. 4. Refractive index increments (dn/ dT), . of tetraethylsilane (solid
symbols) and di-tert-butylsilane (open symbols) in carbon tetrachloride as a
function of concentration.

equal intensity by a beam splitter. An intensity grating is
created in the sample by the interference of two laser beams.
A small amount of dye in the sample converts the intensity
grating into a temperature grating, which in turn causes a
concentration grating by the effect of thermal diffusion. Both
gratings contribute to a combined refractive index grating,
which is read out by diffraction of a third laser beam (A,
=633 nm). The heterodyne signal intensity of the read-out
laser is proportional to the amplitude of the refractive index
difference An(T,c) as

An(T,c):(Z;) AT+((;:> Ac, (5)

psc p.T

where AT and Ac are the difference in temperature and con-
centration, respectively.
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FIG. 5. Typical normalized TDFRS signals and the residuals plot to the
fitting curve according to Eq. (7) of investigated mixtures at a temperature
of 20 °C. Mole fraction of CCl, equals 0.75. The solid lines refer to a fit
according to Eq. (6).
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FIG. 6. Soret coefficient Sy, diffusion coefficient D, and thermal diffusion
coefficient Dy of CBr, in CCl, as a function of concentration. Solid
symbols—our data; open symbols—data from Saxton er al. (Ref. 26).

The total intensity (. (f) normalized to the thermal sig-
nal is related to the Soret coefficient as

on
() =1- o
ghe (f) <(9T> ( ‘>p’T

Src(1=c)(1=e P, (6)

where ¢ is the grating vector and D is the mutual diffusion
coefficient.

To determine the transport coefficients, Eq. (6) is fitted
to the measured heterodyne signal (Fig. 5) using contrast
factors (dn/dc), r and (dn/dT), . which are measured sepa-
rately. The residuals are small (less than 1%) and show no
systematic deviations (Fig. 5).

lll. RESULTS

Figure 6 shows the concentration dependence of the
transport coefficients for the mixture of CBr, and CCly. The
mole fractions of CBr, are 0.1 and 0.25. The refractive index
of this system increases with increasing CBr, content, so that
(9nldc),r is positive (cf. Fig. 2) and the refractive index
increment with temperature (dn/dT), ¢ is negative (cf. Fig.
2). The concentration part of the TDFRS signal increases
exponentially (Fig. 5), which implies that the Soret coeffi-
cient is positive and the heavier component CBr, migrates to
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FIG. 7. Soret coefficient Sy, mutual diffusion coefficient D, and thermal
diffusion coefficient D of Si(C,Hs), in CCl, as a function of concentration.

the cold side. The diffusion coefficient increases with in-
creasing temperature and decreases with increasing CBry
content. This behavior can be explained by a lower viscosity
at higher temperatures and higher CBr, content.

In Figs. 7 and 8 the concentration dependence of S, D,
and Dy for tetraethysilane and di-tert-butylsilane is dis-
played. The Soret coefficient of both silanes is negative,
which implies that the lighter silanes move to the warm side,
while the heavier and denser CCl, migrates to the cold. As in
the case of CBry, the rule of thumb that typically the heavier
compound moves to the cold side is obeyed. The magnitude
of the Soret coefficient for di-tert-butylsilane is roughly 10%
larger than the one of tetraethylsilane. Both systems show a
weak concentration dependence, which is typical for unpolar
substances.”>?’ As expected, the diffusion coefficient in-
creases with increasing temperature and with increasing
amount of the less viscous silane. For all systems investi-
gated, an increasing concentration of the heavier component
leads to a decreasing diffusion coefficient.

IV. SIMULATIONS

The reverse nonequilibrium molecular dynamics method
has been applied to investigate the thermal diffusion of car-
bon tetrachloride in silanes. In the following, we only briefly
summarize the force fields used for the liquid solvents and
give some simulation details. A detailed description can be
found elsewhere.”®

J. Chem. Phys. 127, 014502 (2007)
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FIG. 8. Soret coefficient S, mutual diffusion coefficient D, and thermal
diffusion coefficient D; of [(CH;3);C],SiH, in CCl, as a function of
concentration.

A. The force field for carbon tetrachloride

In obtaining the force field for carbon tetrachloride we
followed the work of Rey et al.” They developed a consis-
tent set of molecular models for MD simulations of a whole
family of methylchloromethanes ((CHj),_,CCl,), providing
excellent accordance with thermodynamic properties (liquid
density and heat of vaporization). It was found that non-
negligible electrostatic effects on the liquid structure exist
only for the polar cases (n=2,3). Therefore, we used the
proposed force field for carbon tetrachloride without charges
(see Table II).

