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Abstract

We studied the thermal diffusion behavior of equimolar mixtures of hydrocarbon chains in cyclo-
hexane, p-xylene and o-xylene experimentally and by reverse nonequilibrium molecular dynamics.
The hydrocarbon chains heptane, 2,3-dimethylpentane, 2,4-dimethylpentane, 2-ethyl 3 methyl bu-
tadiene and 2,4 dimethylpentadiene - 1,3 with the same number of carbon atoms were considered
in order to conserve the mass contribution and to investigate the shape influence on the Soret
coefficient. Compared to the experimental data, the simulation results show the same trend. With
increasing degree of branching the Soret coefficient becomes larger. The negative Soret coefficient
of the hydrocarbon chains indicates the enrichment in the warm side. We were able to find a
empirical correlation between the properties of the pure components and the Soret coeffcients of

the mixture.
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I. INTRODUCTION

In a binary mixture exposed to a temperature gradient, the Soret effect induces a con-
centration gradient.

V= —-Srz(l —xz)VT. (1)

St = Dr/D is the ratio of the thermal diffusion coefficient and the collective diffusion
coefficient. A positive Soret coefficient of the component with the mole fraction z implies
that this component moves to the cold region of the fluid.

Although the discovery of the effect by Ludwig took place more than 150 years ago, there
is so far only a limited microscopic understanding for liquids'. Apparently, the magnitude
as well as the sign of St are very sensitive to the chosen mixture. Generally, there is no
Soret, effect in the mixture of absolutely equal components due to the principle of symme-
try. The Soret effect is basically the response of the system to the difference between two
mixing partners. This simple conception was investigated in detail by experiments and by
simulations.

Molecular dynamics simulations of equimolar mixtures of particles? and spherical
molecules® show that the component with the larger mass, the smaller radius and the
larger depth of the interaction potential moves to the cold side. In our previous work?* we
have shown experimentally and by reverse non-equilibrium molecular dynamic simulation
(RNEMD) that the binary mixtures of simple molecules (tetraethylsilane, di-tert-butylsilane
and carbon tetrabromide in carbon tetrachloride) obey this rule of thumb.

Another large group of substance studied are the hydrocarbons which have been inves-
tigated experimentally and theoretically” ''. However, for alkane/benzene mixtures® the
simple rule of thumb fails. The heavier linear alkane always moves to the warm side. This
tendency becomes weaker with increasing degree of branching and the highly branched iso-
mer of heptane (2,2,3 - trimethybutane). The trend that linear alkanes have the strongest
tendency to move to the warm side had already be observed by Kramers and Broeder for n-
nonane and n-hexadecane® compared to other hydrocarbons, such as the branched isooctane
and one and two ring compounds.

The thermal diffusion behavior of linear alkanes is well described by a simple lattice

model (SLM)®. At the same time the SLM is not capable to describe the thermal diffusion

behavior of branched alkanes because their thermodynamic parameters such as density,



heat capacity and thermal expansion coefficient are not sensitive to the degree of branching.
Recently, we investigated the influence of the degree of branching by RNEMD simulation®?.
The simulated Soret and mutual diffusion coefficients reproduce the experimental trend.
However, the simulated values of St values are systematically ~ 3 x 1072 K~! lower than in
the experiment. The observed decrease of the magnitude of St for equimolar alkane/benzene
mixtures with branching of the alkane can not be explained by mass and size effects. The
effect of the molecular shape, which affects the liquid structure, as well as kinetic properties
of the mixture, needs to be considered additionally. We have, however, not found a simple
relation to take branching or, more generally, molecular shape, into account.

In this paper we extend our work by considering hydrocarbon/aromatic compound mix-
tures. Benzene was replaced by cyclohexane and two xylene isomers (p-xylene and o-xylene).
As a solute we used heptane, two of its isomers 2,3-dimethylpentane (2,3-DMP) and 2,4-
dimethylpentane (2,4-DMP). Experiments were performed using the thermal diffusion forced
Rayleigh scattering technique. The experimental results were compared with RNEMD sim-
ulations. Additionally, we investigated the effect of intramolecular flexibility using RNEMD
by introducing two double bonds for 2,3-DMP and 2,4-DMP e.g. considering two alkadi-
enes: 2-methyl-3-methylenepent-1-ene (2,3-DMPEN) and 2,4-dimethylpenta-1,3-diene (2,4-
DMPEN), respectively.

