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Introduction

1.1 Thermal diffusion

The mass transport of chemical species in response to a tetapegradient, referred to
the Soret effect or thermal diffusion, leads under certainditions to a separation of the
chemical constituents.

According to the phenomenological equations of irrevéesibermodynamics, thermal
diffusion in a binary fluid mixture is described by the fldxof one of the components in
response to a temperaturd and concentration gradienlc [35].

J=—pDUOc— pDtc(1-c)0T, (1.2)

wherec is the mass fraction of the first componeptjs the density of the mixturd) is
the mutual diffusion coefficient, andy is the thermal diffusion coefficient. In the steady
state § = 0) the concentration gradient is characterized by the SoefficientSy = Dt/D.
The positive Soret coefficient of the component with the Wefgactionc implies that this
component moves to the cold region.

This effect was first observed by Ludwig more than 150 yeaoq&8]. Soret performed
the first systematic investigations [157]. In his experitsea tube with a length of 30 cm
with aqueous NaCl or KN@solution was heated from the one end (78 and cooled from
the other one~{ 18°C). After approximately 17 days Soret found that the salceotrated
in the cold region. In his second paper [158] he noted the ntapae of the waiting time.
For other two KCI and LiCl aqueous solutions he waited alygfad50 days in order to reach
equilibrium state. Another important finding is that foriears aqueous salt solutions with the
same initial composition the difference in concentratietw®en the cold and the warm ends
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1. INTRODUCTION

of the tube was an increasing function of the molecular weighis result is in agreement
with the "rule of thumb” that the heavier component often @®to the cold side.

The Soret effect plays a crucial role in many naturally odogrprocesses such as thermo-
haline convection in oceans [24], component segregatisolidifying metallic alloys [192]
or volcanic lava [31, 175]. The technical applications a@adpe separation of liquids and
gaseous mixtures [122], thermal field flow fractionation ofymers and colloids [145, 29],
identification and separation of crude oil components [8@4ting of metallic items, etc. This
phenomenon is supposed to play an important role in crystalth [136] and combustion
[128]. Precise values of the Soret coefficient are needdueimnalysis of the phenomena of
hydrodynamic instability [169], testing the theory of nequilibrium fluctuations in liquid
mixtures [149], and for the design of a separation setup [87]

In spite of discovering this effect more than 150 ago and ittkevtechnical applications
there is so far only a limited microscopic understandindiefthermal diffusion processes in
liquids. The precise prediction & from theory and simulations and even the experimental

determination for more complex systems is often a challenge

Many experimental techniques have been developed fortigegion of the Soret effect:
thermogravitational columns [20], thermal lens [115],fukfon cells [188, 121], thermal
diffusion forced Rayleigh scattering technique [76, 181¢rmal field flow fractination [145]
and microfluidic fluorescence [43]. However, only in the @estade it became possible to get
reproducible values dbr with different methods for toluene/hexane mixture [188] &&d
for binary mixtures of 1,2,3,4-tetrahydronaphthalendpdecane and isobutylbenzene [116].
The reasons for the previous deviations are manifold. Orhane technical imperfectnesses
are responsible and on the other hand the experiments asgistas disturbed by convection
effects. Experimental measurementsSpfin polymer solutions [146], micellar solutions
[109, 114], colloidal dispersions [114, 106], magneticdgi[100] and bio-macromolecules
[44] are even more complicated due to the longer measuretimastincomplete mixing and
polydispersity. Typically, the Soret coefficieBt in simple liquid mixtures lies in the range
105 < Sy < 103 K1 [179, 111], while for slower diffusion mixtures such as puolgr
solutions, micellar solutions and colloidal dispersi@isis in range 102 < Sy < 10°PK 1
[74, 72,109, 67, 44, 106].

With the development of new simulation techniques reaslernaiedictions of Soret co-



1. INTRODUCTION

efficients for low molecular weight mixtures became possjb4, 104, 113, 190]. The prob-
lems with theoretical description of these systems areezhby the high sensitivity of the
thermal diffusion factors to the values of the partial m@erperties [11]. The present equa-
tions of state require modification for the precise caléafabf the Soret coefficient. At the
same time, the theoretical concepts developed for colldidpersions [171, 115, 106, 150,
50] show a better agreement with experiments. A detailedvome can be found in PhD
thesis by Ning [105].

In this thesis we focus on the investigation of thermal diifun behavior in simple liquid
mixtures experimentally and by simulations. Experimengserperformed with the thermal
diffusion forced Rayleigh scattering setup and the thetersd method. Simulation were per-
formed with the so-called YASP (Yet Another Simulation Pag&) work package, developed
by Muller-Plathe.

1.2 Thermodynamic of irreversible processes

In this section we present the description of the Soret effeterms of general fluxes and
forces. First, we derive the equation for entropy produrctae to the heat and mass trans-
ports. Secondly, we describe the coupling between theseptarmesses - so called Soret
effect.

1.2.1 Entropy production due to the heat transport

The second principle of thermodynamics postulates théends of a function of state, called
entropy. Now we consider a system consisting of two subsystenaintained at the temper-
atures ofT; andT,, respectively (c.f. Fig. 1.1A). The entropy of the systemansextensive
property, therefore:

dS=d§ +dS. (1.2)
Considering the classic definition of entropy we end up with
dQ  diQ

1 1



1. INTRODUCTION

A) T, T, B) Hy Hy

Figure 1.1: The heat (A) and mass (B) transport in liquid.

whered;Q is the heat received by subsystem one from subsystem twoz®dor d2Q) is
the heat supplied to subsystem one (or two) from the outsidhe. first part of the entropy
change:

diQ , d2Q

is due to the exchange of heat with exterior, while the seqamt

1 1

as=ao( ) o)

results from the irreversible heat flow inside the systemreHwe can postulate, that the
entropy increas€;S, due to the change inside the system, is never negative. rinase it
means that positive heat can not be transferred from thecsidsystem to the warmer one

dQ>0 whent — £ >0, dQ<O0 whent — £ <0. (1.6)

Furthermore, we shall make use of the entropy productiompittime

dsS dQ/1 1
A _Ax (= = 0. 1.7

dt - dat\m )~ ($.7)
The sources of the entropy grow are on the border betweegstebss, where the temperature
jump happens (c.f. Fig. 1.1A). In general case the entropgysction is proportional tdﬂ%
and equal to zero when thermal equilibrium is establisfleé<(T,). The derivatived,Q/dt
can be associated with the heat fllgx caused by the difference in temperature.

4



1. INTRODUCTION

1.2.2 Entropy production due to the mass transport

Mass transport or diffusion can also lead to an increaseettitropy. In order to derive
similar expression for the enthalpy production in the pneseof diffusion we will start with
the Gibbs equation

TAsy =Auy — ) b6, (1.8)

wheres, anduy are entropy and internal energy normalized to the volumaekystem§,

is the volume fraction ang; is the chemical potential of thecomponent. In order to make
the calculations simpler we assume a constant temperatdrerassure in system. Under
these conditions

duy
= 1.
7 =0 (1.9)
and velocity vectory) is equal to zero in the equation for dynamic derivative
d 17}
ﬁ —ﬁ—WD. (1.10)

The concentratio# inside the volume element can only change because of thgflofthe

fluid across its boundary

de -

5t = 0 (1.12)
Combining Eq. 1.8, 1.9 and 1.11 is recovered in the folloviorg

ds; i ji = Ui

W‘D(Z? A (1.12)

The first term in Eq. 1.12 is the divergence of the flux, while #econd one is the entropy
source. The diffusion flux is caused then by the differencthénchemical potentials (c.f.
Fig. 1.1B).

1.2.3 The coupling between mass and heat transport

The general expression for entropy production due to the¢ deé mass transport can be
written as a sum of the product of generalized forigeand the corresponding flowg (c.f.
Sec. 1.2.1and 1.2.2)

dS/ e 1 - Dul 2 2
W:JQ,D(T>_Z“._:2K.F‘(. (1.13)
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For a small deviation in the forces from their equilibriumue of zero, the flows can be
expected to be linear functions of the forces. Accordintg,following relation between the

flows and the forces is assumed

k=" L. (1.14)

Here it is important to note, that a force suchFasauses not only the flow of the component

i but also the flow of componeiit(so called cross effect). The coupling between heat and
mass flow produces, basically, two effects the Soret and tHer2ffects. In the Soret effect
the mass flow is driven by the heat flow. In the Dufor effect, tieat flow is driven by
concentration gradient. Using Gibbs-Duhem relation asdmsng zero flow

mOps+m0pp =0, Jivi+j2v2 =0, (1.15)

wherevy is partition molar volume angy is number density (particles per cubic centimeter),
Eq. 1.13 can be rewritten in a simpler form [79]

The equation for mass flux in the form of Fourier law can themmbiined by considering
Oy = (dp1/0ng)Ong and0(1/T) = —(1/T3)0T

- 1 1 ving dl«ll
=L0( = |OT —Lgu= | 1+—— ) [ =— ) Ony. 1.17
J§1 1q (T) AT ( + Vznz) (dnl 1 ( )
This equation is usually written in another form

j1=pDOc— pc(1—c)Dr0T, (1.18)

wherep is the density of the mixture,is the mass fraction of the componenblandD are
the mutual diffusion and thermal diffusion coefficientspectively. In the case of the steady
statej; = 0 and the Soret coefficient is given by
Dt 1 Oc
=D T qiogor (1.19)

The sign of the Soret coefficient determines the directiohefmal diffusive motion (a pos-

itive Sy of the component 1 corresponds to the component 1 movingetadlder regions
of the fluid [52, 181]). Other two combinations of the mutuatiahermal diffusion coeffi-
cients can be also found in literature: the thermal diffngixctoratr = S;T and the thermal
diffusion ratiokt = ST (1—cy).

6



1. INTRODUCTION

1.3 Theoretical description of the Soret effect

1.3.1 Theoretical approaches

Denbigh et al. [39] had extended the general thermodyndrewmry of the Soret effect (c.f.
sec.1.2). He considered the system consisting of two stémaywith slightly different tem-
peratures (c.f. Fig. 1.1A). The numbers of partidof substancé moving from on sub-
system to another due to the Soret effect can be calculaba [1

[PTIN) B Qr
N N'eXp( R(TiO.SAT))’ (1.20)

whereN? is the number of particles of the componeatt = 0, QF is the heat of transport
(the heat energy required to activate the diffusion proaasthe net heat energy which must
be absorbed at the lattice site from which a particle movéand has been replaced by some
incoming particles in order to maintain a constant localgenature). From Eq. 1.20

1\ ON _ Qr
(W) n_ % (1.21)

In general case (non ideal solutions) the left side of Eql h&eds to be rewritten in terms
of the activity coefficients;
1Yo _(1)onaox 1 owox 1.2
a /) oT Xi ) dlnx; 0T RT dx oT

wherex; and p; are concentration and chemical potential of the componerithus, the

connection between concentration and temperature gradian be written as
. g x
(%) o6 _ (1.23)
0% oT oT T
For an ideal mixture of two component (= 1 + RTInx) the thermal diffusion ratio can be

calculated as

dIn(xy/x2)  Q5—Qj
9T  RT (1.24)

aTt =

After the work of Denbigh, several approaches have beenoa»e to describe the heats of
transport.

Rutherford and Drickamer model The mixture was considered to be a random distribu-
tion of molecules of approximately the same size and shafij [Transport was represented

7



1. INTRODUCTION

as a process of filling and emptying the "holes” between thieoues. The relative proba-
bility of the hole left being filled by a molecule of type onetaio was related to the ratio of
molar fraction of componentgq{/x»). The heats of filling and leaving a hole were expressed
in terms of the partial molar enthalpies. The thermal diffiagactor was found to be

05 05\ (h05 _ h0.5
ar = — (xah?® +x2h3°) (h) hlz ) (1.25)
2 (RT — X1X%2 (h95 — hd9) )

whereh; is partial molar enthalpy of the componentThis theory was also extended to be
applied to binary mixtures composed of molecules with diffe sizes and shapes. On the
basis of this work Dougherty and Drickamer [41] model wasaliewed latter.

Shieh modelln 1969 Shieh [153] proposed a new approach based on the Bearm
Kirkwood-Fixman theory [13]. The thermal diffusion factaas represented as a function
of the partial molar heats of vaporizati&j®”, partition molar volumes; and the derivatives
of the chemical potential

(U2B5""— 2B, ™)

T="— 9
2 (%)
1 Tp

This method shows satisfactory agreement with experin@mmgdlutions ofn-heptane and

(1.26)

n-hexadecane [153].

Kempers modelKempers model [71] is based on the assumption that the sitagyhas
a maximum number of possible microstates. The partitiootion of the total system Z was
calculated from the partition functions of the subsysterasd ||

z=27" (1.27)

The partition functions? andZ' were calculated from the Helmholtz free energy of the
corresponding subsystem

z:exp(—kF—T), (1.28)

The change in concentration due to the Soret effect is atledlifrom the maximization of
the partition function. The result for the thermal diffusiatio is

u1hy — U2y

ar = om )
(U1X1 + U2X2) X1 (d_xl) or

(1.29)
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This model was tested for 18 different liquid and gaseousumnds. The calculated Soret
coefficient shows agreement within a factor of 2. It was atsted in this work, that the closer
agreementis not expected due to the high sensitivity of thaéatto the input parameters from
the equation of state.

Shukla and Firoozabadi modelThe approach of Shukla and Firoozabadi [155] is based
on the works of Drickamer [141, 42]. Their modified expressiaocorporates more accu-
rately the thermodynamic properties of a mixture expressetieans of the Peng-Robinson
equation of state. The non-equilibrium part in the modelisomnted by incorporating the
energy of viscous flow. The expression obtained for the thédiffusion factor in a binary
mixture has the form of:

_Ui/n-U/n n (V2 — V1) (x1U1/ 71+ XUz / 12)
E) )
X1 (d—f(lll)Tp (XaV1 + X2V2) X1 (a_i(li)Tp

aT (2.30)
whereU; andV, are partial molar volume and partial molar internal energig the ratio of the
energy of vaporization and the energy of viscous flow for congnti. This model together
with two previously developed models of Kempers [71] andrediord [138] were tested for
three groups of mixtures: hydrocarbon systé®it /CsHs, CH4/CsH10, C7H16/C12H26 and
C7H16/Ci6H34; nonpolar nonhydrocarbon systemis/CO,, N»/CO,, Hz/N; andH,/CO,
and hydrocarbon/nonhydrocarbon systedht; /Ny, CH,/CO,. The comparison of theoret-
ical results with experimental data show the better peréorce of Shukla and Firoozabadi
model in comparison with two other models. Kempers modebbess more reliable in non-
hydrocarbon mixtures. In contrast the Rutherford model fwaad to be more reliable than
Kempers model in hydrocarbon mixtures but it fails in nontogérbon mixtures.

Semenov modeBemenov and Schimpf [151], derived expressions for thertakdiffu-
sion coefficient for a liquid mixture by hydrodynamic appcbaThey supposed that the local
pressure distribution in a stationary state is not unifotra th asymmetry in the distribution
of molecules around the particle. The same asymmetry pesdaiso a local volume force
on the patrticle. According to the Navier-Stockes equation

NAU= —0Mgc + figc, (1.31)

wheren is the dynamic viscosity of the liquid, is the velocity of the liquid[, is the local
pressure distribution around the particle, dpd is a local volume force in the liquid around

9



1. INTRODUCTION

the particle. It was suggested, that the validity of thisrapph does not depend on the size
of the particle if the size is comparable or larger than onthefsolvent molecules.

The Soret was derived as a function of specific molar volumgldamaker constants,
thermal expansion coefficient;;, volume fractionp

38 (VR ln-9 /R +arg

PR PN [ RN PR

The model shows satisfactory agreement with experimenbfaeneh-hexane mixture

Sr=

(1.32)

[151]. The application of this model to other mixtures ishetdifficult due to the unknown

Hamaker constants for most of the common solvents.

1.3.2 Comparison with experiment

In Sec. 1.3.1 we have presented several theoretical mautaltssf description of the Soret ef-
fect. In some cases theoretical results have been compattedhe experimental results.
Nevertheless, a more detailed comparison between expaaesults and the different
models is required in order to get a better feeling for thergjth and the weakness of the
various models.

Bagnoli [11] have compared the values of the Soret coeffidaltulated from different
thermodynamic models but not for the hydrodynamic model &yné&nov and Schimpf with
different sets of experimental data (71 binary mixturegue®al equations of state were used
to determine the thermodynamic properties needed for tloeillegions. It was found, that
none of the models describes correctly the thermal diffuaator for all the mixtures. The
Haase model was found to be the best for the systemdP@intane n-Decane and Methane
+ n-Butane. The mixtures of Benzene + Cyclohexane and Metham&®ropane are well
described by Shukla and Firoozabadi model as well as by tlesélenodel. At the same
time the Haase model can not be treated as universal bec¢avse only able to predict the
correct sign for 50 mixtures out 71 mixtures. The Kempergaggh together with Shukla
and Firoozabadi model, estimated the correct sign for 3@ures. The Kempers model of-
ten overestimates the Soret coefficient with respect to tperéamental data. Both models
of Dougherty and Drickamer do not provide reasonable deteni for the investigated mix-
tures. For most of the mixtures, these models together withliSmodel give the opposite

10



1. INTRODUCTION

sign of the Soret coefficient with respect to Kempers and Bharkd Firoozabadi approaches.

Recently, Jiang et al. [68] compared experimental resattsthanol/water mixtures with
predictions of existing theoretical approaches (Haaseypgérs, Dougherty and Drickamer,
Shukla and Firoozabadi models). The thermodynamic prigzeof water/ethanol mixtures
were calculated using the Cubic Plus Association equatictate. Dougherty and Drick-
amers model as well as Kempers and Haase model predict 36 kigkerS; than in the
experiment observed. The Soret coefficient predicted by-treozabadi model is about 7
times larger than experimental value. At the same time, dtigese thermodynamic mod-
els can predict the sign changeSfin the water rich region.

In conclusion none of the thermodynamic models describéhrenal diffusion behavior
of all systems well. For particular systems the experimerghies agree with the model
while for others the predictions fails by an order of magdétuAdditionally, the calculated
thermal diffusion factors are very sensitive to the valukthe partition molar properties
calculated from chosen equations of state. This requieeBrthrovement of the equations of
state.

1.4 Calculation of the Soret coefficient

In this section we present two simulation approaches foicHieulation of the Soret coef-
ficient. The first one, is a simple lattice model, based orissizdl mechanics, while the
second one, so called heat exchange algorithm, is baseeé arteigration of the Newtonian’s

equations of motion.

1.4.1 Two-chamber lattice model

In the canonical description, the system is described byitsoscopic states, which we
denote by index. Each staté has an energl;. The canonical partition function is given by

z=y e PE (1.33)

where the "inverse temperaturg’is defined agksT)~1. The probability that the system
occupies a microstaids given by

1 .
_l¢o8E
R=zyefs (1.34)

11
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N

total sites

=N, +Ng;+N

empty sites

Figure 1.2: lllustration of the lattice model for simulagia binary mixture in equilibrium.

The partition function can be related to thermodynamic prtes. For example the ensemble
average for the enerdy is equal to the sum of the microstate enerdieweighted by their

probabilities
1 : 10 dInZ
= i = — ; 7BE| = = —
E=SER ZZE.e zaBZ T (1.35)
In the same way the heat capacity and the pressure can béatadtu
1 9%nz dInz
Cv—@d—ﬁ2 PkaTa—V. (1.36)

Thus, if we know the partition function we can calculate amgrinodynamic property for our
system.

This approach can be applied to describe a liquid mixturerdier to calculate the parti-
tion function we need to define the microstate, calculatentiraber of possible microstates
and calculate the energf;i of each microstate. The microstate in this case is assatiat
with the given distribution of molecules in the simulatiooxyc.f. Fig. 1.2). The simulation
box is treated as a fixed number of lattice sitdgfisied- One given molecule (type A or B)
occupies one site (in general case the size of the molecarfealso be taken into account).
The number of possible microstat@&\taisites Na, Ng) can be determined from combina-
toric rules. In the simplest case the energy of differentrositates for a given concentration
can be assumed to be equal. The partition function of thesysan then be written in a

12
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ChamberI: T, Chamber ll: T =T, + T

&G |-

N =N, +N, + N, +N} +N

total sites empty sites

Figure 1.3: lllustration of the lattice model for a simutatiof a binary mixture in the station-

ary state.

simple form

Z(Ntotal sites NA7 NB) = g(NtotaI sites NA, NB)eiﬁE(Ntmal SitesNA’NB)- (1-37)

In the simplest case the energy of the given microstate cavritten in terms of intermolec-
ular interaction energies;

Na \? ( N >2 NaNg
E— Eapt BB+ —— — EpB. 1.38
(NA+NB) AT Nt Ng ) 8B (NA+NB)2 AB ( )

The model fitting parametega, €8s, €ag and the volume per lattice site can be found by

representing physical properties, such as heat capaditylansity of the pure components
and of the mixture.