B. The force field for the silanes

For tetracthylsilane we used a force field derived by
Striolo er al.™® Atoms in the same molecule interact with
each other via short-range potentials that account for bond
length, bond angle, and torsional potentials. It was shown
that, by combining force fields independently developed to
describe silsesquioxanes (POSS) and alkanes (Table II), it is
possible to predict correctly the structure of isolated hybrid
polyhedral oligomeric silsesquioxane monomers as well as
that of crystals composed solely of POSS monomers.”’

Test MD runs of a cubic periodic box of 200 tetraethyl-
silane molecules at 298 K and 1 atm yielded an unsatisfac-
tory solvent density (0.795 kg/m?) and heat of vaporization
(33.2 kJ/mol) (density 4.3% too high, heat of vaporization
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TABLE II. Lennard-Jones parameters for tetraethylsilane, di-tert-
butylsilane, and carbon tetrachloride (* - Lennard-Jones parameters were
adjusted to get experimental density and heat of vaporization).

Atom type o (nm) & (kJ/mol)
C (Ref. 29) 0.3774 0.2277
Cl (Ref. 29) 0.3467 1.0945
Si* 0.5 0.42
SiH,* 0.559 0.5
CH, Refs. 32 and 33 0.393 0.3808
[for Si(C,Hs),]

CH; Refs. 32 and 33 0.391 0.8647
[for Si(C,Hs),]

C Refs. 32 and 33 0.391 0.1413
(for [(CH3);C],SiH,)

CH; Refs. 32 and 33 0.385 0.582
(for [(CH;)5C1,SiH,)

5.8 kJ/mol too low). Experimental values at 298 K are pre-
sented in Table III. Another difficulty with this model is that
it is only applicable to silanes with linear alkyl chain at-
tached (the alkane backbone was modeled according to the
TraPPE united-atom force field”' developed for the linear
alkanes). Slightly different parameters were required for the
CH; groups of branched alkanes in order to reproduce the
phase diagram.g'z’33 Therefore, we had to use a different route
to describe di-tert-butylsilane, which has branched alkane
structures attached.

In order to simulate both silanes consistently on the basis
of the same force field parameters we derived new united
atom force field parameters (Table II). For the alkane we
applied the force field from Nath.**** In the case of tetraeth-
ylsilane, the Lennard-Jones parameters ¢ and € of Si, and for
di-tert-butylsilane those of SiH, have been adjusted. These
parameters were increased to reproduce the experimental
density and the heat of vaporization for the systems (Tables
II and II0).

C. Computational details

Two binary equimolar mixtures of carbon tetrachloride
with tetraethylsilane and di-tert-butylsilane were simulated at
T=303 K and P=1 atm. The YASP package34 was used. The
cell was elongated in the z direction, which is the direction of
the heat flow (L,=L,=L./3~4 nm). The cutoff length for
nonbonded interactions was 1.2 nm. The time step was 2 fs.
All reverse nonegilibrium molecular-dynamics (RNEMD)
simulations were performed at constant NVT conditions
(densities: 1047.2 and 1009.9 kg/m? for equimolar mixtures

J. Chem. Phys. 127, 014502 (2007)

of tetraethylsilane and di-tert-butylsilane in carbon tetrachlo-
ride, respectively) with 960 molecules in the simulation box.
The average temperature was kept constant by the thermostat
of Berendsen et al.,”> with the temperature coupling time
being 7=1 ps. Figures 9 and 10 show the concentration pro-
files for equimolar mixtures of tetraethylsilane and di-tert-
butylsilane in CCl, averaged over a simulation time of 51.9
and 74.12 ns, respectively. The time development of the
Soret coefficient for both mixtures is shown in Fig. 11 as
cumulative average. For each silane, two values are dis-
played. One has been calculated from nine slabs of the
downward branch and another from nine slabs in the upward
branch. The hottest and coldest slabs have been excluded
from the analysis. After 40 ns, the Sy value for
tetraethylsilane/CCl, converges to a plateau value of —5
X 1073 K. In the case of the system
di-tert-butylsilane/CCl, the plateau (=5.5X1073K™") is
reached later after 60 ns. The average value S;=-5.5
X 1073 K! for di-tert-butylsilane in CCl, is 10% smaller
than the value obtained for tetraethylsilane in CCl,. The dif-
ference is not very pronounced, but this tendency is also
confirmed in the experiment, although the magnitude of the
experimental values is systematically 9% —18% larger.