II. EXPERIMENTAL DETAILS
A. Sample preparation

Heptane, o-xylene (98%) and p-xylene (98%) were purchased from Fluka; 2,3-
dimethylpentane (99%) and 2,4-dimethylpentane (99%) were ordered from Aldrich; cyclo-
hexane (99.9%) we got from LiChrosolv. Fig. 1 shows the chemical structure of the inves-
tigated molecules. For all mixtures the alkane mole fraction was adjusted by weighing the
components. The TDFRS experiments require a small amount of dye in the sample. In this
work, all samples contained approximately 0.002 wt% of the dye Quinizarin (Aldrich). This
amount ensures a sufficient optical modulation of the grating but is small enough to avoid
convection and contributions of the dye to the concentration signal. Before each TDFRS

experiment, approximately 2 ml of the freshly prepared solution were filtered through 0.2
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FIG. 1: Chemical structure of the investigated molecules. The branched alkanes (or alkadienes)
are: 2,3-DMP (2,3-dimethylpentane), 2,4-DMP (2,4-dimethylpentane), 2,3-DMPEN (2-methyl-3-

methylenepent-1-ene) and 2,4-DMPEN (2,4-dimethylpenta-1,3-diene).

pm filter (hydrophobic PTFE) into an optical quartz cell with 0.2 mm optical path length

(Helma) which was carefully cleaned from dust particles before usage.

B. Refractive index increment measurements

In order to determine the changes of the refractive index n with composition x at constant
pressure P and temperature 7', (On/0x) pr> for each hydrocarbon/aromatic ring compound
mixture we measured the refractive index at different concentration around the equimolar
mixture with an Anton Paar RXA 156 refractometer. The slope (9n/0z)p . was then deter-
mined by linear interpolation. The temperature derivatives at constant pressure and compo-
sition, (On/0T')p,,, were determined from measurements with a Michelson interferometer'?

in a temperature range of 3 °C above and below the temperature of the TDFRS experiment.

C. TDFRS experiment and data analysis

In our thermal diffusion forced Rayleigh scattering (TDFRS) experiments, the beam of an

argon-ion laser (A, =488 nm) is split into two writing beams of equal intensity which interfere



in the sample cell (see Ref. [14] for a detailed description of the method). A small amount of
dye is present in the sample and 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 Bragg diffraction of
a third laser beam (A, =633 nm).

The intensity (et (t) of the signal depends on the transport coefficients and the index of
refraction increments and may be expressed as

(On/0z) PT

Ghet () = 1+ m

Srx (1 — ) (1 - e—fth) . 2)

where ¢ is the grating vector, whose absolute value is determined by the angle 6 between

two writing beams and the wavelength \,:

_4_7T ; Q (3)
q= /\wsm2

For the determination of the transport coefficients, Eq. (2) is fitted to the mea-
sured heterodyne signal using the independently measured contrast factors (On/ 8:v)pT and

(On/0T), -

III. COMPUTATIONAL DETAILS

Reverse nonequilibrium molecular dynamics (RNEMD) method has been applied to in-
vestigate the thermal diffusion of binary mixtures of alkane (alkadiene) in p-xylene, o-xylene
and cyclohexane. Lorentz-Berthelot mixing rules were employed for unlike nonbonded inter-
actions. The force field parameters for the benzene ring of xylene were taken from Milano
and Miiller-Plathe'®. The C-H bonds were slightly polarized in order to reproduce the
quadrupole moment. For the carbon and hydrogen atoms of the CHjz xylene group we
used the following Lennard-Jones parameters: € = 0.22/0.15 kJ/mol and ¢ = 0.3/0.245 nm
respectively.

For alkanes, alkedienes and cyclohexane we used the TraPPE-UA17 force field. All CH,,
groups were treated as individual atoms without taking into account electrostatic interac-
tions. We would briefly like to mention the differences between the force fields for alkanes
and alkedienes. For the CHy and CH3 groups present in both alkane and alkediene we used

the same Lennard-Jones parameters. The difference in shape due to the double bond we



TABLE I: The comparison of the physical properties of p-xylene and o-xylene obtained from the

simulation and experimental work.