Luettmer-Strathmann has extended this approach and dgplie mixtures in the non
equilibrium state [90]. Our simulation box consists in thé&se of two equal chambers with
slightly different temperatures (c.f. Fig. 1.3). The maiks of each type can be found
then either in chamber N{,, N§) or in chamber 2}, N§). The partition function of the
whole system is the product of the partition functions ofthamber<, Z;;, summing over
all possible configurations

Q _ ZZ|(Ntota2I sites7-|-, NL\? N,I_:;)Z” (Ntotazl sites7-|-, NR : Nlla‘l ) (1.39)
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The average concentratigly " in the first (or second) chamber is given by

LI
1 Ny | Neotal sites I a1t Neotal sites TN
XA = GZNL” | ||Z ( 2 7T5NA7NB)Z ( aTvNAaNB)' (140)

NG 2

Finally, the Soret coefficient of component A is calculated

1 Xy — X
XA(].fXA) TH—TH”

Sr= (1.41)

wherexa = Na(Na + Ng) is related to the whole system.
This model has been successfully applied to determine thet 8oefficient of ethanol in
water [91] and PEO in water/ethanol mixtures [74].

1.4.2 Molecular dynamics simulations

Equilibrium molecular dynamic In the previous section we have described the two-chamber
lattice model, which is based on general thermodynamidakruThe molecular dynamic
method describes the behavior of a system on the molecuir Ik this method Newton’s
equations of motion are solved. First we prepare a sampleseleet a model system con-
sisting ofN particles. We should assign initial positions and velesitio all particles in the
system. Then we can calculate the force acting on a giveit|eart

f=-0u, (1.42)

The potential functions representing the non-bonded gnarg formulated as a sum over
interactions between the particles of the system. The sishghoice, employed in many
popular force fields, is the "pair potential”, in which theéabpotential energy can be calcu-
lated from the sum of energy contributions between pairdafa. An example of such a
pair potential is the non-bonded Lennard-Jones potemt@Coulomb’s law [54]

12 6
_ g | (G0 9ij Gid;
U = 4g; K“i ) + (ri,— ) ]  Tmeay (1.43)

whererj; is the distance between two particlgsandg; - their charges and diametegg,and
€ are the vacuum permittivity and the effective dielectriostant. Lennard-Jones parameters
for mixed interactions can be obtained from the LorentztiBsdot mixing rules [54]

gjj + Oii

&j = \Eig] Oj=—5— (1.44)
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For describing the motion of the atoms belonged to the sameamle, one needs to
consider additional contributions to the interaction paitd.

Kr 2
Ubond: 5 (I‘ - rO) ) (1-45)
boznds 2
Ko 2
Uangles: >y (¢ - ¢0) ) (1-46)
ar%es 2
k
Uharmonic dihedral= 2 (6 - 50)27 (1-47)

harmonic dihedral

k
Uiorsion= Y [1—cosp(T —To)], (1.48)

torsions

wherer is the distance between two atongsis a bond angle) is a harmonic dihedral angle,
T is a torsional anglefis the periodicity of the potential) aridis the force constant. The
subscript "0” identifies the equilibrium value. The positiand velocity of each atom in a
timestepAt can then be calculated using Newton’s equations of motion

At
Vnt1/2 = Vn-—1/2+ m fn Xnp1/2 =X+ Atvpyg)2. (1.49)

Equilibrium simulations we performed at constant presancetemperature using the Berend-
sen’s thermostat [16]

dT 1 aP 1

at F(Tbath*T) T T_P(

Phath— P), (1.50)
whereP andT are the actual temperature and pressure of the sy&gmand Tpa are the
target valuesgp and 11 are characteristic times which determine how quickly thetesy
reacts to a deviation from the target values. A constant éeatpre is regulated by a uni-
form scaling of the atom velocities and a constant pressygeuniform scaling of the atom
positions and the box lengths.

Reverse non equilibrium molecular dynamics (RNEMD)In order to calculate the
Soret coefficient we need to impose the temperature gratiesir simulation box. This

can be done using the so-called heat exchange algorithm YHESX For all simulations
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hot cold
SLAB SLAB

I \ ENERGY TRANSPORT (unphysical) /

Figure 1.4: lllustration of the heat exchange algorithmdetermination of the Soret coeffi-

cient by non equilibrium simulation.

we have used the YASP package, developed by Miller-Pldt?&]] The simulation box
with periodic boundary conditions is divided imslabs. Fig. 1.4 shows the left half of the
simulation box. The left slab designated as the hot slab laadight one - the cold slab. In
the beginning our system is in equilibrium state and the &meiprres of all slabs are equal.
The temperature difference between the left and the rigihissis created by exchanging the
Cartesian velocity vectors of the hottest particle of the stab and the coldest particle of the
hot slab eaciNgycn timestep of our RNEMD simulations. Due to the conservatiberergy

it leads to a heat flow, through our simulation box. In the steady state, the magdaitf |,

is equal to the imposed unphysical energy flow.

. 1 m
o= 55 3 (o Vo). (151)
2tAtra;sfer2 ? 0

whereA is the cross sectional area of the simulation box perpefati¢us the length of the
simulation, vyt andvgeg are the velocities of the hot and the cold particle of the sarass
m, whose velocities are exchanged. For mixtures of moledhie€artesian centre-of-mass
velocity vectors of the two selected molecules need to béaxged in order to keep their
conformations. In this way the relative velocities of abhias in the given molecule remain
unchanged. The Cartesian centre-of-mass velocity vextfined as

-1

Vem = Z mvi Z m ) (1.52)
all atoms in all atoms in
molecule molecule
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wherem; andv; are masses and velocities of atoms in the given molecule térhperature

in a molecular dynamics simulation with constraints is gibg the equipartition theorem

(355 T = 35 mi) (1.53)

whereC is the number of constraints in the given slab. The Soretficomit of a binary
mixture can be calculated using Eq. 1.19 with the concdotragtradient and the temperature
gradients, obtained from simulations.

RNEMD simulations were performed for many kinds of simpletmwies. The equimolar
mixtures of Lennard-Jones particles with different sizeasses and the deeps of interac-
tion potential were studied by Reith et al [126]. Later, a enggalistic mixture of methane
in "super” methane was studied by Galliero et al [56]. Thepenties such as mass, size
and strength of interactions of the "super” methane weréesyatically varied being first
similar to methane and then becoming more different. Argétlal. [9] investigated the con-
centration dependence of the Soret coefficient on the mialetteraction parameters for
LJ mixture. Galliero et al. [55] used the LJ approximationreestigate the thermal diffu-
sion behavior in pentane/decane mixture. Thermal diffuiehavior of methane/decane
and pentane‘decane mixtures was investigated by Simon et al. [156] ardoRace at.
al [113] using a united atom description of the alkanes. TaeetScoefficient calculated
for benzene/cyclohexane mixtures [189] and the mixtureaethanol, ethanol, acetone and
dimethylsulfoxide (DMSO) in water [104] with a full atomistdescription of the molecules
are in satisfactory agreement with the experiment.

1.5 Experimental methods

In this section we present an overview of the different ekpental methods for measuring
the Soret coefficient. One needs highly sensitive expertaienethods in order to work
with extremely small temperature and concentration gradie In order to determine the
Soret coefficient, the steady state needs to be reached) wdiictake a long time if the cell
dimensions are large and the mutual diffusion is slow. THoeg measurement times in
the order of days require an excellent stability of the ekpental set-up. Often the thermal
diffusion process is disturbed by convection effects. Ifia experimental arrangement the
convection can not be suppressed it needs to be accounted for
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Figure 1.5: Schematic drawing of a thermal diffusion for&ad/leigh scattering (TDFRS)

setup

1.5.1 Thermal Diffusion Forced Rayleigh Scattering

In 1978, Thyagarajan for the first time observed a fast hedbasiow concentration mode in
a forced Rayleigh scattering experiments on a mixture of &®8Pethanol [163]. During the
last years, the optical holographic grating technique fesbmproved [76, 182, 129] and
applied to study thermal diffusion behavior in simple anchptex fluids. The experimental
setup (c.f. Fig. 1.5) is mounted on an optical table with thdamping. An argon-ion laser
(488 nm) is used as writing beam. The beam is spatially filtared expanded to a diameter
of 5-10 mm. The polarization is perpendicular to the optiedle. The beam is splitted
into two beams of equal intensity with a beam splitter. Glasmps are used to refine the
polarization for better contrast. A mirror is mounted onzoieeramics, which is used for
phase stabilization and phase modulation of the grating. Fdckels cell and the half wave
plate are used to shift the grating by 180The writing beams are reflected by two prisms
towards the sample cell. The positions of the two prism aedliktance to the intersection
point of the two beams determine the grating vegtofhe anglef between the two writing
beams is typically between 224 Such a small angle is measured by imaging the interference
grating directly on a CCD camera using the flip mirror M1. Arraihg the distance between
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the fringes allows to determinate the grating veajes 4T sin(6/2)/A with an accuracy
of 0.5 %. The mirror M2 in front of the CCD camera reflects thatigg directly on the
photomultiplier. By selecting one of the interferencepsts the excitation function can be
measured directly. Generally, the excitation is not idea takes= 10 us to rise up to 90 %
of the plateau value and the final plateau is reached aftents@ue to the finite switching
time of the Pockels cell. The measured excitation funct®msed for correction of the
measured TDFRS signal [109].

The sample cell is mounted inside a brass holder and can bstedjin directions or-
thogonal to the optical axis. A quartz cell (Hellma) with gdathickness of 0.2 mm, is used
for TDFRS measurements. The temperature of the brass hsldentrolled by a circulating
water bath from a thermostat (Lauda) with an uncertainty.020C. By using an external
temperature sensor, the thermostat controls the temperiatthe cell. The diffraction ef-
ficiency of the refractive index grating in the sample celféad by a He-Ne laser with a
wavelengthA =632.8 nm at the Bragg angle. A pinhole and bandpass filteroint fof the
detector separate the diffracted beam from stray light hadight of the writing beams. A
single mode fiber is directly connected to the photomukiglibe operating in photon count-
ing mode (c.f. Fig.1.5).

The measured intensityin the TDFRS experiment contains contributions from the-€le
tric field amplitude of the diffracted beaR, the coherent electric field amplituéig and the
incoherent electric field amplitudgnc

| =| Ec+ Es€? |? +E2, = E2 + 2EsE.cosp+ E2 + E2,, (1.54)

whereg is the phase shift between the signal and the coherent bamokdr The background
fromincoherent scattering can be completely suppressadigyodyne$e signal detection

1
Shet = 5(lp — lpsn) = 2EcEscos. (1.55)

Due to this reason in actual TDFRS experiments, the hetemdgtection is always superior
to the homodyneS,om) [129]

1
Shom= 5 (lp+1gin) = ES + ES+ Effc (1.56)

Working equations An optical grating is created by the interference of two iwgtbeams
operating at the wavelength=488 nm. The dye with a strong adsorption band at this wave-
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length converts the optical grating into a temperatureiggatThe evolution of the tempera-
ture grating can be described as

aT(xt) _ 02
at = DthﬁT(X7t> + S(X,t) (157)

whereDy, is thermal diffusivity and the source ter8x,t) is given by

Sxt) = T 1(xt) = So+ Sy(t)e, (1.58)
PCp

wherea is an optical absorption coefficiem, the specific heat at constant pressyrés the
density and (x,t) is the intensity of the writing beam. Eq. (1.57) is solved by

T(Xt) = To+ Tn(t) + Ty(t) €™, (1.59)

whereTy is the initial sample temperature afd(t) = algt/pc, is the mean sample temper-
ature. The amplitud@&y(t) of the temperature grating is expressed as a linear resgonse
arbitrary excitation&;(t) = a(pcp) Llg(t):
t !
Tolt) = / 'Sy (t)e )/ (1.60)

wherety, = (Ding?) 1 is the decay time for the heat diffusion, after which a stadtepera-
ture grating is reached.

The build-up of the concentration grating due to the Lud®ayet effect in a fluid mixture
can be evaluated from the one-dimensional diffusion eqnati

dc(xt) 92 92
ot —DWC(XJ)‘FDTCO(l—CO)WT(RX) (1.61)

with the solution

c(X,t) = Co + Cq(t) &M (1.62)
where
cq(t) = —q?Drco(1— o) / t dt' Ty(t)e /T, (1.63)

with t the decay time associated with the collective diffusione Tésulting refractive index
grating can be expressed as
i an on i
n(x,t) — o = ng(t)e® = [(ﬁ)c’qu(t) + (%)T’pcq(t)]e'qx, (1.64)
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whereng is the refractive index at the readout wavelength (633 nrhg fAeterodyne diffrac-
tion signalnhe(t) is proportional to the refractive index modulation depth:

het 0 EcEscosp O ng(t) (1.65)
Combining Eqs.1.59, 1.60, 1.63, 1.64, 1.65, the heterodigrmal can be evaluated as
Chet=1—e "Vt _ A(T— 1) H1(1—e V7)) — Typ(1— e /i) (1.66)

whereA is the ratio of the steady-state amplitudes of the conceotrgratingc(t — ) to
the thermal contributio (t — o):

Lot — o) on on.__

= m = (%)p,T(ﬁ)p,
Using the fact that the build-up of the temperature gratingiich faster than the build-up of

tSrco(1—co) (1.67)

the concentration grating, Eq.1.66 can be simplified, bgaigj, < 1, to

an an\ !
Do 1— et/ <%> <0_T) Srco(1—co)(1—e /7). (1.68)
p.T p.c

Eq.1.68 is fitted the experimental heterodyne diffractigmal and determined the transport
coefficientsDy, D, Dt and Soret coefficiersy . The two contrast factor&n/dT )¢ p and
(dn/ac)t p have to be obtained separately.

Contrast factors The contrast factor&n/dc)r  is measured by an Abbe refractometer
at 589 nm with further correction for the wavelength of thadeut laser (633 nm). The
contrast factofdn/dT ) p was measured with a Michelson interferometer at 633 nm.reigu
1.6 shows a sketch of th@iG/dT)-setup. Two foil polarizers are used to adjust the intgnsit
The laser beam is splitted into two beams. One beam goesgihtbe beam splitter to the
measurement cell and is reflected at the windows of the measunt cell. The reflected beam
at the front window &, b) and at the back windowc(d) are superposed at the photodiode.
The main contribution of the reflections stem frarandd due to the larger refractive index
differences £ 0.5) to air compared to the smaller refractive index diffeeatb andc
(~ 0.01) at the inner window, which is in contact with the liquichéoptical path difference
depends on the change of the refractive indexdn,, and the length andl,, of the sample
and the window, respectively

ds=d(nl)+d(2nulw). (1.69)
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Figure 1.6: Sketch of thén/dT interferometer

The temperature derivative of refractive index is obtaibgd

on 1 0¢ Ny Jlw lw dny n dl
ot~ oT ST ot ST T T oT (1.70)

For this setupn,=1.457. The thermal expansion coefficie(igly) - (dlw/0T) and(1/I)-
(01/9T) are 5.1E-7 K! and 7.5E-7 K1, respectively, and 2(ly,/I) - (dny/dT) is 2.45E-
6 K~1 [Ref. 182].

Validation of TDFRS method TDFRS method was validated for three binary mixtures
of simple molecules in a benchmark test [116]. Generallygis applied to different kind of
mixtures: simple fluid mixtures [36, 113, 75, 111, 183, 18&ymer solutions [34, 72, 123],
micellar solutions [109, 110] and colloidal dispersion8,[306]. The advantages of the
method are a small temperature differens@ uK) and a small fringe spacing+20 pm)
which keeps the system close to the thermal equilibrium dindiaalso the investigation of
slow diffusing systems such as polymers and colloids. Orother hand it works also for
low molecular weight mixtures. This technique can also @iag to ternary mixtures, when
one of the components diffuses much slower than the othdis The main disadvantage is
that for some associated mixtures the addition of a smalLeatnaf inert dye, which converts
the optical grating in a temperature grating, can sometimisence the observed thermal
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diffusion behavior [33, 109].

1.5.2 Thermal lens method

The thermal lens (TL) effect is nowadays widely used in nscapy [99], absorption spec-
trometry [22], in analysis of trace components in gas - aquidi - phase samples [88], for
investigation of the population redistribution betweenited and ground levels in ion-doped
materials [120], etc. This effect was first observed by Gardbal. [62] in a liquid placed
within the resonator of a helium-neon laser. Later, Gigha &erdramini [59] noticed that
the thermal lens in a binary mixture was noticeably largantim pure components. The first
full theoretical description of the thermal lens effect vdase by Sheldon et al. [152]. Dif-
ferent types of TL techniques (one or two beam configuratimh@pen or closed aperture)
have been developed [83]. In this work we consider a clakssitmbeam thermal lens setup
with closed aperture of the detector for investigation efttirermal diffusion in liquids.

In a thermal lens experiment the Gaussian laser beam is osdxbth heating and de-
tection simultaneously. The uniform local heating of thetiply absorbing medium by the
laser beam creates a lens due to the dependence of theivefiadex on temperature. Typ-
ically, this lens is concave becaude/dT is negative for liquids (c.f. Fig. 1.9). In a binary
mixture additionally a Soret lens is formed due to the depeand of the refractive index
on concentration. The physical properties of the formeddsrcan be probed by measuring
the intensity of the central beam with time or by measurirgitiiensity as function of the
distancez between the sample and the beam waist. Analyzing the dat8dtet, thermal
diffusion and mutual diffusion coefficients can be caloedat

The basic equationsThe temperature change in the sample as a function of raddis a
time AT (r,t) can be obtained from the heat equation

cp%AT(r,t) =q(r) +A0?AT(1,1), (1.72)

whereA is the thermal conductivitys is the heat capacity is the density and(i) is the
heat source term. The source term can be calculated fronh#rgying of the intensity of the
Gaussian beam passed through the sample with a thickaesisabsorbtioi

o2
_ Al 0.48Pb ( 2r )7 (1.72)

Ar) = 7= ~lob = — 5 exp| — -
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Figure 1.7: Change in beam divergence of a sample with negéti/dT, which moves
through the beam waist. The dashed lines show the divergainttee beam without the
presence of a nonlinear sample.

whereP is the power of the laser and is the beam diameter. The solution of Eq. 1.71 is

0.48P [t 1 —2r2/w?
AT(rt) = (/ exp( =/ gt 1.73
"= epa? Jo <1+2t/Tth> '°<1+2t/rm) (1.79)
The temperature gradient forms during a characteristie tin
0.)2
_ 1.74
Tth 4Dth, ( )

which is determined by the size of the beam and the diffusDit, of the sample.

The central beam intensity can be calculated using diffsaéhtegral theory. The com-
plex phase amplitude of the wave after the pinHdgér,t) (c.f. Fig. 1.8) is a result of the
superpositions of Huygens spherical waldgghericalr,t)

i o 27T . 5
Uy =5 [ usphe(r,t)(”;‘m) expl I(|2FQN/A.-»|>|R gl

The phase of the spherical wave is determined by the distbeteecen the source of the

rdrd6. (1.75)

spherical wave and the detector, which can be approximated
2

2/\—7T\/r2+R2z 2/\—7T(R+ r—). (1.76)

2R
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Figure 1.8: To the calculation of the intensity after pirgnd® is the position of detector.

and by the optical path variation alorg

2m 2m 2mrdn
—I1[n(r,T) —n(0,T)] = Tnol + S aT

= I[AT(0,t) — AT(r,1)]. 1.77)

The spherical wave can be written as

UsphelT:t) = Aexp(;—zz) exp(i)\ﬂ(g +2 %[AT(O,t) - AT(r,t)])) . (1.78)

Combining Eq. 1.73, 1.75, 1.78 and considerlﬁgr | ~ R the intensity at the detector
position after pinholé = |U,(t)|? can be calculated

1(t) = 1(0)(1+ f(Bn, V. Tin,1)); T =Abn+BE. (1.79)

The dimensionless parametecharacterizes the distance from the cell to the beam waist.
The parametef}, characterizes the strength of the thermal lens and is giyen b

~ 0.52Pbl on

b=~ 5T (-89
The coefficients A and B are given by Eq. 1.81 and 1.82, resmbgt
2y
A= —atan . 1.81
[3+v2+(9+v2>rm/2t (1.81)
2 2 2
s, (Em [[(2+ Tm/t)(3+2 V) + 6Tth/t2] + 16v2D . (1.82)
4 " \4 (9+y?)(2+ /1)
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The Soret lens is described by the same equations. In ordakédnto account the Soret
effect an additional ternf (BGsores Y Tsorest)) Needs to be added to Eq. 1.79. Then the Soret
coefficientSy for a binary mixture with concentration c is given by

_ GSOretdn/aT

B In/ac cli-o% (1.83)

Sr=

The experimental measured sighgl,t) (time or coordinate dependence with respect to the
beam waist) is fitted using Eq. 1.79. Then the thermal corndtyctk) or the Soret coefficient
(Sr) can be calculated (c.f. Eq. 1.80 or 1.83, respectively).

Validation of thermal lens method The equilibration time in the thermal lens method is
relative short compared to the diffusion cell due to smadtatices in the order of the focal
beam width, which makes it possible to investigate slowudifig systems (polymer solutions
or colloidal dispersions). So far the thermal lens methaglriat been validated in a bench-
mark. However, it has been used to study the thermal diffubihavior of ferrofluids [7]
and ionic surfactant systems [137]. These studies showesgtagent with forced Rayleigh
scattering and beam deflection measurements, respectivebontrast, Voit [172] did not
find agreement with other methods. For one of the benchmartureisn-dodecane/1,2,3,4
tetrahydronaphthalene, Voit found a 40% too small valudclwkvas probably due to con-
vection.