V. DISCUSSION

A. Comparison of the experimental and simulation
results

The following values for the Soret coefficient were de-
termined by simulations at around 303 K for a binary
equimolar mixtures of tetraethylsilane and di-tert-butylsilane
in carbon tetrachloride: —-5+0.3%107 and -5.5+0.3
X 1073 K~!. The simulation results are larger than the experi-
mental values and their magnitude is smaller by 9 and 18%.
These small systematic errors are probably due to the force
field parameters, which were developed to reproduce the
density and heat of vaporization of the pure components but
not any transport coefficient. For gaseous systems it is
known that the calculation of the Soret coefficient is much
more sensitive to the correct choice of the interaction poten-
tial than other properties such as viscosity or diffusion
coefficient.®

Another reason might be the sensitivity of the Soret co-
efficient to the chosen mixing rule. Galliero et al.”® showed
for methane/n-decane a strong dependence of S; on the
cross-interaction parameters k; ; and /; ;, which determine the
interaction strengths &, ,,

J

TABLE III. Thermodynamic results obtained for pure tetraethylsilane, di-tert-butylsilane, and carbon tetrachlo-
ride compared with the corresponding experimental results at 298 K.

Solvent Pexp (kg/m?) Paim (kg/m?) AHSYP (kJ/mol) AHf,i;;‘, (kJ/mol)
Si(C,Hs), 0.761 0.773 39 37.9
Ref. 17 Ref. 19
[(CH5)5C],SiH, 0.729 0.735 38.1
Ref. 17
CCl, 1.594 1.588 31.5 30.06
Ref. 17 Ref. 20
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FIG. 9. Concentration profiles for a equimolar
tetraethylsilane/CCl, averaged over a simulation time of 52 ns. The inset
shows the complete concentration profile. The open symbols represent the
upward branch of the full profile, which has been flipped over at the coldest
slab.

erp=(1-k;)(g18,)",
(7

o= (1- li,j)%(o'l +0,)

with &;,,&;,&, the interaction strength parameters and
0,,01,0, the diameters.

In our case the classic Lorenz-Berthelot mixing rule
(k; ;=0; I;;=0) was used, which had been applied in the
simulation of benzene/cyclohexane28 mixtures. Unfortu-
nately, a validation of the cross-interaction parameters was
impossible, because to our best knowledge there are no lit-
erature data available for the investigated mixtures. In view
of other MD simulations of the Soret coefficient of fluid
mixtures, some of which use much more sophisticated force
fields,”® the agreement with experiment must be viewed as
very satisfactory.

B. Contributions to the Soret coefficient

Galliero et al."” investigated the thermodiffusion behav-
ior of equimolar mixtures of “super methane” in methane.
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FIG. 10. Concentration profiles for a equimolar mixture of

di-tert-butylsilane/CCl, averaged over a simulation time of 55 ns. The inset
shows the complete concentration profile. The open symbols represent the
upward branch of the full profile, which has been flipped over at the coldest
slab.
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FIG. 11. Soret coefficients of the tetraethylsilane (circles) and di-tert-
butylsilane (diamonds) in carbon tetrachloride as a function of simulation
time. One set of values has been calculated from the downward (solid sym-
bols) branch and the other values have been calculated from the upward
branch (open symbol). The lines are guides to the eye for tetraethylsilane
(solid line) and di-tert-butylsilane (dotted line).

The parameters mass, m, diameter, o and depth of the inter-
action potential, & of super methane were different from
those of methane. As already done earlier by Reith et al,"?
they varied systematically the ratio of one of the parameters
(e.g., m;/m,) while keeping the other two parameters fixed
and equal. By this procedure they obtained three additive
contributions o7, a7, and «f of the total thermal diffusion
ratio ap=S7T stemming from the mass, diameter and inter-
action strength, respectively.

ar=ay + o+ aj. (8)

This empirical formula reproduces the simulation results
quite well if the ratios do not deviate too much from 1.

We applied Eq. (8) to the investigated mixtures of tetra-
ethylsilane, di-tert-butylsilane, and carbon tetrabromide in
carbon tetrachloride (component 2). The ratios of the diam-
eter and the depths of the interaction potential were esti-
mated using the experimental molar volumes V,,; (at room
temperature) and enthalpies of vaporization H,,, (at boiling
point) for the different components,’

(Vo) .
0y \Vio2/

AH,,
ﬁ:(—L“ "). (10)
&2 AI_Ivap,Z

The results are summarized in Table IV. The mass contribu-
tion for CBr,/CCl; mixture is positive while for
tetraethylsilane/CCl, and di-tert-butylsilane/CCl, it is nega-
tive. This implies that the component with the higher molar
mass moves to the cold side. The mass contributions for both
tetraethylsilane/CCl, and di-tert-butylsilane/CCl, are the
same. At the same time the difference in size and, even more
pronounced, the difference in the interaction potential leads
to a stronger drive of di-tert-butylsilane to the hot side. The
values obtained from Egs. (8)—(10) reproduce the correct di-
rection of thermodiffusion motion for all three mixtures, but
they are one order of magnitude too small.
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TABLE IV. The values of the Soret coefficient calculated using Eq. (8) at 303 K. The deviations from the experimental values (equimolar mixtures) are shown

in brackets.