p-xylene o-xylene
property \ system experiment simulation experiment simulation
density / gmL~! 0.85720 0.8584-0.002 0.87620 0.86440.003
Hygp / kJmol ™! 42.3821 41.740.1 43.43%1 37.540.1
self diffusion / 10~ °cm?s™1 4.1%2 2.24+0.2 - 1.78+0.2

took into account by appropriate new LJ parameters of sp? geometry!'”, angle and bond
length changes, which lead to the expected different specific volume for alkediene compared
to alkane. Only constrained bonds were used in the simulation, which were kept rigid by
the SHAKE algorithm!®'%. For the electrostatic interactions, the reaction field method has
been used with a dielectric constant of 2.06 which is the average value of the alkanes and
the xylenes. We found a good agreement between simulated and experimental values for the
density, heat of vaporization and self diffusion of the xylene molecules (c.f. Table I). Unfor-
tunately, we could not find any reliable experimental values for the self diffusion coefficient
of o-xylene but it is in the same order of magnitude as for benzene molecule!®.

All simulations were performed using the program YASP??* with periodic boundary
conditions in all directions. The time step was 2 fs. The nonbonded cutoff was 1.2 nm
for the neighbour list and 1.1 nm for the interactions. The neighbour list was updated
every 15 time steps. The temperature and pressure were in equilibrium molecular dynamic
simulations kept at 298 K and 101.3 kPa using the Berendsen method with coupling times
of 0.2 ps for the temperature and 5 ps for the pressure. For every system, the equilibration
was performed for at least 4 ns. After this period, the fluctuations of the total energy and
density over 500 ps were in all cases below 2%. Then, the cell was replicated three times in
the direction of temperature gradient (in our case is z direction, means L,=L,=L,/3 ~ 4 -
4.2nm).

All RNEMD simulations were performed at constant NVT conditions with 960 molecules
in the simulation box. The periodic system was divided into 20 slabs. The average tem-
perature was kept at 298 K. The temperature gradient was created by exchanging every

N = 100 steps the center of mass velocity vector of two molecules (”coldest” molecule in the
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FIG. 2: The experimentally measured Soret coefficients for equimolar mixtures of some alkanes
and alkadienes in different aromatic compounds at 7' = 30°C. The data for hydrocarbon/benzene

mixtures were taken from Polyakov et al.!?.

hot slab one and the "hottest” molecule in the cold slab eleven) of the same type. The tem-
perature profile was sampled every 101th step. After the concentration gradient is induced
the Soret coefficient can be calculated (c.f. Eq. 1). For each simulation run two values of
the Soret coefficient were calculated: from the nine slabs of the downward branch and from
the nine slabs in the upward branch. The hottest and coldest slabs have been excluded from
the analysis. The final value of St represents the average value, the error bars reflect the

difference between St from downward and upward branches.

IV. RESULTS AND DISCUSSION
A. Experiment

Fig. 2 shows the experimentally determined Soret coefficient for different hydrocar-
bon/aromatic compound mixtures. For all considered solvents the magnitude of Sy becomes
smaller with increasing degree of branching of the first component and is also sensitive to
the nature of the second component. This is the same trend which we observed for other
heptane isomers in benzene!'?. It is remarkable, that all curves have the same shape and no
intersection points were observed.

The obtained results can be analyzed within a phenomenological conception proposed by



TABLE II: Physical properties for the solvents used in the analysis by Eq. 8: heat of vaporization

at the boiling point?>?%, density at room temperature?® and the principal moment of inertia?”.

solvent AHyop /| p/ |Ixx|lyy|Izz

kJ/mol |g-em™3| A2 | A% | A2
heptane 36.57 | 0.684 | 44 |661|681
2,4-DMP 33.1 0.673 |123|349|425
2,3-DMP 34.1 0.695 [149|269|292
benzene 33.83 | 0.874 | 82 (821|164

cyclohexane 33 0.774 1117117203
p-xylene 42.38 | 0.857 | 89 328|410
o-xylene 43.43 | 0.876 [149|220|362

the group of Kohler?®. They assumed that the Soret coefficient for a given mixture (of the
component A in the component C) is only determined by the difference in the properties of

the pure mixing partners o4 and ¢, respectively.
S4¢ = ot — 5. (4)

o might be interpreted as heat affinity. Thus, the Soret coefficient of the components A in

the component C (S£¢) can be calculated using S#Z and S$Z:
1= s 57 g

Fig. 3 shows a satisfactory agreement between the experimental values of the Soret coefficient
St and the calculated S$¢ using Eq. 4.