The main advantage of the method is that we can avoid theiaddit a dye for aqueous
systems by using an infrared laser, as far as water showslaatbsarption band at a wave-
lengthA = 980 nm. The main disadvantage is the sensitivity to convectistigmatism of
the beam and the fact that no single scattering vegtan be selected, as in the case of the
grating experiments.

1.5.3 Thermogravitational column

Thermogravitational column is one of the oldest methodsifermeasurement of the thermal
diffusion coefficient. Fig. 1.9 shows the sketch of the ekxpental setup. Thermogravitational
column consists of two hollow tubes connected to each othésand bottom. The gap be-
tween them is filled by the investigated mixture. Each tubmntained at constant but
different temperatures, establishing the temperaturdigmain the investigated mixture. The
denser component migrates to the cold wall due to the thatiffiasion effect and then to the
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Figure 1.9: the sketch of the thermogravitational column.

bottom due to convection. After the stationary state isledcsamples are taken from five
sampling ports and their concentration is determined bgitemeasurements. The obtained
difference in concentratiofrc between bottom and top is used for calculation of the thermal
diffusion coefficient [45]

aghc L}

Dr=——>— X
T~ 50avc(l—co) L’

(1.84)

wherev is the kinematic viscosityy is the thermal expansion coefficieigtjs the gravity
accelerationl,; is the height of the column ang is the gap between the two tubes. Due to the
fact thatDy depends o, to the power of four precise measurement.gind its uniformity
along the entire length of the column are required. Also teracteristic relaxation timt

depends strongly oby [45]
ILZv2D
ke (1.85)
(MATgalL3)

Typical experimental conditions are a temperature diffeesof AT = 5°C, a gap ol = 2
mm. With a diffusion coefficient oD = 4x 10 cnPs™? this leads to a relaxation time of
tr &= 30 min. For comparison in a TDFRS and TL setup the steady ista¢@ched after 100
ms and 100 s, respectively.
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liquid

Figure 1.10: Schematic diagram of the thermal diffusiohmeithod.

Since 1949 thermogravitational columns have been empltydétermine thermal dif-
fusion coefficient for different mixtures [167, 159, 92, 18%4]. However, in those older
studies the results were often not consistent and oftendprdwtitative information about the
thermal diffusion factor could be obtained. The main reasame a lack of a precise theory
and convection problems. Another difficulty is due to the Bredues of Sy (in the order of
1023 K~ for low molecular weight mixtures), the resulting mass fi@tgradient is usually
very small (less than 1% mass fraction difference betweenwalls). In the last decade
this technique was significantly improved and shows novsfatiory agreement with other
experimental methods for the mixture toluambéxane [20] and the three binary mixtures of
1,2,3,4-tetrahydronaphtalene, isobutylbenzeneradddecane [116].

1.5.4 Thermal diffusion cells

A thermal diffusion cell is a traditional experimental methfor measuring the Soret coeffi-

cient [48, 178, 95, 102, 60]. Fig. 1.10 shows a sketch of thipeemental setup. The heating

of the investigated liquid from above and cooling from belleads to a concentration gradi-

ent in the vertical direction due to thermal diffusion. Thedr beam propagates horizontally
through the liquid mixture. The Soret and the mutual diffmstoefficients are calculated

from the time dependence of the laser beam deflectidrj17]

T,—Tp.d d 4
AZstaionar)(t) = |l|- 2 h ! [d_-rlj - STC(]-* C)d_z (1 EGX[X'[/TD)>], (1-86)

wherel; is the liquid path length is the height of the liquid.,. is the distance from the cell to
the detector andp = hz/nzD is the equilibration time. For low molecular weight mixtare
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and a typical height of 2 mm, the equilibration timetis ~ 10 min. This technique has
been used to investigate toluemdyvexane [188] and ethanol/water [78, 188] mixtures. The
obtained results are in a good agreement with other techsiqu

1.6 Overview of binary simple liquid mixtures

So far there is no microscopic understanding of the SoreteffApparently, the magnitude
as well as the sign or are very sensitive to the chosen mixture. Generally, themoi
Soret effect in the mixture of absolutely equal components the principle of symme-
try. The Soret effect is basically the response of the systethe difference between two
mixing partners. This simple conception was investigatedetail by experiments and by
simulations.

The Soret coefficient of equimolar mixturesMolecular dynamics simulations of equimo-
lar mixtures of particles [126] and spherical moleculed Bbw that the component with the
larger mass, the smaller radius and the larger depth of teeaiction potential moves to the
cold side. However, the experimental investigation ofiyasimple equimolar mixtures with-
out specific interactions show clearly that this simpletietabetween the Soret coefficient
and physical properties of the components is not generd][1The depth of the interac-
tion potential was associated with the difference in theulsitity (Hildebrandt) parameter
o of the two mixing partners. The Hildebrandt parameter caredténated according to
o =+/(p(Hy—RT))/(M) with the gas constarR and vaporization enthalgst,. The Hilde-
brandt parameter concept works well for the binary mixtwksis-declin, 2-methylbutane

and cyclohexane. For these mixtures the component witlelangiss and larger density also
moves to the cold. On the other hand the solubility concdlst far the binary mixtures of
1,2,3,4-tetrahydronaphthalemegodecane and isobutylbenzene. For those three binary mix-
tures the component with the larger density moves to the sidiel but not the component
with the larger mass.

The mass effect was investigated in more detail for diffebémary isotopic mixtures of
the same substance. The measured Soret coefficient fobehloene/chlorbenzene [139],
brombenzene/brombenzene [139] and benzene/benzenaefiibdQtes with different degree
of the isotopic substitution can be described by a simplexphenological expression con-
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sisting of two additive terms. The first term is due to theafifhce in mas®M and the
second one is due to the difference in the moment of inéitidetween two isotopically
substituted molecules of the same type

Sr = awdM + b 3l. (1.87)

The same holds also for four isotopically substituted CO tavaIN, systems [19] but with
slightly different values o&y andb.

Concentration dependence of the Soret coefficient

Debuschewitz et al. [36] investigated experimentally migs of benzene isotopes in iso-
topes of cyclohexane. They considered an additional tleinhtin Eq. 1.87 the so called
chemical contributior8} in order to describe the experimental data. The chemicétibon
tion is a function of concentration in contrast to the mass$ tie moment of inertia terms.
Wittko et al. [183] measured also the isotope effér, which is the change dbr after
isotopic substitution of cyclohexaned@i, to CsD12) in benzene, hexane, toluene, 1,2,3,4-
tetrahydronaphtalene, isobutylbenzene, 1,6-dibromateand acetone. The obtained value
ASr ~ 0.99 102 K1 neither depends on concentration nor on the mixing partBety
in case of the polar aceton®Ss is approximately 30 % larger but still concentration inde-
pendent. The isotope effect is not only independent of caitipa but also of temperature
[185].

Many mixtures of simple molecules show a weak concentrategrendence of the Soret
coefficient in comparison to the associated ones. The depeedfS; on concentration
for carbon tetrachloride in methanol and ethanol is non-ebamic andSy is equal to zero
in carbon tetrachloride rich region [20]. Other associatagtures like benzene/methanol
[69], methanol/water [164], ethanol/water [74], acetovegér [111], dimehtylsulfoxide water
[111], benzene/methanol show a sign chandggrafith concentration. For aqueous solutions,
it was noted [74, 111] that the sign change concentratioretaies with concentration, where
the hydrogen bond network breaks down by addition of thersgoon-aqueous component.

MD simulations for LJ mixture of equal mass and equal sizeafdjvell as lattice calcu-
lation for ethanol/water mixture [90, 91] show that the €&p(x) as well as the sign change
concentration are guided by the ratios of the interacticapaters; /€12 andezy/€12. MD
simulations were also performed for the mixtures of nonesjglal molecules with taking into
account their architecture and internal motion. The oleiresults fon-pentanai-decane
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[113], benzene/cyclohexane [189], and the associated ifhixtlres of methanol, ethanol,
acetone and dimethylsulfoxide (DMSOQO) in water [104] aredtiactory agreement with the
experimental data.

Temperature dependence of the Soret coefficient

Conceptually, the binary organic liquid mixtures can bed#d into three groups accord-
ing to the dependence &f on temperature.

In the entire concentration range for the mixtures from tret §iroup the Soret coefficient
becomes weaker at higher temperatures. Such behavior wasvel for benzene/methanol
mixture [69]. This system shows a non-monotonic conceiotmatependence dbr, which
is retained with increasing temperature. The benzene otrat®n at whichSy changes its
sign increases with temperature. The dibromohexane/eggbne mixture [185] can also be
attributed to this group, whil& does not change its sign with concentration.

For the mixtures from the second group the magnitude (notdahee) of the Soret coeffi-
cient becomes weaker at higher temperature in a whole ctnatien range. This effect was
found by Kolodner et al. [78] for ethanol/water mixture. TWwater concentration at which
Sr changes its sign is temperature invariant.

All systems from the third group show a temperature invanmrint, which means that
Sr is not sensitive to the temperature but the correspondihg\a St is not equal to zero.
Tolueneh-hexane [188] and benzene/cyclohexane [185] mixturessdaéed to this group.

1.7 Outline of the thesis

The aim of this thesis is to gain a better understanding oftteemal diffusion behavior in
liquid mixtures. First, we investigated liquid binary systs of spherical, chain-like and as-
sociated simple molecules by thermal diffusion forced Ryl scattering method (TDFRS).
The influence of physical properties like mass, densitylébrandt parameter etc. & is
analyzed. For some systems the obtained data were compihatiewresults from other ex-
perimental methods. Particular attention has been givéretealidation of thermal lens (TL)
technigue for complex mixtures. The weak sides of both TDRR&hod (the presence of the
dye) and TL technique (convection problems) are discusSedondly, the Soret coefficient
for some mixtures of spherical and chain-like molecules ealsulated using the RNEMD
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method. Obtained data for chain-like mixtures were alsopamed with recent simulation
results from Luettmer-Strathman. The thesis is organizddloows.

In Chapter 2, we report TDFRS measurements on three binatjuras of spherical
molecules (carbon tetrabromide, tetraethylsilane anérdibutylsilane in carbon tetrachlo-
ride). The results are discussed in the framework of thegymauhic theories and the Hilde-
brand parameter concept. Additionally, we determined tretsoefficients for both silane/
carbon tetrachloride systems by reverse non-equilibriusfeoular-dynamics calculations.
The agreement between experiment and simulations is disdus

In Chapter 3, we study the thermal diffusion behavionafecane in various alkanes by
TDFRS method. The obtained results are compared with thesunements from thermo-
gravitational column techniques. Typically the agreentstiveen the two methods is in the
order of 5%. We analyze and discuss the possible reasorfsefaigcrepancies.

In Chapter 4, the thermal diffusion behavior of binary mnei of linear and branched
alkanes in benzene is investigated by TDFRS for a range afecagrations and temperatures.
The magnitude of the Soret coefficient decreases with isgrgachain length, degree of
branching and alkane content. The model, developed byineetStrathmann, quantitatively
describes the behavior of the linear alkanes but not of tardired ones. The dependence of
Sr on branching is not expected from the thermodynamic pragseof the pure alkane fluids,
which are the key parameters of the model.

In Chapter 5, the RNEMD method is applied for the investmyatf the thermal diffusion
of heptane and its isomers in benzene. We investigated tieeotration dependence of the
Soret coefficient for heptane in benzene and the effect alelgeee of branching for equimo-
lar heptane/benzene solutions. Compared to the expemmdatia, the simulation results
show the same trend versus the molar fraction and the defjpeareching. The influence the
degree of branching ofr was attributed to the packing effect and kinetic propetiethe
branched heptane isomers.

In Chapter 6, we performed systematic temperature and otraten dependent mea-
surements of the Soret coefficient in different aqueous anmdagueous associated binary
mixtures using TDFRS. The influence of hydrophilic and hydrabic interactions as well as
the solubility on the sign change concentratiorspis analyzed.

In Chapter 7, we present a thermal lens (TL) setup. Considgttat TL was not validated
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for a benchmark test we investigated different kinds of $&mgnd complex mixtures with
different orders of magnitude of the Soret coefficient 301 1072K~1 and 101K 1).
The measure&r values were compared with the results from TDFRS method itisally,
the influence of dye (basantol yellow) on the Soret coefficienCq,Eg/water mixture was
investigated with the TL setup. We did not observed the sgstow mode found previously
in the concentration part of the TDFRS diffraction signal.
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Mixtures of spherical

molecules: experiment and
RNEMD simulations

We report thermal diffusion forced Rayleigh scattering FE5) measurements
on binary mixtures of carbon tetrabromide (GBrtetraethylsilane and di-tert-
butylsilane in carbon tetrachloride (GZkt different temperatures and concen-
trations. The Soret coefficient of CBin CCly is positive and; of both silanes
in CCly is negative, which implies that always the heavier compbmeves to
the cold side. This is the expected behavior for unpolar Emmlecules. Both
silanes have the same mass so we could study the influence différence in
shape and moment of inertia. For all three systesngjecreases with decreas-
ing CCl, concentration. The results are discussed in the framewfdtieomo-
dynamic theories and the Hildebrand parameter concept.itidddlly, we de-
termined the Soret coefficients for both silane/£€istems by non-equilibrium
molecular-dynamics calculations. The simulations prietiie correct direction
of the thermophoretic motion and reflect the stronger droveatds the warm
side for di-tert-butylsilane compared to the more symroégtraethylsilane. The
values deviate systematically between 9-18% from the éxertal values:

2.1 Introduction

Thermal diffusion describes the migration of moleculesti@raperature gradient. The molec-
ular origin of the effect, also called Ludwig-Soret effdstpne of the unsolved problems in

+ The work described in this chapter is based on J. Chem. R&ys014502, 2007
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2. MIXTURES OF SPHERICAL MOLECULES

physical chemistry. In some cases, even qualitative ptiedi, which are of practical im-
portance, are impossible. The main practical applicattsasseparation processes [145, 29]
such as thermal field flow fractionation of polymers and ddBar isotope separation, char-
acterization of geochemical processes [66, 30] and conaloLdi28].

Thermal diffusion in liquid mixtures of non-polar fluids iméwn to reflect a range of
microscopic properties such as the mass, size, and shape aidlecules as well as their
interactions [179]. In mixtures of polar liquids, specifitéractions between the molecules
dominate the thermal diffusion process, while mass andXittee molecules are most impor-
tant in Lennard-Jones fluids. For liquids more complex thanriard-Jones fluids, the Soret
effect appears to depend on a delicate balance of the matqmalperties of the components
[36, 183].

Even for fairly simple solvents without specific interacti there is often no simple
relation between the Soret coefficient and other physicgerties. Especially, if the solvent
molecules are not approximately spherical, deviationsifsosme simple rules of thumb are
found. Those are that typically the component with the langass or higher density moves to
the cold side, and that the effect becomes stronger if thgpooemts are less miscible [179].
For isotopic mixtures of benzene and cyclohexane, it wasddhat the Soret coefficient can
be written as a sum of three contributions: the mass diffe¥ethe difference in moment
of inertia and a chemical contribution [183]. Recently, iisvshown by equilibrium and
nonequilibrium simulations of Lennard-Jones mixtureg tha composition dependence of
the Soret effect is determined by the chemical contriby@dn

The values of the Soret coefficient can also be compared gthahesive energy density,
also referred to as the Hildebrand solubility parametey {286, 94, 73]. Two substances are
mutually soluble if the free energy of mixilyGy is negative. By definitiod\Gy is given

by

AGy = AHy — TASy (2.1)
whereAHy, is the enthalpy of mixing per unit volume af&y is the entropy of mixing per
unit volume. The value cASy is determined by the properties of the given mixture such as
composition, compressibility and specific interactiong (ydrogen bonds). For mixtures of

nearly spherical molecules without specific interactioms almost the same sizes, the value
of ASy is always positive, while there is a certain limiting positivalue ofAHy above which
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2. MIXTURES OF SPHERICAL MOLECULES

dissolution is impossible. Hildebrand first correlatedubdlity with the cohesive properties

of the solvents and made the ansatz for a binary mixture

AHw = ¢1¢; (62— &3) (2.2)

where¢1 and¢, are volume fractions anéh andd, are the solubility parameters of the two
components. Eq. 2.2 predicts thaty=0 if &, = &. Hence, two substances with equal
solubility parameters should be mutually soluble. In tiist, the two components become
identical to each other, what makes the Soret coefficientich snixture equal to zero. This

hypothesis was confirmed by simulationsSffor binary LJ mixtures [126]. It was found

that the component with the larger Hildebrand parameterandwo the cold side. Later,

this concept was successfully applied to non-LJ mixturesoofiponents, which still can be

mapped onto LJ spheres [179].

Thermodiffusion in Lennard-Jones binary fluids was ingggtid by molecular dynamic
(MD) simulations [126, 56]. In those simulations, the infige of the different LJ-parameters
mass, atomic diameter and interaction strength has beestigated systematically for binary
mixtures. The ratio of one of the parameters was varied eth#é others were fixed and equal
for both compounds. The magnitude of the Soret coefficierst @mserved to depend on all
three ratios. It was found that the heavier species, thelsnsglecies and species with higher
interaction strengths tend to accumulate in the cold region

In this chapter we investigate rather simple tetrahedi@;polar molecules, which can
be well approximated by a spherical shape. Experiments gtures of tetrahedral liquids are
in principle possible; the side atoms can be halogens, lggror alkyl groups (Ckl CoHs),
whereas the central atom can be turned into C, Si, Ge, Pb,i®n other transition metals.
Unfortunately, many of the chemicals containing Sn and bhaghly toxic. And most of
the others containing Sn, Ge, Si, Ti react with water vapathad they are not suitable for
systematic investigations with our present set-up. Afteesning many spherical solvents,
we picked carbon tetrachloride (Gl (cf. Fig. 2.1) which has a rather small moment of
inertia (cf. Tab. 2.1). Additionally, we selected tetradsilane and di-tert-butylsilane, which
differ in their moment of inertia , but have the same molarsnagich is slightly lower than
the mass of CGl(cf. Tab. 2.1). The size of both molecules corresponds riyughe sphere
with van der Waals radius of 3.51 and SETespectively (cf. Tab. 2.1). Tetraethylsilane can
better be approximated by a sphere than di-tert-butylsil&s heavier compound we picked
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carbon tetrabromide (CBY, which is solid at room temperature, but dissolves in £ 8bth
carbon tetrahalides can be approximated by spheres witheraWaals radii of 2.91 and 2.73
A respectively (cf. Tab. 2.1 and Sec. 2.2).

CBr,

¢« &
. 9,-{\;_&
SCH), it
€ < C
by
[ [
3
- « X°¢
SiH,[(CH,),C], g g:« b;:
¢ ¢

ccl,

X

Figure 2.1: Sketch of the investigated molecules carboaliedmide (CBy), tetraethylsilane,
di-tert-butylsilane and carbon tetrachloride (¢)Gls ball-and-stick models. The diameter of
the silanes is roughly twice as large as the diameter ofy@Bd CC},. The reference system
used for the calculation of the moments of inertia listedab. 2.1 is indicated. The z-axis is

perpendicular to the paper plane.
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Table 2.1: Physical properties of the investigated sok/@ij,: molecular weightp: density,
rw: van der Waals radiudyj: boiling temperatured: Hildebrand parameter at the boiling
point and §: the moment-of-inertia components about the symmetry éotebig. 2.1)). The
values of the main moments of inertia for all investigatecthpounds were calculated using

an atomistic model for a single molecule in vacuum [5].

solvent Mw / p/ rw/ Thoit / o) Ix; ly; 12/
g/mol | kg/m® | A °C | MPal/2 gA2/mol
Ref.[1] | Ref.[1] Ref.[1] Ref.[5]
CBry 331.6 solid | 2.91 190 18.1| 796; 796; 796
Si(CyHs)4 144.3 0.761| 3.51 153 13.4 | 452;492; 593

[(CH3)3C]2SiH, 144.3| 0.729]| 3.57 129 12.7 | 246, 637; 650

CCly 153.8 1.59]| 2.73 76 17.0| 282; 282, 282

2.2 Experiment

2.2.1 Sample Preparation.

Carbon tetrachloride (99,8%) was purchased from Fluka amdon tetrabromide (99%),
tetraethylsilane (99%) and di-tert-butylsilane (97%) everdered from Aldrich. Carbon
tetrabromide (CBy) forms white crystals at room temperature. The mole fractias ad-
justed by the molecular mass and weight fraction of the camapts. At higher mole frac-
tions ( < 0.5), CBry becomes insoluble in C&l For the highest mole fraction investigated
(x = 0.45), CBr remains dissolved in Cglfor at least one day. All samples contained a
small amount of Quinizarin (Aldrich). The weight fractiohtbe dye is approximately 0.002
wt% corresponding to the optical density obifor a 1 cm cell. This amount ensures a
sufficient temperature modulation of the optical gratingy tBe other hand, the quantity is
small enough to avoid convection and contributions of the tythe concentration signal.
Approximately 2 ml of the freshly prepared solution wereefitd through 0.2tm filter (hy-
drophobic PTFE) into an optical quartz cell with 0.2 mm ogkjgath length (Helma), which
had been carefully cleaned from dust particles before udaqgmeriments were performed in
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a temperature range from 20 to 40

Properties and Physical Parameteffable 2.1 lists the properties of the substances, such
as molecular weigh#l,,, densityp, van der Waals radiusy, boiling temperaturdy, the
Hildebrand paramete¥ at the boiling point and the moments of inertia about the swgimyn
axes |. We estimated by

1
— 2
5:(Lva\p/ RT) , (2.3)

whereAHyap is the enthalpy of vaporization adis the molar volume of the pure compo-
nent. The enthalpy of vaporization at the boiling point wasneated using Trouton’s rule.
Trouton’s rule states that the entropy change for vapaaaas approximately 88 JmofK —1
and holds for many liquids to within 10% [166].