S from Eq. (8)

Solute S (1073 K1) S7 (103 K ™) S5 (1073 K™ (1073 K Measured Sy (1073 K1)
Si(C,Hs), -0.15 -0.33 0.382 -0.11 -55
(98%)
[(CH,);C],SiH, -0.15 -0.36 0.26 -0.25 -6.7
(96%)
CBr, 1.77 -0.07 0.57 2.26 ~12 (extrapolated from Fig. 6)

The values of the Soret coefficient can also be compared
with a parameter of the cohesive energy density,”f14 which
is also referred to as the Hildebrand solubility parameter. As
it is expected in our case the component with the larger
Hildebrand parameter (cf. Table I) carbon tetrabromide
(mixed with carbon tetrachloride) and carbon tetrachloride
(mixed with one of the silanes) accumulates in the cold re-
gion.

C. Discussion of the effect of the moment of inertia

The importance of the moments of inertia in the thermal
diffusion behavior of the benzene/cyclohexane mixture was
reported by Debuschewitz er al They found that the com-
ponent with the larger 7, (the main moment of inertia perpen-
dicular to the plane of the molecule) moves to the cold side.
The physical reason for this phenomenon in liquids is not
clear. In an old work by Schirdewahn et al.*® about gaseous
mixtures, the moment of inertia part is vaguely related to the
rotational diffusion contribution to the thermal diffusion. At
the same time, it is obvious that the values of the main mo-
ments of inertia for a given molecule characterize its size (or
van der Waals volume) and the mass distribution, while all
three possible ratios (/,/1,,1,/1,,1,/1,) characterize the
shape. All these factors are responsible for the diffusion (as
well as the thermodiffusion) behavior. From this point, one
can assume that the value of I, in the case of benzene/
cyclohexane mixtures is responsible not only for the size but
also for the mass distribution in the molecule, but not for the
shape. They assumed that both molecules have a disklike
structure, which is not changed by isotopic substitution. In
our case carbon tetrachloride, carbon tetrabromide, and tet-
raethylsilane have spherical structures as far as all diagonal
elements of their tensors of the moment of inertia are the
same (cf. Table I). The lower value of I, in comparison to the
values of /, and I, for di-tert-butylsilane describes the ellip-
soidal shape of the molecule. In order to take into account
the shape effect, a more complicated expression for SIT, in-
volving I,, I, and I, for binary mixtures of equivolume com-
ponents is required. However, the differences in S; between
tetraethylsilane and di-tert-butylsilane are too small to be
unambiguously attributed to differences in the moment of
inertia. Other effects, such as the anisotropic friction, could
also explain an effect of this magnitude.

VI. CONCLUSION

We investigated the thermal diffusion behavior of three
simple mixtures consisting of spherical molecules experi-
mentally by the so-called TDFRS method. Additionally, we
applied a molecular exchange version of the reverse non-
equilibrium molecular dynamics algorithm to determine the
Soret coefficients for two of the experimentally investigated
mixtures.

Contrary to more complex fluids, the observed thermo-
phoretic motion for those three unpolar mixtures follows the
common rules, which state that the component with the
larger molar mass and the larger Hildebrandt parameter ac-
cumulates in the cold region.

We found a fairly good agreement between the simulated
and experimentally determined Soret coefficients for the sys-
tems tetraethylsilane and di-tert-butylsilane in carbon tetra-
chloride. Although the magnitude of the simulated S; values
is systematically smaller by 9—18% than in experiment, both
methods found that di-tert-butylsilane accumulates slightly
stronger in the warm region than the more symmetric tetra-
ethylsilane. Both silane compounds investigated do have the
same molar mass, so we tried to reveal the moment of inertia
contribution to the thermophoretic motion. Here, it turned
out that the analysis is not so simple because two of the three
moments of inertia are changed simultaneously. This requires
an expression which connects the Soret coefficient with more
than one moment of inertia. In order to obtain such a relation
more systematic experiments and simulations need to be per-
formed in the future. In addition, the difference between the
two silanes is very small.
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