In order to determine the heat affinities an overestimated linear equation of the form
H
—>
Mo =S (6)

ﬁ
has to be solved. @ and S are vectors consisting of the heat affinities and Soret coeffi-
cients of the different solvents and M is a matrix consisting of 1, -1 and 0 combining the
corresponding solvents with their Soret coefficients and heat affinities. In order to determine

the heat affinities we have to rewrite the equation system.
_ —
7 = (M™) 'MTS (7)

8
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FIG. 3: Comparison of the experimental values of the Soret coefficient and the calculated ones
using Eq. 5. The upper right part of the figure shows the heat affinity o of each solvent, which
have been used to calculated S%“lc. In the lower right part of the figure o is correlated with the

calc

calculated heat affinity o°¢ according to Eq.8 (black round symbols).

The heat affinities are only determined up to an arbitrary constant, which we have chosen to
be zero for o-xylene, the substance with the lowest tendency to move to the warm side. The
substance with the largest affinity to the cold is the asymmetric heptane. The calculated
Soret, coeflicients are perfectly described by a straight line through the origin with a slope
of 0.9940.03.

Our serie of heat affinities shows parallels with the logarithm of the separation factor
S given by Kramers and Broeders®. Also they found the lowest values for ”log S” for the
two linear alkanes m-nonane and n-hexadecane followed by the branched iso-octane, one
ring compounds (xylene, ethylcyclohexane, p-cymene) and two ring compounds (isopropyl-
napthalene, a-methylnaphtalene).

The importance of the shape for the thermal diffusion in binary mixtures of two disk-like
molecules was recently investigated for a mixture of benzene and cyclohexane by Debusche-

witz and Kohler?. They correlated the Soret coefficient with the difference in mass and in



the component of moment of inertia perpendicular to the molecular plane. In our case we
have difficulties with the quantitative application of this conception because it is not clear
which component of the moment of inertia needs to be considered for the alkane molecules.
At the same time, it is clear that the observed ”parallel shift” of the curves (c.f. Fig. 2)
with the substitution of the solvent (benzene, cyclohexane, p- or o-xylene) is related to the
physical properties (difference in mass and moment of inertia) of the cyclic components. As
a simple approach we related the heat affinity with the product of heat of evaporization
AH,,, and the density p, the mass and the ratio of the largest to the smallest moment of
inertia.

O':fy.AHvap.p_f_a.m_lr_ﬁ_lmal’/]min (8)

The first term should account for the chemical contribution, the second term for the mass and
the last term for the asymmetry of the molecule. The expression of the chemical contribution
will certainly break down in the case of polar substances, but it might also loose its validity,
if one considers other solvents. Also the contribution of the asymmetry of the substance
becomes difficult in the case of larger and more flexible molecules.

The black round symbols in the lower right part in Fig. 3 show the correlation of ¢ and
ol according to Eq. 8 with v = 1.74x 107* mol em?®/(kJ g K), a = —6.57x 107> mol/(g K)
and 3 = —2.38 x 107* 1/K. The straight line corresponds to a linear fit with a slope of
0.88 and an intercept of 2.74 x 10~*. The correlation coefficient is only in the order of
0.93. Considering the component of moment of inertia perpendicular to the molecular plane
I, leads to slightly lower correlation coefficient of 0.89. Especially the correlation for the
organic ring compounds degrades, while the correlation of the alkanes slightly improves.
Additionally, we can replace the chemical contribution by \/m , which corresponds
to the Hildebrandt parameter . This decreases the correlation coefficient further to 0.81.

Finally, we would like to point out that we did not consider excess effects in Eq. 4 and
8, which play an important role in the thermal diffusion behavior of liquid mixtures®. Due
to the limited number of equimolar mixtures studied we were also not able to account for
a change in composition. Whether this simple approach according to Eq. 8 holds also for

other nonpolar systems needs to be investigated in the future for a large number of systems.

10
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FIG. 4: The temperature and mole fraction profiles for n-heptane/p-xylene mixture. The open

and solid symbols refer to 9 slabs of the downward and upward branch in the simulation box.
B. Simulation

Additionally, we performed also simulations for the experimentally investigated mixtures.
In order to study the influence of the rigidity of bonds we included also 2,3-DMPEN and
2,4-DMPEN. Fig. 4 shows a typical temperature and mole fraction profiles for equimolar
mixtures of heptane in p-xylene. These profiles were found to be linear, so that the temper-
ature and the concentration gradients can be easily calculated. The average fluctuation of
the concentration is 8% and the temperature variation is 2K in each slab.