AHvap = ASvaproiI (2-4)

The obtained values (cf. Tab. 2.1) compare well with thediiere values at lower tempera-
tures (13.9 MPY?2 [28] for tetraethylsilane and 17.3 MP3 [186] for carbon tetrachloride,
estimated from the enthalpy of vaporization at 298K). Faboa tetrabromide we found
only a value of 20.1 MP42 [28, 2] 70 K below the boiling temperature. The fact that thes
three experimental values are slightly higher is conststéth the fact, that the Hildebrand
parameter increases with decreasing temperature.

Van der Waals radii for all substances were estimated ubiemgdn der Waals increment
method [47] (cf. Tab. 2.1). This method gives the same valiBed®A for both tetraehylsilane
and di-tert-butylsilane. Estimation from the liquid voler7, 186] for these two compounds
gives 3.5A and 3.6 respectively. The effective hard-sphere diameter oftdtrylsilane
calculated from modified van der Waals equation of stateuskq 3.4 [187] which agrees
with our estimates. The averaged values of van der Waalsfaadhe silanes are listed in
Tab. 2.1.

2.2.2 Refractive index increment measurements.

Refractive index increments with concentrati@n/dc), ; at a constant pressure and tem-
perature were measured using an Abbe refractometer. Theetatare derivatives of the
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Figure 2.2: Refractive index incremer{@n/dc), + and(dn/dT), . of CBr4 in CCly as a
function of temperature. The mole fractions of GBre: 0.1 @) and 0.25 ¢).

refractive index(dn/dT), . at a constant pressure and concentration were determined in
temperature rangg + 3°C using a Michelson interferometer [14].

Figure 2.2 shows both refractive index increments at difietemperatures and concen-
trations for CBg in CCls. (dn/dc), 1 increases, whilédn/dT),, . decreases with increasing
temperature. The values for the higher concentration of,@BECl, is slightly higher. The
error bars typically around 0.3%, represent one standarfiten between repeated mea-
surements. The refractive index increment with tempeedatialmost insensitive to the con-
centration. Figures 2.3 and 2.4 show refractive index imenats at different temperatures
and concentrations for Sig€ls)4 and[(CH3)3Cl2SiH, in CCly.

2.2.3 TDFRS experiment and data analysis

The principle of the TDFRS method is described elsewhereetaild [113]. An argon-ion
laser =488 nm) is used for writing the grating. The laser beam ig ggb two writing
beams of equal intensity by a beam splitter. An intensitytiggais created in the sample
by the interference of two laser beams. A small amount of dyhé sample converts the
intensity grating into a temperature grating, which in tgauses a concentration grating
by the effect of thermal diffusion. Both gratings contribud a combined refractive index
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Figure 2.3: Refractive index incremer('t%n/dc)nT of tetraethylsilane (solid symbols) and
di-tert-butylsilane (open symbols) in carbon tetractderas a function of concentration.
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Figure 2.4: Refractive index incremer{@n/dT)p,c of tetraethylsilane (solid symbols) and
di-tert-butylsilane (open symbols) in carbon tetractderas a function of concentration.
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grating, which is read out by diffraction of a third laser be@ ;=633 nm). The heterodyne
signal intensity of the read-out laser is proportional te #&mplitude of the refractive index
differenceAn(T,c) as

An(T,c) = (g—$) AT + (%) Ac. (2.5)
p,C p’T

whereAT andAc are the difference in temperature and concentration, ctispsy.
The total intensityhet(t) normalized to the thermal signal is related to the Soretfimberft
as

Zret(t) =1— (3_?) -’ (%) . Src(1—c) (1_ e*qZDt) : (2.6)

p.c
whereq is the grating vector anD is the mutual diffusion coefficient.

To determine the transport coefficients, Eq. 2.6 is fittethéoheasured heterodyne signal
(Fig. 2.5) using contrast factof@n/dc), + and(dn/dT), . which are measured separately.
The residuals are small (less than 1 %) and show no systedatiations (Fig. 2.5).

2.3 Results

Fig. 2.6 shows the concentration dependence of the transpefficients for the mixture
of CBrs and CC}. The mole fractions of CBrare 0.1 and 0.25. The refractive index of
this system increases with increasing ¢Bontent, so thafdn/dc) nT IS positive (cf. Fig.
2.2) and the refractive index increment with tempera(m?naz/aT)pyC is negative (cf. Fig.
2.2). The concentration part of the TDFRS-signal increaspenentially (Fig. 2.5), which
implies that the Soret coefficient is positive and the haagtenponent CBf migrates to
the cold side. The diffusion coefficient increases with @aging temperature and decreases
with increasing CByf content. This behavior can be explained by a lower viscagityigher
temperatures and higher CBrontents.

In Fig. 2.7 and 2.8 the concentration dependenc8&rofD and Dt for tetraethysilane
and di-tert-butylsilane is displayed. The Soret coeffitiiboth silanes is negative, which
implies that the lighter silanes move to the warm side, witike heavier and denser GCI
migrates to the cold. As in the case of GBthe rule of thumb that typically the heavier
compound moves to the cold side is obeyed. The magnitudeedbdinet coefficient for di-
tert-butylsilane is roughly 10% larger than the one of t&tiiglsilane. Both systems show
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Figure 2.5: Typical normalized TDFRS signals and the resd&lplot to the fitting curve
according to Eg. 2.7 of investigated mixtures at a tempesatfi 20°C. Mole fraction of
CCl, equals to 0.75. The solid lines refer to a fit according to E. 2
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Figure 2.6: Soret coefficiet8r, diffusion coefficienD and thermal diffusion coefficiely
of CBr4 in CCly as a function of concentration. Solid symbols - our datanggyenbols - data
from Saxton et al. [144].
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Figure 2.7: Soret coefficier@r, mutual diffusion coefficienD and thermal diffusion coeffi-
cientDy of Si(CyHs)4 in CCl, as a function of concentration.

a weak concentration dependence, which is typical for tarpalibstances [75, 113]. As
expected, the diffusion coefficient increases with indreptemperature and with increasing
amount of the less viscous silane. For all systems invdstigan increasing concentration
of the heavier component leads to a decreasing diffusiofficieat.

2.4 Simulations

The reverse nonequilibrium molecular dynamics method lkeas lapplied to investigate the
thermal diffusion of carbon tetrachloride in silanes. la fbllowing, we only briefly summa-
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Figure 2.8: Soret coefficier@r, mutual diffusion coefficienD and thermal diffusion coeffi-
cientDy of [(CHs)3C],SiH, in CCl, as a function of concentration.
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Table 2.2: Lennard-Jones parameters for tetraethylsithirtert-butylsilane and carbon tetra-
chloride (* - Lennard-Jones parameters were adjusted texgetrimental density and heat of

vaporization).

atom type ol el

nm | kJ/mol
C (Ref.[127]) 0.3774| 0.2277
Cl (Ref.[127]) 0.3467| 1.0945
Si* 0.5 0.42
SiHy* 0.559 0.5
CH, Ref.[103, 177] (for Si(GHs)4) 0.393| 0.3808
CHjs Ref.[103, 177] (for Si(GH5)4) 0.391| 0.8647
C Ref.[103, 177] (fof (CH3)3C]2SiHy) 0.391| 0.1413
CHj3 Ref.[103, 177] (for[(CH3)3C]|»SiH,) | 0.385 0.582

rize the force fields used for the liquid solvents and givesasimulation details. A detailed
description can be found elsewhere [189].

The force field for carbon tetrachlorida obtaining the force field for carbon tetrachlo-
ride we followed the work by Rey at al. [127]. They developembasistent set of molecular
models for MD simulations of a whole family of methylchlorethanes ((Ck)4_nCCly),
providing excellent accordance with thermodynamic proesr(liquid density and heat of
vaporization). It was found that non-negligible electadist effects on the liquid structure
exist only for the polar cases (n=2, 3). Therefore, we usegtbposed force field for carbon
tetrachloride without charges (see Tab. 2.2).

The force field for the siland=or tetraethylsilane we used a force field derived by Striolo
et al [160]. Atoms in the same molecule interact with eacteotha short-range poten-
tials that account for bond length, bond angle and torsipo&tntials. It was shown that
by combining force fields independently developed to dbscsilsesquioxanes (POSS) and
alkanes (Tab. 2.2) it is possible to predict correctly thecttire of isolated hybrid polyhedral
oligomeric silsesquioxane monomers as well as that of alysiomposed solely of POSS
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Table 2.3: Thermodynamic results obtained for pure tetsdsitane, di-tert-butylsilane and
carbon tetrachloride compared with the correspondingréxgaital results at 298K.

solvent Pexp/ Psim/ | AHyaR/ AH&Q’B
kg/mé | kg/m® | kJ/mol| kJ/mol

Si(CoHs)a 0.761| 0.773 39| 379
Ref.[1] Ref.[28]

[(CH3)3C]2SiH, 0.729 0.735 - 38.1
Ref.[1]

CCly 1.594 1.588 315 30.06
Ref.[1] Ref.[186]

monomers [160].

Test MD runs of a cubic periodic box of 200 tetraethylsilar@enules at 298K and 1 atm
yielded a unsatisfactory solvent density (0.795 k¥)/amd heat of vaporization (33.2 kJ/mol)
(density 4.3% too high, heat of vaporization 5.8 kJ/mol tow)l Experimental values at
298K are presented in Tab. 2.3. Another difficulty of this ralod that it is only applicable
to silanes with linear alkyl chain attached (the alkane badle was modeled according to
the TraPPE united-atom force field [93] developed for thedinalkanes). Slightly different
parameters were required for the €groups of branched alkanes in order to reproduce the
phase diagram [103, 177]. Therefore, we had to use a diffecene to describe di-tert-
butylsilane, which has branched alkane structures attche

In order to simulate both silanes consistently on the bddissosame force field parame-
ters we derived new united atom force field parameters (Tap. Bor the alkane we applied
the force field from Nath [103, 177]. In the case of tetraeslighe, the Lennard Jones pa-
rameterss ande of Si, and for di-tert-butylsilane those of Sithave been adjusted. These
parameters were increased to reproduce the experimentitygand the heat of vaporization
for the systems (Tab. 2.2 and 2.3).

Computational detail¥wo binary equimolar mixtures of carbon tetrachloride wétraethyl-
silane and di-tert-butylsilane were simulatedlat303 K andP=1 atm. The YASP package
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Figure 2.9: Concentration profiles for a equimolar mixtukréetraethylsilane/CGlaveraged
over a simulation time of 52 ns. The inset shows the completeentration profile. The
open symbols represented the upward branch of the full prefihich has been flipped over
at the coldest slab.

[101] was used. The cell was elongated-direction, which is the direction of the heat flow
(Lx=Ly=L,/3 =~ 4 nm). The cutoff length for nonbonded interactions was hR ithe time
step was 2 fs. All reverse noneqilibrium molecular-dynaa{RNEMD) simulations were
performed at constant NVT conditions (densities: 1047 @ Hp09.9 kg/m for equimolar
mixtures of tetraethylsilane and di-tert-butylsilane artwon tetrachloride, respectively) with
960 molecules in the simulation box. The average tempeyatas kept constant by the
thermostat of Berendsen et al. [16], with the temperaturgling time being T = 1 ps.
Figures 2.9 and 2.10 show the concentration profiles forraglair mixtures of tetraethylsi-
lane and di-tert-butylsilane in C¢£hveraged over a simulation time of 51.9 and 74.12 ns,
respectively. The time development of the Soret coefficienboth mixtures is shown in
Figure 2.11 as cumulative average. For each silane, twe@salte displayed. One has been
calculated from 9 slabs of the downward branch and anotloen 8 slabs in the upward
branch. The hottest and coldest slabs have been excludedtiie analysis. After 40 ns,
the Sr-value for tetraethylsilane/Cgtonverges to a plateau value-5 x 103 K1, In the
case of the system di-tert-butylsilane/G@he plateau £5.5 x 102 K1) is reached later
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Figure 2.10: Concentration profiles for a equimolar mixtafali-tert-butylsilane/CCJ av-
eraged over a simulation time of 55 ns. The inset shows th@enconcentration profile.
The open symbols represented the upward branch of the fhfilgrwhich has been flipped
over at the coldest slab.

after 60 ns. The average valu®s= —5.5 x 103 K1 for di-tert-butylsilane in CQJis 10%
smaller than the value obtained for tetraethylsilane in,CChe difference is not very pro-
nounced, but this tendency is also confirmed in the expetinadthough the magnitude of
the experimental values is systematically 9-18 % larger.

2.5 Discussion

2.5.1 Comparison of the experimental and simulation result S

The following values for the Soret coefficient were detemmdiby simulations at around
303 K for a binary equimolar mixtures of tetraethylsilanel ai-tert-butylsilane in carbon

tetrachloride:—54+ 0.3x 102 and—5.5+0.3x 103 K~1. The simulation results are larger
than the experimental values and their magnitude is smiayle¥ and 18 %. Those small
systematic errors are probably due to the force field parmsetvhich were developed to
reproduce the density and heat of vaporization of the pumgoments but not any transport
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Figure 2.11: Soret coefficients of the tetraethylsilanecles) and di-tert-butylsilane (dia-
monds) in carbon tetrachloride as a function of simulatioret One set of values has been
calculated from the downward (solid symbols) branch andther values have been calcu-
lated from the upward branch (open symbol). The lines ardeguio the eye for tetraethylsi-
lane (solid line) and di-tert-butylsilane (dotted line).

coefficient. For gaseous systems it is known that the cdlonl@f the Soret coefficient is
much more sensitive to the correct choice of the interagtiotential than other properties
such as viscosity or diffusion coefficient [174]. Anotheagsen might be the sensitivity of the
Soret coefficient to the chosen mixing rule. Galliero et a6][showed for methane/n-decane
a strong dependence 8f on the cross interaction parameters &nd | j, which determine
the interaction strengthe ».

1= (1K) (2182)°%, 012 = (1-11)) 5 (014 ) @7

with €12, &, & the interaction strength parameters and, 01, 0> the diameters.

In our case the classic Lorenz-Berthelot mixing rulgj€0; l; j=0) was used, which had
been applied in the simulation of benzene/cyclohexand][i®&ures. Unfortunately, a val-
idation of the cross interaction parameters was impossitdeause to our best knowledge
there are no literature data available for the investigatedures. In view of other MD simu-
lations of the Soret coefficient of fluid mixtures, some of ethiise much more sophisticated
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force fields [189], the agreement with experiment must bevetbas very satisfactory.

2.5.2 Contributions to the Soret coefficient.

Galliero et al [56] investigated the thermodiffusion belbawof equimolar mixtures of "super
methane” in methane. The parameters massjiameter,g, and depth of the interaction
potential,e of super methane were different from those of methane. A&sdir done earlier
by Reith et al. [126] they varied systematically the rationé of the parameters (e.ga4my)
while keeping the two other parameters fixed and equal. Byptdcedure the obtained three
additive contributionsi", af anda$ of the total thermal diffusion ratioT=SrT stemming
from the mass, diameter and interaction strength, resgdygti

ar =af'+af +of (2.8)

This empirical formula reproduces the simulation resultgegwell, if the ratios deviate not
too much from 1.

We applied equation 2.8 to the investigated mixtures och&ghylsilane, di-tert-butylsilane
and carbon tetrabromide in carbon tetrachloride (compoenThe ratios of the diameter
and the depths of the interaction potential were estimasgtjuthe experimental molar vol-
umes Vo (at room temperature) and enthalpies of vaporizatiog bt boiling point) for
the different components [125].

1
01 Vimol l) 3
— = : . 2.9
02 (Vmol,z ( )
& AHva;:g:l.)
i . 2.10
& (AHvapZ ( )

The results are summarized in Tab. 2.4. The mass contribioCBr,/CCl; mixture

is positive while for tetraethylsilane/C£hnd di-tert-butylsilane/Cglit is negative. This
implies that the component with the higher molar mass mowéke cold side. The mass
contributions for both tetraethylsilane/GGInd di-tert-butylsilane/CGlare the same. At the
same time the difference in size and even more pronouncetiffeeence in the interaction
potential leads to a stronger drive of di-tert-butylsilang¢he hot side. The values obtained
from Eq. 2.8, 2.9 and 2.10 reproduce the correct directicchefmodiffusion motion for all
three mixtures, but they are one order of magnitude too small
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Table 2.4: The values of the Soret coefficient calculatedgiBn. 2.8 at 303K. The deviations
from the experimental values (equimolar mixtures) are shiovwbrackets.

solute St/ S/ St/ | Srfrom Eq. 2.8/| measuredy /

103K~ | 103k~ | 10°3k? 103Kt 103K

Si(CzHs)4 -0.15 -0.33 0.382 -0.11 -5.5
(98%)

[ (CH3)3C ]2SiH; -0.15 -0.36 0.26 -0.25 -6.7
(96%)

CBry 1.77 -0.07 0.57 2.26 ~12

The values of the Soret coefficient can also be compared vathiameter of the cohesive
energy density [37, 126, 94, 73], which is also referred asditdebrand solubility parameter.
As itis expected in our case the component with the largetdbitand parameter (cf. Tab. 2.1)
carbon tetrabromide (mixed with carbon tetrachloride) eawdbon tetrachloride (mixed with
one of the silanes) accumulates in the cold region.

2.5.3 Discussion of the effect of the moment of inertia.

The importance of the moments of inertia in the thermal diffa behavior of the ben-
zene/cyclohexane mixture was reported by Debuschewitk §B86@]. They found that the
component with the larger (the main moment of inertia perpendicular to the plane of the
molecule) moves to the cold side. The physical reason ofptésiomenon in liquids is not
clear. In an old work by Schirdewahn et al. [147] about gaseuixtures, the moment of
inertia part is vaguely related to the rotational diffus@amtribution to the thermal diffusion.
At the same time, it is obvious that the values of the main nmamef inertia for a given
molecule characterize its size (or van-der-Waals volumd)the mass distribution, while all
three possible ratiosly 14/l 1y/l;) characterize the shape. All these factors are respon-
sible for the diffusion (as well as the thermodiffusion) beior. From this point, one can
assume that the value ofih case of benzene/cyclohexane mixtures is responsiblenipt

for the size but also for the mass distribution in the moledult not for the shape. They
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assumed, that both molecules have a disk-like structuréghaib not changed by isotopic
substitution. In our case carbon tetrachloride, carbaalbevmide and tetraethylsilane have
spherical structures as far as all diagonal elements af thesors of the moment of inertia
are the same (cf. Tab. 2.1). The lower value,pinl comparison to the values of &nd |
for di-tert-butylsilane describe the ellipsoidal shapehs molecule. In order to take into
account the shape effect, a more complicated expressic® fomvolving Iy, ly and |, for
binary mixtures of equivolume components is required. Hewrethe differences iy be-
tween tetraethylsilane and di-tert-butylsilane are toalsto be unambiguously attributed to
differences in the moment of inertia. Other effect, suchhasanisotropic friction, could also
explain an effect of this magnitude.

2.6 Conclusion

We investigated the thermal diffusion behavior of threememmixtures consisting of spher-
ical molecules experimentally by the so called TDFRS methiddditionally we applied a
molecular exchangeersion of the reverse non-equilibrium molecular dynaraigsrithm to
determine the Soret coefficients for two of the experiméntavestigated mixtures.

Contrary to more complex fluids, the observed thermophoratition for those three
unpolar mixtures follows the common rules, which state thatcomponent with the larger
molar mass and the larger Hildebrandt parameter accursutatke cold region.

We found a fairly good agreement between the simulated aperarentally determined
Soret coefficients for the systems tetraethylsilane artértibutylsilane in carbon tetrachlo-
ride. Although the magnitude of the simulat8gvalues is systematically by 9-18% smaller
than in experiment, both methods found that di-tert-bilyt® accumulates slightly stronger
in the warm region than the more symmetric tetraethylsild&wth investigated silane com-
pounds do have the same molar mass, so that we tried to réeealdment of inertia con-
tribution to the thermophoretic motion. Here it turned dwdttthe analysis is not so simple
because two of the three moments of inertia are changedtsineausly. This requires an ex-
pression which connects the Soret coefficient with more tmmoment of inertia. In order
to obtain such a relation more systematic experiments andlations need to be performed
in the future. In addition, the difference between the twarss is very small.
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Mixtures of linear alkanes: A

comparison between TC and
TDFRS methods

In the present chapter we studied the thermal diffusion ieh®f n-decane
in various alkanes by thermogravitational column (TC) teghes and thermal
diffusion forced Rayleigh scattering (TDFRS) method. Tineektigated lighter
alkanes compared to-decane ara-pentanen-hexanen-heptanen-octane and
the heavier ones aretetradecane)-pentadecane-hexadecan@-heptadecane,
n-octadecane anateicosane. The binary mixturedecanei-pentane we inves-
tigated at several different concentrations all other ora$ were only investi-
gated at a mass fraction of 50%. Even for the volatifgentaneai-decane mix-
ture the deviations between the thermal diffusions coeffiis determined by the
different methods agreed within the error bars. Typicdl agreement between
the two methods was in the order of 5%. Compared to recentljighed TC
and TDFRS data we found deviations in the order of 30 up to 4A0&analyze
and discuss the possible reasons for the discrepancideefprésent and the past
publications

3.1 Introduction

The coupling between a temperature gradient and a resuftisg flux is denoted thermal dif-
fusion or Ludwig-Soret effect in accordance with its diseoand its first investigator. Partic-
ularly, the investigation of crude oil components such karas and organic ring compounds

+ The work described in this chapter is based on J. Phys. Chefrl 2383408345, 2008
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is of practical relevance, because the determination @ftrel model parameters is essential
for the characterization of geological fields [30, 57, 58fidiionally the effect plays also an
important role in separation techniques for liquid mixsifsee e.g. Refs. [77, 118, 179]).

In the simple case of a binary mixture with constant prestheee is a mass diffusion
currentjp = —pDOc and a thermal diffusion currerjt = —pDrc(1— ¢)OT, with ¢ the
mass fractionp the density of the liquid, an® andDt the mutual mass and thermal diffu-
sion coefficients, respectively. In the stationary statettto flows cancel and the resulting
concentration gradient is given by

Oc=-Src(1—c)dT. (3.2)

Sr = Dt/D is the Soret coefficient.

The thermal diffusion of non-polar fluid mixtures is sometgngoverned by the mass,
size, and shape of the molecules as well as their interac(gee Ref. [179] for a review).
The influence of the physical parameters on the thermalgidfubehavior has been system-
atically investigated for isotopic mixtures of benzene apdohexane [36, 183]. For these
mixtures it was found that the Soret coefficient depends emthss and moment of inertia
difference but also on a chemical contribution. In the cdg®tar mixtures, specific interac-
tions between the molecules dominate the thermal diffugiocess while mass and size are
not so important.

A number of studies have focused on the Soret effect in m@steontaining an alkane
as one of the components. Different experimental techsiquere applied to investigate
the thermal diffusion behavior of toluene/hexane [188,204, alkane/alkane [113, 18, 85],
cyclohexane/benzene [36], anéhlkane/benzene [81, 80, 37, 46, 165, 20] mixtures. Also in
a benchmark study of three binaries one of the componentamwatkane [116]. In the past
also thermodynamic models [61] have been tested and siontdi 13] have been performed
for alkane mixtures.

Alkanes belong to the class of non-polar mixtures. Oftery tire treated as ideal mix-
tures, because the minor microscopic effects, such as thiorcoational changes in the
molecules have only a very small effect on the usual thermanyc properties of alkane/alka-
ne mixtures. This tendency is also confirmed in a recent takdifiusion study of alkane/alka-
ne mixture [85, 18], which shows that always the heavier comept moves to the cold region.
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We focus in this chapter on the Soret effect in binary alkalkahe mixtures for which we
expect a normal behavior. All mixtures are investigatedi®rogravitational column (TC)
technique and thermal diffusion forced Rayleigh scatte(fDFRS) method. First we inves-
tigate the binary mixture-decanai-pentane at several different concentration &2 his
mixture we studied even with a cylindrical and parallelepijc thermogravitational column.
The experimental data are compared with earlier experiahelatta and simulation results
[113]. Additionally, we investigated binary mixtures nfdecane im-hexane n-heptane,
n-octane h-tetradecanen-pentadecana-hexadecane)-heptadecana)-octadecane ang
eicosane at a weight fraction of 50%. The obtained expetiahdata are also compared with

recent measurement by the TC method [85].

3.2 Experiment

3.2.1 Sample preparation
Thermogravitational columns:

All the products used in the TCs were purchased from Merch wipurity better than 99%.
First we always filled in the less volatile component, i.be alkane with higher molecular
weight; then the corresponding amount of the second allaadded. The concentrations of
the binary mixtures were adjusted by weighting both comptseeparately. The mixtures
for the parallelepipedic TC were prepared with a balancé witapacity up to 310 g and
an accuracy of 0.0001 g. For the mixtures of the cylindric@l e used a balance with
a capacity up to 4500 g and an accuracy of 0.01 g. The samplengoheeded to run an
experiment in the parallelepipedic and cylindrical TC ipagximately 25 cri and 300 cra,
respectively. As verification, before and after each expenital run the concentration of the
mixture had been determined. The observed concentratemyehwas typically in the order
of Acp = 0.0005.

TDFRS:

The alkanes-pentane(99%),n-hexane £99%),n-heptane £99.5%),n-octane £99.5%),
n-octadecane$99%) anch-tetradecane$99%) were purchased from Flukagdecane £99%),
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n-heptadecane (99%) amdeicosane (99%) were ordered from Aldrich. The alkane mole
fraction of all mixtures was adjusted by weighing the congmas. The TDFRS experiments
require a small amount of dye in the sample. All samples d¢oathapproximately 0.002
wt% of the dye Quinizarin (Aldrich). This amount ensures #isient optical modulation

of the grating but is small enough to avoid convection andrdautions of the dye to the
concentration signal. Before each TDFRS experiment, aqumiately 2 ml of the freshly pre-
pared solution were filtered through Qu2n filter (hydrophobic PTFE) into an optical quartz
cell with 0.2 mm optical path length (Helma) which was callgfaleaned from dust particles
before usage.

After each measurement we checked carefully by monitohieghange of the meniscus
height in the two filling capillaries of the sample cell whetlthe volatile solvent evaporated
during the measurement. The accuracy of this method isickrtzetter than 1%. The total
volume of the sample cell is in the order of 0.6 ml. Even forrkgecanai-pentane mixture
with the lowest pentane content, the concentration chamgdd be less thafix ~ Ac~ 0.01.

3.2.2 Data analysis and set-up
Thermogravitational columns:

The TC theory provides a relation between the stationargrsgipnAc and the thermodiffu-
sion coefficienDt. For more details see Ref. [45]:

504, Dyv

Ac= e g 0(1-co) (3.2)

Wherea = —(1/p)(dp/dc) is the thermal expansion coefficieptthe density of the mixture
with the initial mass concentratiag, v the kinematic viscosity angithe gravity acceleration.
L, is the height of the column, which is 500 mm for the cylindr€& and 530 mm for the
parallelepipedic TC. Andy is the gap between the two vertical walls, which 900+
0.005 mm for the cylindrical TC and.30+ 0.01 mm for the parallelepipedic TC. Just taking
into account the uncertainty in the gap dimensiby) (eads to an relative systematic error in
the order of 2% and 2.7% for the cylindrical and parallelegip TC.

The mass separation between the two ends of the collms determined from a cali-
bration curve which relates mass fraction and density. tleoto make the calibration, five
mixtures with known concentration, close to the initial smésiction €y 4+-0.02) are prepared
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Figure 3.1: (a) Density of the mixturedecanai-pentane as function of the mass fraction
around the concentratian= 0.5 atT = 25°C. (b) Density of the same mixture as function of
the column height at= 0.5 andT = 25°C. The results were obtained with the cylindrical TC.
(c) Mass separatiofc for n-decanai-pentane as function of the mass fractiomedecane
atT =27°C.
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Table 3.1: Thermophysical properties of binarglkane mixtures witim-decane as first com-
ponent. Chemical structure of the second component, mastioin ofn-decanee, densityp,
thermal expansion coefficient, mass expansion coefficieit dynamic viscosity), refrac-
tive index increment with concentratiddn/dc) and temperatur&n/oT) .

second c pl al B nit (dn/dc) | (an/aT)/
component kg/m® | 103K~ m-Pas 103
T=27C

0.945| 718.461| 1.069 0.1540 | 0.758 - -
0.886 | 711.864| 1.098 0.1571| 0.690 | 0.05670 -0.476
0.780| 700.261| 1.150 0.1568 | 0.586 | 0.05663 -0.501
CsH1o 0.663 | 687.589| 1.208 0.1555 | 0.478 | 0.05593 -0.518
0.500 | 670.325| 1.297 0.1571 | 0.403 - -
0.332| 652.835| 1.399 0.1570 | 0.333 | 0.05388 -0.519
0.180| 637.718| 1.495 0.1583 | 0.277 - -

T=25C

CsHi2 672.306| 1.288 0.1571 | 0.399 | 0.05481 -0.504
CeH1a 689.823| 1.200 0.1032 | 0.470 | 0.03724| -0.494
C7H16 702.601| 1.141 0.0660 | 0.563 | 0.02425 -0.477
CgHis 712.330| 1.098 0.0394 | 0.656 | 0.01435 -0.466
Ci4H30 0.500 - - - - -0.01723| -0.434
CisH32 745.446) 0.974 | -0.0524| 1.397 - -

Ci6H34 747.768| 0.967 | -0.0588| 1.515 | -0.02290| -0.431
Ci7H3z6 749.893| 0.958 | -0.0645| 1.634 | -0.02507| -0.429
CigH3s 751.756| 0.951 | -0.0698| 1.778 | -0.02716| -0.427

CooHa2 754.988| 0.944 | -0.0781| 2.102 | -0.03108| -0.423
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by weighting. The accuracy of the determined mass is 0.008bigthe investigated mixtures
we obtained always a linear relation between the densitylathass fraction. From the cal-
ibration curve the mass expansion coefficiBnt (1/p) (dp/dc) is obtained. An example
for the mixturen-decaneat-pentane is shown in the figure 3.1a .

We determine the stationary mass separation between thertdsof the column using
the following expression:

_Lz0p
- Bpoz

wheredp/0dzis the vertical density gradient along the TC. The densigdgmtdp/dzis

Ac (3.3)

obtained from five samples which are equally distributech@lthe height of the TC. In all
studied mixtures the variation of the density with heighlingar. A typical experimental
result is shown in figure 3.1b.
The stationary state is determined by the following expoeg0]:
9!(L,v)?D

" lgnaaTi? 34

wheret; is the relaxation time andiT is the applied temperature difference between the two
vertical walls.AT has been adjusted tG@, although in the stationary state the mass separa-
tion is independent of the applied temperature gradier8][IB/pically the time for reaching
the stationary state is 5 times the relaxation time. We heypeated each measurement at least
3 times and in one measurement we waited 15 times the redaxtitne. All experimental
results agreed with 2%, which indicates that the chosen firag been long enough to reach
the stationary state.

Figure 3.1c shows the mass separation of the mixtoréscanai-pentane at different
initial mass fractions. The separatifin shows a maximum at a mass fractiomedecane at
c=0.6.

TDFRS:

The thermal diffusion behavior of the solutions was invgestied by thermal diffusion forced
Rayleigh scattering (TDFRS). A detailed description of ge¢-up can be found elsewhere
[109].
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The heterodyne diffraction signéle is evaluated by the equation,

an\ ' /on 2
=142 M sc(1-c (1—e‘th), 3.5
Gatt) =1+ (57) (50 srea-o) @5
with the refractive index increment with concentration ahstant pressure and temperature
(dn/dc), the derivative of the refractive index with temperaturecanstant pressure and
concentratior{dn/dT) and the collective diffusion coefficiebt.

3.2.3 Density measurements

The thermal expansioa, the mass expansigh and the density of all the mixtures have

been measured with an Anton Paar DMA 5000 vibrating quartatiddensimeter. It has a
reproducibility of 1: 10-8g/cm® with a temperature accuracy a01°C. The sample volume
needed to make one density measurement is roughly 1.5 mlthEn@ophysical properties
of all studied mixtures are shown in Table 3.1.

3.2.4 Viscosity measurements

The dynamic viscosity has been determined by a HAAKE falliadl viscosimeter with an
estimated accuracy af1%. The temperature stability i50.1°C. The volume needed to
make one viscosity measurement is approximately 40 ml. Yhamic viscosityu listed in
Table 3.1 are the average of at least 8 individual measuresméith typical standard deviation
below 1%.

3.2.5 Refractive index increments

An Anton Paar RXA 156 refractometer has been used to medseirefractive index incre-
ments with the mass concentratigin/dc) (see Table 3.1). It has a repeatability oflD—>

and the temperature accuracyti.01°C. The volume needed to make one measurement is
less than 1 ml. For all investigated temperatures and cdrat&ms we find a linear depen-
dence of the refractive index on concentration if the terapee is fixed or on temperature

if the concentration is fixed. For all mixtures we determitteel(dn/dc) values. We would

like to point out that the refractive index increments wittncentration, which had been
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Table 3.2: Thermal diffusion coefficients (1%m?s K1) for n-decane inn-pentane at
T =27°C. D]°FR%1 andDS NEMPev. refer to experimental data and simulation results in the

. G
center—of-volume—reference frame, respectively [1n)$f”ara, D; " andDIPFRShave been

measured by parallelepipedic TC, cylindrical TC and TDFR®.details see the text.

X c D$DFRS)Id DT&NEMDC.V. D$Cpara D$C°y' DIDFRS
(Ref. [113]) | (Ref. [113])
0.10| 0.180 - - - 11.99+ 0.5 -
0.20| 0.332| 9.284+0.75 | 13.30+ 0.97 | 10.49+ 0.03 | 10.36+ 0.5 | 10.81+ 0.7
0.34| 0.180 - - - 9.37+ 04 -
0.50| 0.663| 7.54+0.61 | 10.42+2.34| 8.76+0.03 | 8.67+04 | 9.11+0.6
0.64 | 0.780 - - - 756+ 0.3 | 8.11+0.7
0.80| 0.886| 7.18+0.59 | 10.16+1.50| 6.76+0.02 | 6.92+0.3 | 7.75+0.6
0.90| 0.945 - - - 7.02+ 0.4 -

determined for the mixtura-decanei-pentane in the previous work [113] by an Abbe re-
fractometer agreed with the new values within the error.bars

For the TDFRS measurements for all mixtures except for teeesyn-decaneai-pentane
(dn/dT) was directly measured by an interferometer. In the case-décanei-pentane
(dn/dT) the reliability of the refractometer was better, becausetduhe long measurement
time in the interferometer pentane evaporated partly, iwkéad to concentration changes
during the measurement. The contrast factdrs/dc) and(dn/dT) for two groups of mix-
tures are listed in Table 3.1.

3.3 Results and discussion

3.3.1 Thermal diffusion behavior of n-decane in n-pentane

Figure 3.2 shows the thermal diffusion coeffici&it for n-decane im-pentane for several
mass fractions afi-decane. In gener8lt decays with increasingdecane content. The mea-
surements between the parallelepipedic and cylindricaintlegravitational columns agree
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Figure 3.2: Thermal diffusion coefficie® for n-decane im-pentane in dependence of
the mass fraction afi-decane obtained by a parallelepipedic TG, (cylindrical TC (») and
TDFRS (0). For comparison we show also the previous experimenipland simulation
results in the center—of—volume-reference fram)¢{13].

typically better than 5%. We estimated the error bars forTil@eby error propagation tak-
ing into account the experimental uncertainties of the laary quantities such as viscosity
(< 1%), mass expansior(1%), thermal expansion(0.5%), variation of the density with
height in the column (typically better than 2% and 3% for iegitical and parallelepipedic
TC, respectively) and geometrical parameters (typicadtgdy than 1% and 3% for cylindri-
cal and parallelepipedic TC). The error bars for the TDFR& darrespond to one standard
deviation of the mean for repeated measurements. The ddERS data are systematically
5-11% higher than the TC data, but agree within the error. Gdrs highest deviation in com-
parison with the TDFRS data of 11% has been found for the lop@stane content. This
concentration is the one, which is most sensitive to the @ajon of pentane. The same
absolute loss of pentane leads for this concentration to @rfager relative concentration
change compared to concentrations with a higher pentartergonin both experiments a
potential loss of pentane was carefully monitored as desdrin Section 3.2.1. The expected
changes in concentration are smaller than the symbol sizaddition, the thermal diffusion
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coefficient ofn-decane im-pentane mixtures for different concentrations deviass kan
3% from the values obtained with another cylindrical coluf8j which is an independent
measurement by another group.

The old TDFRS measurements [113] are systematically 10-208ér than the present
TDFRS data and the deviation with the TC data are in the orfiBflb%. The deviations
between the two sets of TDFRS data can probably be explaypn#uetfact that at that time
the data had not been corrected by the so-called excitatiwetibn which accounts for time
delays in the electrical switching of the Pockels cell. Aailed description of the procedure
can be found in Ref. [109].

We compare also our new TC and TDFRS data with previous naitbeiyim molecular
dynamic simulation results for the systentlecanai-pentane by Perronaet al. [113] (see
Table 3.2). The simulations have been carried out in theecaftmass reference frame and
the resulting transport coefficients have been transfortméide center-of-volume reference
frame, which corresponds to the situation in the experimdie statistical uncertainty of
the simulations is in the order of 35%, while the systemagiciaions between experimental
and simulation data are in the order of 15-40%. For instancéhie equimolar mixture-
decaneai-pentane the data agree almost within the error bars.

3.3.2 Thermal diffusion behavior of n-decane in various alkane
at equal mass ratio

Additionally we performed measurements fedecane with various shorter and longer linear
alkanes. The thermal diffusion and diffusion coefficierds i-decane in various alkanes
with a mass fraction of 50% &t =25°C are listed in Table 3.3. For comparison we list also
previous thermal diffusion data, which have also been obthby a parallelepipedic TC but
with different dimensions [85]. The diffusion coefficieritem the same reference [85] have
been determined by the open-end capillary (OEC) method [8].

Figure 3.3(a) shows the thermal diffusion, diffusion ande$aoefficients for the mea-
surement with the cylindrical TC and the TDFRS set-up astfanof the molar mass of
the second component. For comparison we also show the psedata by Leahy-Dios and
Firoozabadi [85]. As expected the thermal diffusion cogdficof n-decane in shorter alkane
is positive, and therefore thedecane goes towards the cold region, while it becomes neg-
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Table 3.3: Thermal diffusion and diffusion coefficients fedecane in various alkanes at

T =25°C. In the first two columns the totals formula and the molecwieight of the second

TCCy|

component are listedDI® and DOEC refer to previous experimental data [83); ' and

DIPFRS have been measured by cylindrical TC and TDFRS. Detailsigesdn the text.

totals | DIC/10® | DOEC/10-5 | D @' /10-8 | DIPFRS/10-8 | DTOFRS/ 10-5
formula | cmPs 1K1 cmPst cmPs iK1 | cmPs iK1t cnPst
Ref. [85] Ref. [85]

CsHiz | 9.64+0.19 | 2504+ 0.20 | 9.24+0.4 | 959+0.33 | 3.19+0.04
CeHia | 7.794+0.21 - 6.71+0.3 | 6.51+0.29 | 2.69+0.07
C7His | 5.994+0.56 | 2.23+0.11| 4.37+0.3 | 5004042 | 2.61+0.20
CgHig | 3.86+0.14 | 1.844+0.18 - 351+ 053 | 257+0.27
CioHze | -1.854+0.41 | 1.18+0.12 - - -
CiaH3o | -2.654+ 0.22 | 0.90+ 0.22 - -1.854+0.46 | 0.89+0.24
CisH32 - - -2.394+0.15 - -
CigHzs | -3.354+0.09 | 0.68+0.07 | -2.47+0.15| -2.58+0.29 | 0.84+0.12
Ci7H36 - - -2.534+0.15| -2.59+0.17 | 0.75+0.07
CigHas - - 2,56+ 0.15| -2.69+0.17 | 0.73+0.05
CooHsz | -2.314+0.04 | 0.47+£0.01 | -2.65+ 0.15| -2.86+0.12 | 0.65+ 0.03
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Figure 3.3: Thermal diffusion coefficielmy, diffusion coefficientD and Soret coefficient
Sr for n-decane in different alkanes in dependence of the molar ofat® second alkane
component measured by T@&)Yand TDFRSI[({J). For comparison we show also the datg (

obtained in the previous work by Leahy-Dios and Firoozal@g. All measurements have
been performed for = 0.5 at a temperaturé = 25°C.

ative when the mass of the second component becomes laffgieh imnplies thain-decane
migrates to the warm side. The agreement between the cialdrC and the TDFRS data
is typically better than 5%.

If we compare our data with recent data in the literature,[8&] find deviations between
10-30%. Compared to those previous measurements the TGrusesl work allows a more
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accurate analysis of the mass separation between the tahebdttom of the TC due to the
smaller gap and a better precision of the gap,of 1.04+0.005 mm (c.f. 3.2.2). The TC
used by Leahy-Dios and Firoozabadi [85] had a gap.6f10.02mm. This low precision of
the gap dimensions causes an uncertainty of 5% in the detatiom of the thermal diffusion
coefficient, not regarding the propagating errors due teertamties in the thermophysical
properties, which are required to calculate the therm&lisiibn coefficient (see Eqgs. 3.2 and
3.3). For the TC used in this work the mass separation is @1&&stgreater than for the TC
used in Ref. [85]. Therefore, the difference in the thernifiision coefficient,Dy, deter-
mined with those two columns (Ref. [85] and this work) becenaeger for mixtures with a
small mass separation. This tendency can be observed fonigteresn-decanai-heptane
and n-decanai-hexadecane. In contrast to the previous measurements wie icot con-
firm the non-monotonic trend of the thermal diffusion coédfit with increasing molecular
weight of the second component. Both measurement techs)idii& and TDFRS indicate
that Dt becomes constant and therefore independent of the motegeight of the second
component. This is also the behavior, which has been obdéovénfinite diluted solutions
of polymers [145, 124].