Fig. 5 shows the simulated Soret coefficient for different alkane (alkadiene) /aromatic
compound mixtures. For all considered solvents, the magnitude of the Soret coefficient
becomes smaller with increasing the degree of branching of the first component. For the
mixtures with xylenes the shapes of the curves are not sensitive to the nature of the sec-
ond component and the substitution of o-xylene by p-xylene makes the magnitude of Sy
smaller, what confirms the experimental trend (c.f. Fig. 2), but the simulation data are

systematically to low. Or in other words their magnitude is too large, which means that

11
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FIG. 5: The simulated Soret coefficients for equimolar mixtures of some alkanes and alkadienes in

different solvents.

the simulations predict a larger separation of the compounds compared to the experiment.
In same cases such as 2,3-DMP /heptane the values differ by a factor of 2, but nevertheless
the branching effect is also clearly visible in the simulations. If we look at the influence of
the rigidity of bonds on the Soret coefficient by comparing the results for alkedienes and
alkanes, we notice are stronger tendency for the alkedienes to move to the warm side.
Fig. 5 shows some intersection points which were not observed in the experiment (c.f. Fig.
2). The possible reason could be an inconsistency of the used force fields. The Lennard
Jones parameters used for benzene and cyclohexane were different from ones for p-xylene
and o-xylene as explained in Sec. III.

In our previous work!'? we have shown that the simple conception found for Lennard Jones
(LJ) mixtures is not capable to explain the effect of branching for branched heptane/benzene
mixtures. This approach can also not be used to explain the thermal diffusion behavior of
alkane(alkadiene) /p-xylene and alkane(alkadiene)/o-xylene mixtures.

Although the validity of the Hildebrandt solubility parameter concept is not sufficient to
describe the thermo diffusive motions®!, there are several examples in the literature where a
correlation has been found. For instance shows the Soret coefficient of spherical molecules*

a correlation with the energy density. And also for a thermosensitive polymer? in different

12
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FIG. 6: The simulated Soret coefficients (p-xylene: B, o-xylene: [J) plotted versus the difference

in Hildebrandt parameter of the mixing partners.

alcohols the concentration at which the Soret coeffcient changes the sign is correlated with
the Hildebrandt solubility parameter. Furthermore the simulations of Lennard-Jones liquids
show a correlation between the Soret coefficient and the potential energy density of a species?.

Fig. 6 shows the calculated Soret coefficient for ten xylene mixtures versus the difference
in Hildebrandt parameters (Ad) of the mixing partners. The Hildebrandt parameter has
been calculated from equilibrium molecular dynamic simulations using the so-called non-
bonded energy®!®. The magnitude of St becomes smaller with increasing A for heptane,
2,3DMP and 2,4-DMP, what is not the case for the mixture of spherical LJ particles?. On
the other hand if one compares 2,3-DMPEN and 2,4-DMPEN with heptane the opposite
trend can be observed. One can expect, that a larger AJ increases the difference between
the mixing partners resulting in a larger value of the magnitude of St. It is obvious that
we can not confirm this simple correlation. Even for those nonpolar solvent the thermal
diffusion behavior is guided by a delicate balance of cross and pure interactions between the

mixing partners.
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V. CONCLUSION

The Soret coefficients of equimolar mixtures of heptanes ( heptane, 2,3-DMP and 2,4-
DMP) in cyclohexane, p-xylene and o-xylene were determined using TDFRS technique and
RNEMD method. In the simulation we considered 2,3-DMPEN and 2,4-DMPEN, addition-
ally. Both approaches show the decrease of the magnitude of Sy with increasing degree
of branching, but the value determined by simulation is systematically to small, while its
magnitude is too large. We could assign to each component a heat affinity, which allows
the calculation of the Soret coefficient of the mixture and could be related to the heat of
evaporisation, density, mass and the assymmetry of the pure component. The magnitude of
the Soret coefficient does not increase with the difference in Hildebrandt parameters of the
mixing partners as it is expected for the mixtures of Lennard Jones particles.

In order to gain a better understanding further investigations of the thermal diffusion on
a microscopic level and a detailed molecular dynamic analysis of the orientation dynamic in
equilibrium and non-equilibrium will be necessary. The goal will be to identify the impor-
tant parameters and properties, which have the largest influence on the thermal diffusion

behavior.
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