Figure 3.3(b) shows a comparison between the diffusionfictexfts determined in the
previous study by the open-end-capillary (OEC) techniquibthe present TDFRS study. In
general the OEC data are systematically lower than for thER®data. Typically one finds
deviations larger than 30% in the entire molar mass rangheosécond compound. Typi-
cally the agreement is better for the higher molar mass coemts than the lower molecular
weight components, therefore evaporation problems mighiebponsible for these discrep-

ancies.

In Figure 3.3c we compare the Soret coefficients determiggddTDFRS method with
the previous results by Leahy-Dios and Firoozabadi [85]thBatudies show a decay of the
Soret coefficient with increasing molecular weight of thems®l component. While the pre-
vious data seem to show a vague minimum, our data do not cotifisrtren. The magnitude
of Soret coefficient calculated [85] from the thermal difuscoefficient determined by the
TC method and diffusion coefficients measured with the OE@houkis always larger than
the St values determined in the TDFRS experiment. The deviatiomgy/pically in the order
of 20-40%.
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3.4 Conclusion

In this chapter, we studied systematically binary alkareunes by two different techniques,
a convective method the thermogravitational column (T@ydjelepipedic and cylindrical
configurations) technique and a non-convective methodrtakdiffusion forced Rayleigh
scattering (TDFRS). In general we found a very good agreébeween these two methods.
Nevertheless we found some discrepancies with data peblistthe literature. The observed
disagreement between the published TDFRS [113] data fomikiaire n-decanei-pentane
is probably caused by an improved data analysis algorithimiziwaccounts for finite rising
times and slow drifts of the electro-optic devices used mdhkperiment. Additionally we
found discrepancies with recently published TC data [85F &¥sume that the reason for
the disagreement of the recent TC data is the largerLgap the previously used cell [85]
compared to the cells used in this work. The larger gap deessthe accuracy of determin-
ing the mass separation between the two ends of the TC. Tagpecially important for the
mixtures of decane, with the higher alkanes. Neither our ®Caur TDFRS measurements
showed the upward trend of the thermal diffusion coeffigi&nt, for the higher alkanes,
which was recently observed [85]. Our measurements seenditaie that the thermal dif-
fusion coefficient becomes independent of the molar masseoécond component. This
issue could certainly be further investigated by molecsilaulations as it has been done for
alkane mixtures [113] and other small molecules (c.f. Caap}.
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Mixtures of alkane in benzene:

experiment and lattice

calculations

In this chapter the thermal diffusion behavior of binary tubes of linear alkanes
in benzene has been investigated by thermal diffusion ébRa&yleigh scatter-
ing (TDFRS) for a range of concentrations and temperatuildege Soret co-
efficientSr of the alkane was found to be negative for thasskane/benzene
mixtures indicating that the alkanes are enriched in thaneamegions of the
liquid mixtures. For the investigated compositions, thegmtude of the Soret
coefficient decreases with increasing chain length aneéasing alkane content
of the mixtures. The temperature dependence of the Sortfiicdewet depends on
mixture composition and alkane chain length; the slof&-afersus temperature
changes from positive to negative with increasing chaigtlerat intermediate
compositions. To study the influence of molecular architecbn the Soret ef-
fect, mixtures of branched alkanes in benzene were alsetigated. Our results
for the Soret coefficients show that the tendency for thersdkdo move to the
warmer regions of the fluid decreases with increasing degfrbeanching. The
branching effect is so strong that for 2,2,4-trimethylaem@/benzene mixtures
the Soret coefficient changes sign at high alkane contenttzatdequimolar
2,2,3-trimethylbutane/benzene mixtures have positiveetScoefficients in the
investigated temperature range. In order to investigaeeffect of molecular
interactions on thermal diffusion, we adapted a recenteltped two-chamber
lattice model ton-alkane/benzene mixtures. The model includes the effdcts
chain-length, compressibility, and orientation deperméenf benzene-benzene

o
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interactions and yields good qualitative predictions fog Soret effect im-
alkane/benzene mixtures. For the branched isomers, wedme sorrelations
between the moments of inertia of the molecules and the Soefficients:

4.1 Introduction

Thermal diffusion or the so-called Ludwig-Soret effecta#ses the coupling between a tem-
perature gradient and a resulting mass flux. The effect hperiiant technical applications

for example in the modeling of the separation of crude oil ponents under the influence
of thermal diffusion in geological conditions [30, 57, 58} also plays an important role in

separation techniques for liquid mixtures (see e.g. Ré&.77, 179)).

According to the phenomenological equations of irrevéesihermodynamics, thermod-
iffusion in a binary fluid mixture is described by the flux ofeoof the components in response
to a temperature and concentration gradient [35]. For aanalibenzene mixture, for exam-
ple, the fluxJ of the alkane in response to a temperature gradidhntand a mass-fraction
gradientw may be written as [35],

J=—pDOw— pDrw(1—w)OT, (4.1)

wherew is the mass fraction of the alkang,is the density of the mixturd) is the mutual
diffusion coefficient, andr is the thermal diffusion coefficient of the alkane. In theashg
state § = 0) the concentration gradient is characterized by the SoefficientS; = Dy/D

of the alkane; a positive Soret coefficient of the alkaneasponds to the alkane moving to
the colder regions of the fluid [52, 181].

Thermal diffusion in liquid mixtures of non-polar fluids i;méwn to reflect a range of
microscopic properties such as the mass, size, and shape afdlecules as well as their
interactions (see Ref. [179] for a review). In mixtures ofgrdiquids, specific interactions
between the molecules dominate the thermal diffusion m®eéile mass and size of the
molecules are most important in Lennard-Jones fluids. Igoiids of non-polar molecules
that are more complex than Lennard-Jones fluids, the Sdesttefppears to depend on a
delicate balance of the molecular properties of the compisne

+ The work described in this chapter is based on J. Phys. Cheli0B6215-26224 (2006)
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This is true, in particular, for mixtures of alkanes and aatimsolvents. Debuschewitz
and Kohler [36] investigated thermal diffusion in isotopiixtures of benzene and cyclohex-
ane and found that the Soret coefficient could be written asracf three contributions:

Sr = amdM + b 8l + X, (4.2)

wheredM = (M3 — M) (M1 +Mp)~tanddl = (11— 1) (11 +12) 1 are the relative differences
of the massesM1,M2) and moments of inertid{, 1) of the molecules, respectively. The
coefficientsay andb; were found to be independent of the composition of the métlihe
third contribution,S?, reflects chemical differences of the molecules and wasddarde-
pend on the concentration and change its sign at a benzemefraction of 0.7. A further
investigation of the isotope effect [183] suggested thatahsolute rather than the relative
differences between the masses and moments of inertiacskater the expression for the
Soret coefficient so that the difference terms in Eq. (4.2)gwven bydM = M; — M, and

ol =l1—1p.

A number of studies have focused on the Soret effect in mésteontaining an alkane
or benzene as one of the components. Different experimeuahiques were applied to in-
vestigate the thermal diffusion behavior of toluene/he@B8, 46, 75], alkane/alkane (c.f.
Chapter 3), cyclohexane/benzene [36], aralkane/benzene [81, 80, 37, 46, 165, 20] mix-
tures. The three binary mixtures of dodecane, isobutykeazand 1,2,3,4 tetrahydronaph-
thalene [116] were the subject of a benchmark study to peorgtiable values for the Soret,
diffusion and thermal diffusion coefficients of these mietst Rowleyet al. [132, 131] mea-
sured the heat of transport of binary mixtures of six alkgndsexanen-heptanen-octane,
3-methylpentane, 2,3-dimethylpentane, 2,2,4-trimgtbgtane) with chloroform and tetra-
chloride in a wide concentration range at°8) Demirel and Sandler [38] combined these
data to determine values of thermal diffusion ratiks,= w(1 — w)Sy, for these mixtures.
They found that branching had a very small effect on the tlaédiffusion ratios. For mix-
tures of pentane and decane, Perroretcd. [113] determined Soret coefficients from both
experiment and molecular dynamics simulations and fouadaeable agreement between
experiment and simulations.

Thermal diffusion in hydrocarbon mixtures has also beewstigated with theoretical
models based on thermodynamic considerations. Gonzalgndiet al. [61] compared
results for the thermal diffusion factar,= T Sr, obtained from seven thermodynamic models
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for the Soret effect with experimental data for three migiirThey found that three of the
older models did not provide good results for any of the nrizguand that the remaining four
models had varying success in predicting the sign and magdmiof the thermal diffusion

factors. Part of the problem is the quality of the equatiostafe. A comparison of results
from different equations of state showed, in agreement gatttier work [70], that the partial

molar quantities have a large effect on the calculated gadii¢he thermodiffusion factors.

However, it was also found that an improvement in the repragien of the partial molar

guantities does not typically lead to improved predictiforgdhe Soret effect [61].

We focus in the present chapter on the Soret effect in binkana/benzene mixtures for
linear as well as branched alkanes. Since benzene is a vedysgpdvent for alkanes, we are
able to explore the composition as well as temperature akpee of the Soret effect. For the
n-alkanes, we expect the differences in the chain lengthdoubhr mass) to have the largest
effect; for the branched alkanes, we expect a significaateffue to differences in the molec-
ular architecture and the corresponding changes in the misroginertia. However chemical
differences will also be important since the type of coviliebonded neighbors affects the
interactions between carbon atoms (see e.g. Refs. [13B,127dddition, ordering effects in
the liguid may play a role. Interactions between benzeneouks are known to depend on
the relative orientation of the molecules (see e.g. Re#8,[191, 176, 23]). In the benzene
solid at atmospheric pressure, the relative orientatiobemizene molecules corresponds to
the “T” configuration [148, 191], where the rings of the malkss are perpendicular to each
other and the center of the second molecule lies on the nahmalgh the center of the ring
of the first molecule [176, 23]. Since the melting tempemnfrbenzene (278.7 K) is close
to the temperature of the experiments, the orientation riiggrece of the interactions is ex-
pected to affect the thermophysical properties of alkaar&bne mixtures [135]. The chains
of normal alkanes also show some orientational order inithéd state near the melting
temperature [53, 21]. While this effect is expected to bdig#ae for most of the alkanes
investigated in this chapter (their melting temperatukea below room temperature) it may
affect thermodiffusion for the long-chain alkanes. Sinteliactions between molecules play
such an important role in thermal diffusion a systematiegtigation of the alkane/benzene
mixtures will aid the development of molecular models fomguter simulations, which have
recently become an important tool in the investigation ef 8oret effect (see, for example,
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Figure 4.1: Chemical structure of the investigated isom&snethylhexane (2-MH), 3-
methylhexane (3-MH), 2,3-dimethylpentane (2,3-DMP),-Qighethylpentane (2,4-DMP),
2,2,3-trimethylbutane (2,2,3-TMB), 2,2 ,4-trimethylpene (2,2,4-TMP).

Refs. [113, 130, 189, 104).

In this chapter, the thermal diffusion behavior of alkameiene mixtures is investi-
gated experimentally with thermal diffusion forced Raleigcattering (TDFRS). Experi-
ments were performed on mixtures of benzene with the linkanas heptane, nonane, un-
decane, tridecane, pentadecane, and heptadecane and&igiofners of heptane, namely 2-
methylhexane, 3-methylhexane, 2,3-dimethylpentanedidethylpentane, and 2,2,3- trime-
thylbutane, and one isomer of octane, 2,2,4-trimethykest The chemical structures of the
investigated isomers are presented in Fig. 4.1. Expersngate performed in a tempera-
ture range from 20C to 40°C and for blends with alkane mole fractionsyof 0.25, 0.5,
0.75, and 0.85 and for a mass fractionxof 0.05. The experiments yield values for the
Soret coefficientsSr, the mass diffusion coefficient®), and the thermal diffusion coeffi-
cientsDt = S;D. In order to investigate with theoretical methods the afééintermolecular
interactions on thermal diffusion, we have adapted a récdpteloped two-chamber lattice
model for thermodiffusion [90, 91] to alkane/benzene migtu In the two-chamber lattice
model, one considers a lattice system divided into two creambf equal size that are main-
tained at slightly different temperatures. Particles aee to move between the chambers,
which do not otherwise interact. The partition functionstfte chambers are calculated in
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exact enumeration and combined to yield a sum of states éosyhtem. The Soret coeffi-
cientis then determined from the difference in average asitipn of the solutions in the two
chambers. The system-dependent parameters of the modetarenined from a comparison
with thermodynamic properties of the pure components ahdwe changes on mixing. This
allows us to make predictions of the Soret coefficient as atfan of temperature, pressure,
and composition without adjustable parameters. We findghedictions from this model,
which includes the effects of chain length of the alkanes@ehtation-dependent interac-
tions of benzene molecules, are in good qualitative agraemi¢h the Soret coefficients of
linear alkane chains in benzene.

The chapter is organized as follows: in the next section, 8&; we describe briefly
the sample preparation, as well as the TDFRS experimentrenihdlex of refraction mea-
surements necessary for the evaluation of the TDFRS signaBec. 4.3 we present our
experimental results for mixtures of benzene with lineat branched alkanes. In Sec. 4.4
we describe the two-chamber lattice model that is used tdigrealues of the Soret coef-
ficients ofn-alkane/benzene mixtures and we present a comparison yptriemental data.
Appendix 4.6 contains details about the determination sfesy-dependent parameters for
the model. We discuss our results and conclusions in Sec. 4.5

4.2 Experiment

4.2.1 Sample preparation

The alkanes heptane (99,5%), nonane (99%), undecane (28&t@thylhexane (98%), 3-
methylhexane (98%) and 2,2,3-trimethylbutane (99%) werelmsed from Fluka; tridecane
(99%), pentadecane (99%), heptadecane (99%), 2,3-ditpetitane (99%), 2,4-dimethyl-
pentane (99%), 2,2,4-trimethylpentane (99%) and benBh&%o) were ordered from Aldrich.
Fig. 4.1 shows the chemical structure of the investigatexhéss. The alkane mole fraction
for all mixtures was adjusted by weighing the componentg TBFRS experiments require
a small amount of dye in the sample. All samples containedoqapately 0.002 wt% of the
dye Quinizarin (Aldrich). This amount ensures a sufficigptical modulation of the grating
but is small enough to avoid convection and contributionghefdye to the concentration
signal. Before each TDFRS experiment, approximately 2 ntheffreshly prepared solu-
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tion were filtered through 0.2m filter (hydrophobic PTFE) into an optical quartz cell with
0.2 mm optical path length (Helma) which was carefully ckhfrom dust particles before

usage.

4.2.2 Refractive index increment measurements

In order to determine the changes of the refractive indexith blend compositionv at con-
stant pressur® and temperatur&, (dn/dw)p, for each alkane/benzene system measure-
ments were performed with an Abbe refractometer for seveiglure compositions around
the desired molar fraction. The slogén/dw)p+ was then determined by linear interpo-
lation. For instance, we measured the refractive indexdges concentration in the range
between 0.35to 0.75 in order to determine the sl@p® ow)p for x=0.5. An analog pro-
cedure was used for intermediate molar fractions60.25 andx = 0.75. For measurements
at very low alkane concentrations, it is important to paerfane index of refraction measure-
ments using benzene from the same lot as is used in the TDRRSiments. The reason is
that the index of refraction of benzene is very sensitiverpdrities. Even for high grade ben-
zene we observed a range of refractive index values for pamedme (between 1.500 - 1.502
at room temperature) which may lead to significant changdsimeasured refractive index
increment for mixtures with low alkane content. For all robe¢ compositions investigated in
this chapter, the temperature derivatives at constanspresind compositiorfgn/ 0T)RW,
were determined from measurements with a Michelson int@nieter [14] in a temperature
range of 3C above and below the temperature of the TDFRS experiment.

4.2.3 TDFRS experiment and data analysis

In our thermal diffusion forced Raleigh scattering (TDFR&periments, the beam of an
an argon-ion lasen(,=488 nm) is split into two writing beams of equal intensityiethare
allowed to interfere in the sample cell (see Ref. [113] foetaded description of the method).
A small amount of dye is present in the sample and convertsntieasity grating into a
temperature grating, which in turn causes a concentratiatingy by the effect of thermal
diffusion. Both gratings contribute to a combined refraeiindex grating, which is read out
by Bragg diffraction of a third laser beamy, (633 nm).
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Figure 4.2: Typical normalized TDFRS signals for binaryiegplar mixtures of heptanil),
2-MH (»), 3-MH (<), 2,4-DMP ), 2,3-DMP k), and 2,2,3-TMB 4) in benzene at a
temperature of 30C. The solid lines represent the fits to Eq. (4.3).

Fig. 4.2 shows typical heterodyne signals of the read-@afrlaormalized to the thermal
signal. The intensityhet(t) of the signal depends on the transport coefficients and thexin
of refraction increments and may be expressed as

(dn/ow)py

Chet(t) = 1+ (On/aT)p,

Srw(1—w) (1f e‘qut) . (4.3)

whereq = 4rm/Aysin(8/2) is the grating vector, whose absolute value is determinettidy
angled between the two writing beams, the wavelengthand the index of refraction

For the determination of the transport coefficients, EQ3)(i fitted to the measured het-
erodyne signal (see Fig. 4.2) using the independently medsiontrast factor&n/ow), +
and(dn/dT), .

4.3 Results

In Fig. 4.3 we present results for the Soret coeffici&htsthe mutual diffusion coefficients
D, and the thermal diffusion coefficient®y, as a function of temperature for equimolar
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mixtures of benzene and the sixalkanes considered in this chapter. For the heptade-
cane/benzene mixture, only the Soret coefficients are sioig. 4.3 since the small ampli-
tude of the signal at the lowest temperatures preventededbiedetermination of the mutual
and thermal diffusion coefficients for this mixture. The &oroefficients of the alkanes in
Fig. 4.3 are negative which implies that the alkane molectéad to move to the warmer
regions of the fluid while the benzene molecules tend to moted opposite direction. With
increasing chain length, the Soret coefficients incredssr(magnitude decreases) and the
slope of the temperature dependence decreases becomatiyeeqd the highest molecular
weights. The diffusion coefficienfd increase with increasing temperature and decrease with
increasing molecular weight of the alkane. The chain ledgftendence of the diffusion co-
efficients is expected since the size of the alkane moleauwidghe viscosity of the mixture
increase with increasing molecular mass of the alkanes. 4&#shows the transport coef-
ficientsSr, D, andDt as a function of alkane mole fraction for mixtures of benzefite
heptane, tridecane, and the branched octane isomer #Zjagtttylpentane (2,2,4-TMP). Ex-
perimental values for three different temperatures arevaHor the Soret coefficients while
experimental data for a single temperature are shown fonthteial and the thermal dif-
fusion coefficients. For each of the mixture systems, theetSgwefficient increases with
increasing alkane concentration. For heptane and tridedae Soret coefficients remain
negative for all concentrations investigated here. Fop2J2MP, however, the Soret coef-
ficient changes sign near the alkane mole fraction of0.75 and is positive fox = 0.85.
The mutual diffusion coefficienD increases with increasing alkane concentration. Soret
coefficients of heptane/benzene mixtures have been mebstependently by Korsching
[81, 80], Demichowicz-Pigoniowat al. [37], Ecenarrcet al. [46] and Trevoyet al. [165]
The results for a temperature of 28 are presented in Fig. 4.5 as a function of heptane
concentration. The figure shows satisfactory agreementdagt the results obtained in this
chapter and those from the literature for a temperature 6f25We also considered other
temperatures and found excellent agreement with data bsckorg [80] for 35°C and with
Ecenarroet al. [46] for 37.5°C. At the same time our data for 3& are 6% smaller than
those of Bou-Aliet al.[20]. Soret coefficients for an equimolar heptane/benzeiméune at
different temperatures agree fairly well with the data régbby Trevoyet al. [165]. Fig. 4.6
shows the transport coefficierig, D, andDt for equimolar mixtures of benzene and isomers
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Figure 4.3: Transport coefficients for equimolar mixturébenzene and linear alkanes as a
function of temperature. The symbols indicate the Soreffictents Sy, diffusion coefficients

D and thermal diffusion coefficienBt of heptanel), nonane® ), undecane<), tridecane
(e), and pentadecanek() and the Soret coefficients of heptadecakkif benzene. The lines

connect the data points.

82



4. MIXTURES OF ALAKANE IN BENZENE: EXPERIMENT AND LATTICE CALCULATIONS

FI 0 i T v T v T v T '-
m¥ I & ® ]
o 3t o .
o
v 6 / —0——.‘——0—)’
L 30°C (—m————A——o—)
A R 40°C ([ 1——0O——"——C—)
R
e
Q@
o
(m)
0
X 0
" I
N -
£ O
o
o -10
e
~ -15} .
(]

000 025 050 075
alkane mole fraction

Figure 4.4: Soret coefficier@r, diffusion coefficienD and thermal diffusion coefficiemr

of heptane (squares), tridecane (circles), heptadecémaddds), and 2,2,4-TMP (triangles)
in benzene as a function of the alkane concentration. Theaogl shows results f&r at
three different temperatures as indicated. The lower gastedw results fob andDy at a
temperature of 40C. The lines connect the data points.
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Figure 4.5: Soret coefficients of heptane/benzene mixtarestemperature of 2& as a
function of heptane mole fraction. The symbols represepegmental data by (Bou-Ali
et al.[20] (), Korsching [81] ¢), Demichowicz-Pigoniowat al.[37] (A) and from TDFRS
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of heptane as a function of temperature. As in the case oirtear alkanes, the Soret co-
efficients are negative, except for the strongly branchg@zrimethylbutane (2,2,3-TMB),

which has a positive Soret coefficient. At all temperatunesfind that the Soret coefficients
increase with increasing number of side groups of the issmEhis implies that branching
decreases the tendency for the alkanes to move to the waegiens of a fluid. The diffusion

coefficients of heptane and the isomers 2-MH, 3-MH and 2,4PDivke the same within ex-
perimental uncertainty, while the diffusion coefficiente éower for the remaining isomers,
2,3-DMP and 2,2,3-TMB. Higher values of the viscosity mayé&sponsible for the smaller
values for the diffusion coefficient of 2,3-DMP and 2,2,3-BN186].

4.4 Lattice model for the Soret effect in alkane/ben-

zene mixtures

In this chapter, we describe mixtures of benzene and nortkahas with a simple lattice
model that includes the effects of compressibility andrtdéon dependent interactions be-
tween benzene molecules. Consider a simple cubic latta@dmation numbez = 6) with

N, sites of whichN, andN, are occupied by benzene and the alkane, respectively. ér tord
account for compressibility, some of the sites will be ungied so thalN_ = Np + Na+ Ny,
whereN, is the number of voids. The total volume of the lattic&/is= VN, wherev is the
volume of one elementary cube. Interactions between oedupéarest neighbor sites are
described by interaction energigg, where the subscripts indicate the occupants of the sites
(b for benzene and a for the alkane; voids are assumed to bawézeraction energies).

In order to account for the orientation dependence of intéras between benzene mole-
cules in an approximate way, we introduce an orientatiorgteke of freedom for the ben-
zene sites on the lattice. A disk on a simple cubic lattice tmagriented so that its normal
is aligned with thex, y, or zaxis. Accordingly, we assign one of three possible oriémat
to each site occupied by benzene. In order to distinguisivd®st different relative orienta-
tions, we introduce two interaction energies for benzesmezbne interactions. The energy
parameteigy, corresponds to preferred relative orientations of benzeakecules and is
lower than the parametep,, for the remaining orientations. A fractioh of the possible
relative orientations is assumed to have the lower intenaenergy. To estimate this fraction
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Figure 4.6: Soret coefficiet8r, diffusion coefficienD and thermal diffusion coefficiely

of heptane M), 2-MH (»), 3-MH (<), 2,4-DMP ), 2,3-DMP (k), and 2,2,3-TMB 4) in
benzene at a mole fraction of 0.5 as a function of the tempexalhe lines connect the data
points.
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for our lattice model, consider a disk located at the origimofdinateg0,0,0)) and aligned
with thez-axis. If the nearest neighbor sif@,0,1) or (0,0,—1) is occupied by another disk,
then two of the three possible orientations of this diskegpond to “T” configurations with
interaction energgyyp. For the nearest neighbor sites1,0,0) and(0,41,0), on the other
hand, only one of three orientations of the occupying digkdg a “T” configuration. Hence,
eight of the total of eighteen relative orientations cquaesls to favorable interactions, which
yields f = 4/9 for the fraction of preferred orientations.

Afirst approximation to the probability, that two benzene sites make a preferred contact
at a given temperaturgis given by

feBébbp
o fe—beb:p + (]_f f)e—BSbb:n ’

Pp (4.4)

wheref3 = 1/kgT andkg is Boltzmann’s constant. With a random mixing approximatio
[84] for the arrangement of the different sites on the lattiwe obtain for the internal energy

per site,u,

Z
u= D) (<p§ [ppgbb;p +(1- pp)ebb;n} + (Iégaa‘i‘ (ﬂa%gab) , (4.5)

where the energy parametexs, and &5 describe alkane-alkane and alkane-benzene inter-
actions, respectively, and whegg, @, and@, denote the fractions of lattice sites occupied
by the alkane, benzene, and voids, respectively. With tappeoximations, the canonical
partition function of the system may be written as

N N. —N
Z(NLaTv Nav Nb) = 3Nb : : :
Na Nb
z ~
x eXP{*BNLE (@BEop+ Waa+ Pa@Ean) } ; (4.6)

where an effective interaction paramefgy has been introduced,
e Péb — fePéobp 4 (1 f)e Peoon, (4.7)
From the partition function, the pressure of the system neagdbculated according to

1 /0z
p— = (2% . 4.8
BV (aNL>Na,Nb ( )
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In Appendix 4.6 we describe how the system-dependent paeasier the alkane/benzene
mixtures were determined. In the following, we use a lattiéth N_. = 5000 sites. For
a given temperature, pressure, and composition of a mixtbeeoccupation numbers,
andN, are determined by gradually filling the lattice with alkam&l@enzene sites in the
right proportion until the pressure reaches the desiredevaDue to the discrete nature of
the lattice, the targeted pressure cannot be reached exBicivever, the size of the lattice
ensures that the deviations from the target pressure haeglagible effect on the results
presented here.

4.4.1 Calculation of Soret coefficients

In order to describe thermodiffusion, we divide the lattiocto two equal chambers, A and
B, each with lattice sitedl® = NB = N_/2 but with slightly different temperature$ =
TB+ 6T. With Ny andN, denoting the alkane and benzene occupation numbers of thie wh
lattice, chambers A and B have occupation numH&$, NA'H and {NZ = Na — N, NE =
Ny — NbA}, respectively. Under the assumption that the chambers @rénteracting, the
partition function of the whole system is the product of the partition functions of the
chambersZ”ZB. A sum of state®Q may then be defined by summing over all possible
occupations of the two lattices [90]

Q = Y ZANATNANY

INANDY

X ZB(NB, T, Na — N&, Np — NBY), (4.9)

where the square brackets indicate a summation consisi#nth& total number of particles
and lattice sites.

We evaluate Eq. (4.9) by exact enumeration of all possibteipations of the chambers.
As we are performing the calculation of the terms in the sustates, we also calculate the
mass fractions of the alkane’ (N4, N2') andw®(Na — N2, Np — N{Y) using Eq. (4.15) applied
to the filling fraction of the chambers. The average massitmae” of the alkane in chamber
A is determined by the weighted sum

W= WANZ, Ng)ZA(NA, T, N2, NgY)
[N&,NA

xZB(NB, T, Ny — N2, Np — NBY), (4.10)

1
Q
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and similarly for the average mass fractiofiin chamber B. Finally, the Soret coefficient of
the alkane is calculated from

1 wW-wB

W TA_TE (4.11)

ST:7W

wherew is the alkane mass fraction of the whole system.

4.4.2 Comparison with experimental data

In Fig. 4.7 we present predictions from our lattice modekfar Soret coefficients of equimo-
lar n-alkane/benzene mixtures as a function of temperature gleement with the exper-
imental data shown in Fig. 4.3, tH& values calculated from Eq. (4.11) increase with
increasing chain length. As in the case of the experimeatia, dhe slope of the Soret coef-
ficients as a function of temperature decreases with inicrgabain length. However, at this
composition, the predicted slope 8f versusT is positive for all chain lengths whereas the
experiments show a negative slope for the longest chaine.sign of the slope is compo-
sition dependent. For low alkane concentrations, bothrthand experiment show positive
slopes for all chain lengths. As the alkane content inciedBke slope decreases and becomes
negative for the longest chains at high alkane concenirakor tridecane, for example, the
experimental data presented in Fig. 4.4 show the Soret cifito increase with tempera-
ture forx = 0.25, to be almost independent of temperaturexfer0.5, and to decrease with
temperature fox = 0.75. The calculate&r values for tridecane change from increasing with
temperature to decreasing with temperature at a highenalkantentX ~ 0.92) and only
after the calculated Soret coefficients have become pesifier heptadecane, the change in
behavior in the experimental data occurs for a concentratioaller tharx = 0.5 while the
calculated values change behavior near0.78. Fig. 4.8 shows Soret coefficients as a func-
tion of chain lengthN of the alkanes at a fixed temperature of°8for the same mixtures
asin Fig. 4.7. A comparison between theory (open symbotspaperiment (filled symbols)
shows that the model describes well the trend in the chagthetiependence but that the cal-
culatedSr values are always between 0.5 an@ ¢ 102 K~ higher than the experimental
values at this composition. In Fig. 4.9 we present Soreffimdexiits of heptane and tridecane
in mixtures with benzene as a function of composition foe¢hdifferent temperatures. The
symbols connected by dashed lines represent experimexita(ske also Fig. 4.4) while the
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Figure 4.7: Alkane Soret coefficients as a function of terapge for mixtures of benzene
and linear alkanes at a mol fraction &= 0.5 and atmospheric pressure. The solid lines
indicate values for the Soret coefficiegtcalculated from Eq. (4.11) as described in the text.
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Figure 4.8: Alkane Soret coefficients as a function of nundfexarbon atoms in the alkane
chain for mixtures of benzene and linear alkanes at a mdiifraof x = 0.5 and a temper-
ature of 30°C. The open symbols represent values for the Soret coefficedculated from
Eq. (4.11), the filled symbols represent experimental tegtdm TDFRS.
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Figure 4.9: Soret coefficients of heptane and tridecane xturés with benzene as a func-
tion of composition for three different temperatures. Thhdslines indicate values for the
Soret coefficient calculated from Eq. (4.11), the symbagbsesent experimental results from
TDFRS (see Fig. 4.4), the dashed lines connect data points.

solid lines represent Soret coefficients calculated from(Ed.1). Both theory and experi-
ment show an increase of the alkane Soret coefficients witle@sing alkane mole fraction,
X. They also show that the temperature dependence of the &teet is larger for benzene-
rich mixtures than for alkane rich mixtures, as discussea/ab As in the comparison at
fixed mixture composition, the theory reproduces the tréndbe experimental data but it
overestimates the values of the Soret coefficients. Expetiah data are most easily inter-
preted for mixtures where the alkane concentration is v@ny For dilute alkane mixtures,

the density of the mixture is close to that of pure benzenadttition, each alkane molecule
is surrounded by benzene molecules so that interactiongebatalkane molecules do not
play a role. For dilute solutions, our lattice model showsase correlation between (net)
interaction parameters and the Soret coefficient: the ritinoomponent is enriched in the
warmer regions of the fluid (and its Soret coefficient is negatwhen the contribution to

the internal energy of the mixed interaction is less negdliess attractive) than that of the
interactions between molecules of the majority compon€&hé absolute value of the Soret
coefficient decreases as the magnitude of the differeneecleat contributions from mixed
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and like interactions decreases. For mixtures dilute iaradk the relevant interaction energy
for like interactions is the average energy associated avithnzene-benzene contact

(€bb) = Pp€bip+ (1 — Pp)&biyn; (4.12)

where the probabilityy, is given by Eq. (4.4).

Figure 4.10 shows temperature dependent Soret coeffid@misixtures with very low
alkane mass fractionsv(= 0.05). The symbols represent experimental data (see Fig. 4.4)
for heptadecane, tridecane, and heptane. The solid lires clculated values for heptane,
tridecane, and heptadecane, where the curves for tridecaiteeptadecane are indistinguish-
able in this graph. The experimentswa= 0.05 mixtures yield negative Soret coefficients for
the alkanes (heptane, tridecane, and heptadecane) witbsviilat are independent of chain
length within the uncertainty of the experiment. The obsdrehain-length independence
may be due to a competition between two effects. For dildtgisms of chain molecules, one
often observes thermal diffusion coefficients that arerchangth independent [76, 179, 26]
and, since mutual diffusion coefficients decrease withdasing chain length, Soret coeffi-
cients whose absolute values increase with molecular nrasshen-alkane/benzene mix-
tures at higher concentrations, on the other hand, we obsdsolute values of the Soret
coefficients that decrease with chain length. Additionabsugements at lower and inter-
mediate concentrations would be required to test if thispetition between effects indeed
takes place. The predicted values of the Soret coefficiarfg. 4.10 are negative and sys-
tematically higher than the experimental values. The daledSy values, however, show a
chain length dependence for shorter chains and becomeendept ofN when the mixed
benzene-alkane interactions become chain-length indigmrthat is foN = 11 toN = 17
(see Table 4.1). In the present lattice model, there is neatennectivity and no distinc-
tion between alkane sites at chain ends (methyl groups) land ¢he chain (ethyl groups).
The differences between theoretical and experimentakgatuggest that such a distinction
is important.

Fig. 4.10 shows that our model reproduces the temperatyendence of the Soret co-
efficients for mixtures with low alkane content very well. drder to investigate the role of
thermal expansion, we also performed constant densityleions for these mixtures. The
inset shows as dashed lines calculdgdalues as a function of temperature for a constant
density corresponding to the density at atmospheric pregsuthe lowest temperature dis-
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played. A comparison of the results from the constant pres@olid lines) and constant
density (dashed lines) calculations shows that thermahmesipn of the mixtures with low
alkane content leads to more negative values of the Soréficieets for the alkanes. At
constant density, the calculated temperature dependétice Soret coefficients is a conse-
guence of the temperature dependence of the average er@rgnzene-benzene contact,
Eq. (4.12). The temperature dependence at constant peedsarincludes a contribution due
to the density decrease with increasing temperature. Bdunes that are rich in benzene, a
decrease in density leads to the disruption of mixed benatkaae contacts and has a sim-
ilar effect as a decrease in the magnitude of the mixed ictieraenergy, i.e. an increase in
the tendency of the alkane to move to the warmer regions ofitice The concentration
dependent Soret coefficients displayed in Figs. 4.4 andha® shat the tendency of alkane
molecules to migrate to the warmer regions of the fluid desgedthe Soret coefficients be-
come more positive) with increasing alkane concentratmnrafl temperatures and alkane
molecules investigated. When the concentrations of alkaddenzene molecules are nearly
equal, close to a weight fraction af= 0.5, the differences in the interactions between like
molecules dominate the Soret effect. Since benzene-benatractions are more attrac-
tive than alkane-alkane interactions, we observe neg&ivet coefficients for all alkanes.
(Please note that the values in Fig. 4.7 are calculated foola fraction ofx = 0.5 which
corresponds to a mass fraction of abaut 0.75 for heptadecane). Part of the concentra-
tion dependence of the Soret coefficients is due to the difiez in interaction energies for
benzene-alkane and alkane-alkane contacts. The pararimelable 4.1 show that the mixed
interactionse,y, are less attractive than the alkane-alkane interactigns Since the num-
ber of alkane-alkane contacts increases with increaskanalconcentration, and since the
difference between alkane-alkane and benzene-benzemadtibns is smaller than that be-
tween mixed interactions and benzene-benzene interactioe Soret coefficient is expected
to become more positive with increasing alkane content.dtiten, the density decreases
with increasing alkane composition and leads to a furtheneiase of the alkane Soret coeffi-
cient. For high alkane concentrations, finally, the Sorktatfis dominated by the difference
in benzene-alkane and alkane-alkane interactions. Wiéld DFRS results suggest that the
Soret coefficient of tridecane remains negative as the maxiacomes dilute in benzene, our
calculations yield positive Soret coefficients for trideeat high alkane content. This shows
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Figure 4.10: Alkane Soret coefficients as a function of terajpee for mixtures of benzene
and linear alkanes at a mass fractiomof 0.05 and atmospheric pressure. The symbols rep-
resent experimental data for heptadecang)(@idecane (gs), and heptane (£. The solid
lines represent values for the Soret coeffictentalculated from Eq. (4.11) for a pressure of
0.1 MPa for heptane (gray), tridecane (black) and heptae@adistinguishable from tride-
cane in the graph). The inset compares calculations ataoinstessure? = 0.1 MPa, (solid
lines) with calculations at constant density (dashed )ines= 869.2 kg/n? for heptane and

p = 8740 kg/n? for tridecane.
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that the effective benzene-alkane interaction at highredkeontent is more attractive than
described by our simple lattice model.

In summary, the comparison of the predictions from our tlwaraber lattice model with
the experimental values for the Soret coefficients showgtieamodel captures the trends of
the variation of the Soret coefficient with temperature,ecalar mass and composition. The
differences between calculated and experimental valeesast pronounced for alkane-rich
mixtures. There are several reasons for the increase inebiatibns between theory and
experiment with increasing alkane content. For one, thdaanmixing approximation that
we have employed in our lattice model is expected to be mgsbgpiate for mixtures with
low alkane concentrations since the concentration of bottisvand alkane sites is low for
these mixtures. As the alkane content increases at constsgure, the total filling frac-
tion decreases (with the density) and differences in theréiction energies are expected to
lead to non-random distributions of nearest neighbor atatd&urthermore, the lattice model
for the alkanes is very simple and the determination of syslependent parameters started
from benzene, allowing only two adjustable parameters srrige the thermodynamics of
the pure alkane fluids. A more sophisticated model for tharadk that allows, for example,
for different interaction energies for chain ends, sitemgla linear chain, and branch points
should lead to better description of the Soret effect foaaékrich mixtures and also allow us
to investigate mixtures of branched alkane isomers. Uufately, the available thermody-
namic data for the mixture systems investigated here arsuffitiently detailed to determine
the system-dependent parameters for models with sevéeshation parameters for alkane-
alkane and alkane-benzene interactions. However, outailatice model helps us separate
molecular mass and density effects from effects due toreiffees in molecular interactions.

4.5 Discussion and Conclusion

The thermal diffusion forced Raleigh scattering experitaéiave shown that the Soret effect
in alkane/benzene mixtures depends on the molecular masstarcture of the alkane as
well as the temperature and composition of the mixture. R@libear chains, a simple lattice
model is able to reproduce the experimental trends. For taeched isomers, however,
an interpretation of the data is more difficult. A comparigdrthe experimental data for
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branched heptane isomers in Fig. 4.6 and with those forreatichains between heptane and
heptadecane in Fig. 4.3 shows that the effect of branching@®oret coefficients is larger
than that of the molecular weight. This is not expected frbethermodynamic properties of
the pure alkane fluids; the density at a given temperaturesxample, depends much more
strongly on the chain length than on the molecular architect

The moments of inertia have been shown to make an importatilcotion to the Soret
effect for mixtures of cyclohexane and benzene isotopel @& Eq. (4.2). In order to
explore this effect we have calculated the moments of imetiout the symmetry axis,;{
for the disk-like benzene moleculelgy for the more prolate alkane molecules) using an
atomistic model for single molecules in vacuum [5]. In FiglAwe present the measured
Soret coefficients of the linear and branched alkanes at pesature of 20C and a mole
fraction ofx = 0.5 as a function of the differena® = Ixyaikane— lzzbenzene FOr the linear
alkanes, there is an almost linear correlation betwigeamd the Soret coefficients. This is not
unexpected sindgy akanegrows almost linearly with chain length as do the Soret coiefits,
which makes it difficult to separate the mass and moment afieneontributions in Eq. (4.2).
However, in contrast to what was found for the isotope misuthe coefficients in Eq. (4.2)
representing the slope of ti$g values are notindependent of composition. This suggests th
a separation into mass, moment of inertia, and chemicatibatibns is not straightforward
for the alkane mixtures.

For the branched alkanes, the moments of inggtiganeincrease with increasing number
of methyl groups much as the Soret coefficients. On the othyed lthe chemical contribution
is also expected to change with alkane architecture. Whepadng theory and experiment
for linear alkane mixtures with low alkane mass fractian= 0.05) we noted that the exper-
imental data suggested different interaction energiesdst benzene molecules and methyl
groups and benzene molecules and ethyl groups. Similardiftes are expected to hold
for interactions between different carbon groups of braddcidkane molecules [133, 27] and
between such groups and benzene molecules.
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Figure 4.11: Soret coefficients of heptane isomers andriakanes as function of the dif-
ference in principal moments of inertia as discussed ineRke fThe symbols represent ex-
perimental values for the Soret coefficients at a tempezaiti20°C and a mole fraction of
x = 0.5. The dashed lines are a guide to the eye.

4.6 Appendix: Determination of system-dependent pa-

rameters for alkane/benzene mixtures

Our lattice model for alkane/benzene mixtures has sevaemydependent parameters. In
order to determine these parameters, we consider the thgrmamic limit of the partition
function introduced in Eq. (4.6) of Section 4.4. In this linttqg. (4.8) for the pressure of the
mixtures yields
1
Bv

The filling fractions are related to the density and compasiof the mixture through

P=— 2= [In(1- @)~ 2B (BEm+ FBeat mosan) | (4.13)

G =VIaXp, @G=Vrp(1-XPp, &=1—— @, (4.14)

wherex is the mol fraction of the alkane affdis the number density of the mixture. Heve,
is the volume per lattice site and the numberandr, represent the number of lattice sites
per alkane and benzene molecule, respectively. The mag®frav of the alkane is related
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Table 4.1: System-dependent parameters for alkane/benzgturesMy, andMy,, denote

the molecular masses, andr, the number of lattice sites per alkane and benzene molecule,
respectivelygjj are interaction parameters as discussed in the textfdsdhe fraction of
favorable benzene-benzene contacts.

Lattice site volumer = 2.2348x 107> m3-mol—1

Muwb ™ Eoip Eoirn
Benzene g-mol! Jmol~t | IJmol?t
f=0.444 7811 | 3.7870 | —41424 | -226.87
Mwa la €aa &ab
Alkane g-mol~?® Jmolt | Jmol~!
Heptane 10021 | 6.1064 | —25269 | —2506
Nonane 12826 | 7.5131 | —25964 | —2526
Undecane 15631 | 8.9359 | —26487 | —2539
Tridecane 18437 | 10.311 —26594 | —2540
Pentadecang 21242 | 11755 —26968 | —2543
Heptadecane 24048 | 13.225 —27430 | —2540
to the filling fractions through
Mwa/r
W= %Mwaq/hra :v:a(l/’o"\a/'vmb/rb7 (4.15)

whereMy,a andMy,, are the molecular masses of the alkane and benzene, respechn
Eq. (4.13),e45 andeyp are the interaction parameters for alkane-alkane and elkanzene
interactions, respectively. The effective paramétgifor benzene-benzene interactions was
defined in Eq. (4.7) as exp Béw,) = f exp(—Bépyp) + (1— f) exp(—Bepyn), wheref =4/9

is the fraction of preferred contacts agg,, and ey, represent the interaction energies for
preferred and non-preferred contacts, respectively.Heoome-componentliquid benzene, we
determined the system-dependent parametets g, p andeyy,, from a comparison of cal-
culated values of thermophysical properties with tabdlagdues from the NIST Chemistry
WebBook [4] based on the equation of state by Rolal. [119]. In the temperature range
between 288 and 318 K we considered saturated liquid dessiliensities at the constant
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1.4 {Linear alkanes in benzene at 25°C
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Figure 4.12: Excess volume of alkane/benzene mixturesamhpérature of 25C and atmo-
spheric pressure. The symbols represent experimentalatdiaptane/benzene mixtures by
Kouris and Panayiotou [82], the lines represent valuesitatied from our lattice model with
the parameters in Table 4.1.

pressure oP = 0.1 MPa, and, also @& = 0.1 MPa, the combination of pressure derivatives
Cp—Cv= ﬁ‘ZT(dP/dT)%/(aP/af))T, wherec, andc, are the molar isobaric and isochoric
heat capacities, respectively. The resulting values fersffstem-dependent parameters are
presented in Table 4.1. They correspond to a good representd the saturated liquid den-
sities (root mean squared relative deviation (rmsd).5%, maximum deviation -0.78%), a
very good representation of the densities at atmosphegispre ( rmsd: 0.1%, maximum
deviation 0.26%), and a reasonable representatiay efc, ( rmsd~ 11%, maximum de-
viation -19%). The value of the volume per lattice sit®btained for benzene, was also
adopted for the pure alkanes and for all mixtures. For eatheoélkanes, the two remaining
system-dependent parameteysind e,z were determined from a comparison with tabulated
values for the density at atmospheric pressure [32, 186}lamdorresponding thermal ex-
pansion coefficients [186fy =p~1 (dP/dT)s/(dP/dp)T, in the temperature range from
288 to 318 K. The resulting values for the parametgrand ;4 are included in Table 4.1.
They correspond to a very good representation of the deggitiaximum deviation -0.12%)
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and a reasonable representation of the thermal expanséfiictents (rmsds 9—10%).
Finally, in order to establish values for the mixed intei@ttenergies,,, we consider
the excess molar voluméF of alkane/benzene mixtures

(4.16)

wherep, pa, and p, are the molar densities of the mixture, the alkane, and enze-
spectively, at the given temperature and pressure. KondsPanayiotou [82] measured the
density of benzene, heptane, and their mixtures at a tetuperaf 25C and atmospheric
pressure for a range of compositions. We determined a valug,f for heptane/benzene
mixtures by comparing values for the excess volume derinad the experimental data with
values calculated from our lattice model. In Fig. 4.12 wespra excess volumes atZ5and
atmospheric pressure for the mixtures of benzene withdialkanes considered in this chap-
ter. The symbols and the lowest solid line represent expaariad [82] and calculated values
for the excess volume of heptane/benzene mixtures, régplgcand show that the simple
lattice model reproduces the volume change on mixing welifotfunately, excess volume
data are not available for the other mixtures of benzeneaaiklanes considered in this chap-
ter. For mixtures of benzene with the evealkanes hexane through hexadecane, Awatad
al. [10] determined excess volumes at a temperature 6£2&nd atmospheric pressure. We
estimated values for the mixed interaction energies footlum-alkanes nonane through hep-
tadecane, by requiring that the excess volumes be an imtgeasction of the chain length.
The resulting values for the mixed interaction paramete¥srecluded in Table 4.1, the solid
lines in Fig. 4.12 represent values calculated with thesarpaters.
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Mixtures of branched heptane
iIn benzene: RNEMD

simulations

We studied the thermal diffusion behavior of mixtures of teme and heptane
isomers by reverse nonequilibrium molecular dynamics.nFoeeptane/benzene
mixtures we investigated the concentration dependendeeocboret coefficient.
The Soret coefficient for equimolar mixtures of the threetaep isomers 3-
methylhexane, 2,3-dimethylpentane and 2,4-dimethybrenin benzene has been
calculated. Compared to the experimental data, the sifonlagsults show the
same trend in dependence of the mole fraction and degreeanthing. The
negative Soret coefficient indicates the enrichment ofradkadn the warm side.
In the case of the heptane isomers in benzene we could stadlyflllence of the
difference in shape and size on the thermal diffusion behaticonstant mass.
In the simulation as well as in the experiment we found thaStret coefficients
becomes higher with increasing degree of branching. SullJier can not be
explained only by mass and size effects. The effect of theowutdr shape needs
to be considered additionally.

5.1 Introduction

Thermal diffusion describes the migration of molecules itemperature gradient. In the

simple case of a binary mixture with constant pressure tisexenass diffusion current

jo =—pDOXx (5.1)
+ The work described in this chapter is accepted for pubbcaith J. Chem. Phys.
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and a thermal diffusion currefit = —pD1x(1—x)OT, with x the molar fractionp the den-

sity of the liquid, and andD+ the mutual mass and thermal diffusion coefficients, respec-
tively. In the stationary state the two flows cancel and tlseltgng concentration gradient is
given by

Ox = —-Srx(1—x)dT. (5.2)

Sr = Dy/D is the Soret coefficient. A positive Soret coefficient of tieenponent with the
mole fractionx implies that this component moves to the cold region of thid fliihe main
practical applications are separation processes [145W@9] as thermal field flow fraction-
ation of polymers and colloids or isotope separation, dattarezation of geochemical pro-
cesses [66, 30] and combustion [128].

The reverse nonequilibrium molecular dynamics (RNEMD)hodthas been developed
to calculate the Soret coefficient. The energy flux is fixedH®y lhoundary conditions and
Sr can be easily calculated from temperature and concenrgtidients according to Eq.
5.2. This method has been successfully applied for invatitig of the thermal diffusion
behavior in Lennard-Jones fluids [126], methane in "supesthane [56], methane/decane
[156], methanai-alkane [55]n-pentanai-decane [113], benzene/cyclohexane [189] and wa-
ter/alcohol [104] mixtures. In the Chapter 2 we also ingsgted the thermal diffusion pro-
cess in binary mixtures of simple molecules (tetraethatedl, di-tert-buthylsilane and carbon
tetrabromide in carbon tetrachloride) by thermal diffusforced Rayleigh scattering (TD-
FRS) and MD simulations. It was found, that the componerti tie larger mass and larger
Hildebrandt parameter moves to the cold side. This is thiedypehavior of ideal solutions
of spherical molecules, for which the enthalpy of mixing &mel mixing volume are close to
zero. The Hildebrandt parameter provides a numerical astirof the degree of interaction
between materials, and can be a good indication of solubiibr organic compounds it can
be estimated according = /p(H¥2— RT)/M with the gas constant R and enthalpy of
vaporizatiorHéP,

However, this simple rule of thumb fails for alkane/benzerigtures (c.f. Chapter 4).
The heavier linear alkane always moves to the warm side. t€hidency becomes weaker
with increasing degree of branching and the highly branimder of heptane (2,2,3 - TMB)
moves to the cold side. The thermal diffusion behavior cfdinalkanes is well described by
a simple lattice model (SLM) (c.f. Chapter 4). At the sameetithe SLM is not capable
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to describe the thermal diffusion behavior of branchedradkebecause their thermodynamic
parameters such as density, heat capacity and thermals®gpaefficient are not sensitive
to the degree of branching. In this chapter we investigateddependence of the trans-
port properties versus concentration feheptane/benzene mixture and versus the degree of
branching for equimolar branched heptane/benzene misttayeRNEMD simulation. The
obtained simulation results have been compared with thefdain the TDFRS experiment.
The TDFRS method works with fairly small temperature déigces in the order of micro
to milli Kelvin and is one of the most effective methods exigttoday for investigation of
the thermal diffusion behavior of different binary mixtareThis method avoids convection
and provides accurate and reliable Soret and thermal @ifiicoefficients for different kinds
of liquid mixtures such as low molecular weight mixtures bigo polymer solutions and
colloidal suspensions [116].

5.2 Computational details

Reverse nonequilibrium molecular dynamics method has apglned to investigate the ther-
mal diffusion of alkane/benzene mixtures. A detailed desion can be found elsewhere
[189]. The intermolecular force field contained consti@ingle bending, torsional poten-
tials and harmonic dihedral potential. Lorentz-Berthetoxing rules were employed for
unlike nonbonded interactions. The force field parametarbénzene were taken from Mi-
lano et al [96]. The C-H bonds were slightly polarized in artereproduce the benzene
guadrupole moment. The same benzene model has been sultgessfd to simulated the
thermal difusion properties of benzene/cyclohexane mist(189]. For alkanes we used the
TraPPE-UA [93] force field. All CHH groups were treated as individual atoms without taking
into account electrostatic interactions. We also triedde the force field from Nath [103],
but the obtained values for the enthalpy of vaporizationenadso lower than in the experi-
ment. Chang and Sandler [27] proposed a full atom force fietdtder to solve this problem.
We are aware of the fact that the choice of the force field isiattdior calculating the thermal
diffusion properties and more sophisticated models sudilhatom force fields might be
feasible in future simulations.

All systems were simulated =303 K andP=1 atm. The YASP package [101] was
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used. The cutoff length for nonbonded interactions was inl iwhe time step was 2 fs.
First, the studied mixture was equilibrated in the cubicidation box. Then, the cell was
replicated ire-direction (Ly=Ly=L,/3 ~ 4 - 4.4nm). The diffusion coefficients were obtained
from equilibrium molecular dynamics simulations (EMD) wia runtime of 350 ps. The
self diffusion coefficienDS was calculated from the mean square displaceméntsof the
center of mass of the molecules via the Einstein relatiorune fiquids [189]

1d

S 2
D= Z—(Ar). (5.3)

The same expression has also been used the calculatedftii#fgsion in binary mixtures,
which is often denoted as tracer diffusion. The mutual giffa coefficientD,, was cal-
culated from the mean-squared displacement of the centeas$ of all molecules of one
species [189]
2

Dbz =0 (i + s ) X w2 M, (5.4)
whereD}, is the diffusion coefficient, calculated from the center afss of all molecules of
the specie$, x; andM; the corresponding mole fraction and molecular weight, eetipely
andN is the total number of moleculeBl, is equal toD?, as far as the momentum is con-
served. In Eqg. 5.1 the mutual diffusion coefficient is dedatienplified asD. The error bars
were calculated from the standard deviation amongxthyeandz components of the diffu-
sion coefficient. The heat of vaporisation was calculatethfthe intermolecular nonbonded
energyHyap = —(EM®") + RT.

All reverse nonequilibrium molecular-dynamics (RNEMDinsilations were performed
at constant NVT conditions with 960 or 1500 molecules in iheuation box. The periodic
system was divided into 20 slabs along thalirection. The average temperature 300 K was
kept constant by a thermostat of Berendsen et al. [16], mightémperature coupling time
beingt = 50 ps. The temperature gradient was created by exchanggmng Neych Steps the
center of mass velocity vector of two molecules ("coldestlecule in the hot slab one and
the "hottest” molecule in the cold slab 11) of the same kinfleAthe concentration gradient
is induced the Soret coefficient can be calculated (c.f. EQ).5or each simulation run
two values of the Soret coefficient were calculated: fromaébslof the downward branch
and from 9 slabs in the upward branch. The hottest and coddiss have been excluded
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from the analysis. The final value 6f represents the average value, the error bars reflect the
difference betweeB; from downward and upward branches.

5.3 Equilibrium molecular dynamics simulations

Fig. 5.1A shows a good agreement between the simulated gratimental [82] densities
for n-heptane/benzene mixture at different concentrationgic@jly, the agreement is better
than 1.5%. The self diffusion coefficients of benzene afmptane are 30% lower and 20%
larger, respectively than the experimental value [96, ZBf mutual diffusion coefficient for
an-heptane mole fraction of 0.25 is in satisfactory agreeméthtthe experiment, while the
other two valuesr{-heptane mole fraction of 0.5 and 0.75) are systematical§0% larger
than in the experiment. Nevertheless, the experimentad tiereproduced.

Table 5.1 shows the experimental and the simulation deasityheat of vaporization for
pure benzener-heptane, 3-methylhexane (3-MH), 2,3-dimethylpentar®& PMP) and 2,4-
dimethylpentane (2,4-DMP). The simulated densities aatisfactory agreement with the
experimental values. The branching effect has almost noenfle on the heptane density.
The vaporization enthalpies from simulations for benzemkheptane are also in satisfactory
agreement with experiment, while their values become matieally smaller than in exper-
iment with increasing degree of branching. Unfortunately,did not find the values of the
self diffusion coefficient oh-heptane and its isomers in the literature. The simulatéid se
diffusion coefficient decreases with increasing degregafithing (4.3, 4.15, 3.58 and 3.78
cn?s~ ! for n-heptane, 3-MH, 2,3-DMP and 2,4-DMP, respectively).

Fig. 5.2A and B shows the density and diffusion coefficientsefquimolar mixtures of
n-heptane and its isomers in benzene. The densities of tineted heptane/benzene mix-
tures are roughly 2% larger than for the equimolar heptameine mixture. The calculated
mutual diffusion coefficient for branched heptane/benzeixéures agrees better with the ex-
perimental values than for the equimolar mixture of heptarieenzene. More ideal packing
of the heptane isomers in benzene can be responsible famidies error bars of the mutual
diffusion coefficient.
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Figure 5.1: (A) Comparison between simulatéd) @nd experimental) [82] densities for
n-heptane/benzene mixtures. (B) Comparison between sieau{a) and experimentallf)
(c.f. Chapter 4) mutual diffusion coefficients forheptane/benzene mixtures. Tracer and
self diffusion coefficient of benzene\] andn-heptane ¥) in the mixture and in the pure
liquid, respectively. Starsk) represent the literature data for self diffusion coeffitiS of
benzene [96] and-heptane [49].
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Figure 5.2: (A) The simulated() and experimentalf) alkane densities for equimolar mix-
tures ofn-heptane and its isomers in benzene. (B) Comparison betsiweeated and exper-
imental (c.f. Chapter 4) mutual diffusion coefficients, (@) for the same mixtures and the
tracer diffusion coefficients of benzeng)(and of heptane and its isomers)( Solid symbols
refer to experimental values and open symbols to simulaésults. For clarity the diffusion
coefficient have been shifted by a small amount in the x-toac
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Table 5.1: The density and the heat of vaporization of thestigated solvents from the
experiment [1, 186], and simulations.

substancel Pexp/ | Psim/ Hexp / Hy2P 1

gecm 3 | gem3 | kImol?! | kJ mot?
n-heptane| 0.684| 0.682 36.2 33
3-MH 0.687| 0.686 35.2 27.8
2,4-DMP 0.673| 0.681 33.1 23.6
2,3-DMP 0.695| 0.690 34.1 21.9
benzene | 0.874| 0.877 34.2 32.5

5.4 Non equilibrium molecular dynamics simulations

Fig. 5.3 shows the temperature and mole fraction profileshi@en-heptane/benzene mix-
tures with a molar fraction ofpeptane= 0.25, 0.5 and 0.75. The average fluctuation of the
concentration is 8% and temperature variation is 2K in edab. sThe simulations fon-
heptane/benzene mixture Wikeptane= 0.25 and 0.5 were performed witMey—=100 and
1500 molecules in the simulation box. The simulation time Wa and 13.7 ns, respectively.
For Xneptane0.75 the exchange period was 250 and the number of molecutsulation
box was equal to 960 with a simulation time was 27 ns. For thigentration it was dif-
ficult to get a linear concentration gradient at lower exgfganumber 220 and 125. Fig.
5.4 shows the calculated Soret coefficient in comparisoh @iperimental data (c.f. Chap-
ter 4). The RNEMD reproduces the experimental trend very, wielever the simulated
values are systematicallg 3 x 103K ~1 lower than in the experiment. The same trend
was observed by Zhang et al [189] for benzene/cyclohexam&urei they found that the
simulated Soret coefficient wasx410~3K 1 lower than in experiment. We also investi-
gated the influence of the exchange number on the Soret depfffor then-heptane mole
fraction of 0.25. Increasing the exchange number from 1020 makes the temperature
gradient roughly two times smaller. Fdlycr—=200, Xheptane= 0.25 and the same simula-
tion time we have foun&r = —(1.25+ 0.15) x 10~2K~! which is roughly 29% lower than
Sr = —(9.3840.88) x 103K ! obtained forNexch = 100. For the benzene/cyclohexane
mixture with a molar fractionpenzene= 0.25 St for Nexch = 200 had also been found to be
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Figure 5.3: The temperature and mole fraction profilesitbeptane/benzene mixtures with
Xn—heptane0.25 (J, M), 0.5 (0, o) and 0.75 (A, A). The solid and open symbols refer to
9 slabs of the downward and upward branch in the simulation Biche error bars in the
temperature profile are smaller than the symbols, whichsis adflected by the overlapping
points for the upward and downward branch. The maximum draoiin the concentration
profile does not exceed two symbols sizes.
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Figure 5.4: Comparison of the simulated Soret coefficidn)sof n-heptane in benzene with
the experimental value#l (c.f. Chapter 4).

46% lower than foNexch = 100 (Ref. 189).

We also checked the influence of the size of the rectangutaulation box [x = Ly =
L,/3) on the Soret coefficient for equimolatheptane/benzene mixture. The obtained value
for 960 molecules in the simulation box aMdych = 100 is (7.144 0.4) x 10~3K ! after
10.5 ns. This resultis in perfect agreement v@th= (7.1640.22) x 103K~ (c.f. Fig. 5.4)
obtained for 1500 molecules in simulation box and the sambange number averaged over
13.7ns. Therefore, we can conclude that our simulatioreayt large enough.

All simulations for branched heptanes (3-MH, 2,3-MH and-RMP) in benzene were
performed for 960 molecules in the simulation box and witleachange rate dflexcr=100.
Fig. 5.5 shows the temperature and mole fraction profilegiigtures of the three branched
heptanes in benzene averaged over 10.5 ns.

Fig. 5.6 shows the calculated Soret coefficient in comparisith experimental data
(c.f. Chapter 4). The RNEMD reproduces experimental trezy well, however the sim-
ulated values are systematically 3 x 10 3K~1 (~ 25%) lower than in experiment. For
2,3-DMP/benzene system with the smallest Soret coeffisienperformed a second, in-
dependent MD simulation with a simulation time of 4.5 ns. Thagnitude of the ob-
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Figure 5.5: Temperature and mole fraction profiles for equémmixtures of 3-MH, 2,3-
DMP and 2,4-DMP in benzene.
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tained Soret coefficienBr = 3.2 x 103K ~1 agrees within the error bars with the value
Sr = (3.04+0.2) x 1073k~ obtained after 10.5 ns.

5.5 Discussion

In both experiment and simulation we found for equimolartonigs of heptane isomers and
benzene that the magnitude of Soret coefficient decreasesnereasing degree of branch-
ing. This result can be analyzed in terms of the work of Reitd Muller-Plathe [126].
Generally, there is no Soret effect in the mixture of absjuequal components due to the
principle of symmetry. The Soret effect is basically thepasse of the system to the differ-
ence between two mixing partners. In their work, they cosr®d binary equimolar mixtures
of Lennard Jones particles. The influence of the differenceassm, diameterg, and depth
of the interaction potentiat, on the Soret coefficient was investigated. They varied ayate
ically the ratio of one of the parameters (e.g./mp) while keeping the two other parameters
fixed and equal. By this procedure the obtained three agditmtributionsSF, S? andS; of
the total Soret coefficier8:’ stemming from the difference in mass, diameter and intienact
strength, respectively

S =SSP+ +S% (5.5)

Results indicate that heavier species, smaller speciessp@cies with higher interaction
strengths tend to accumulate in the cold region The follgvempirical laws were obtained
by low order fits of the independent parameter variations

2
- _07 (%) +95 (%) _88 for% <8 (5.6)
2
674 2) —1793(Z) r1119 for L<125 (5.7)
(op) (op) (op)
2
S —44 <ﬂ> +35 <ﬂ) 79 forf<175 (5.8)
& & &

Table 5.2 shows the mass, the size and the interaction bofitm to the Soret coefficient.
The sum of these three value$]$ compared witlsr from simulations. The mass ratio of
heptanes to benzene {fm, = 1.28) is obviously not sensitive to the degree of branching
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Figure 5.6: Comparison of the simulated Soret coefficidn)sxith the experimental values
(M) (c.f. Chapter 4) for equimolar mixtures nfheptane and its isomers in benzene.

so thatSt' > 0 is the same for all four mixtures. The size contributi¢hc@n also be con-
sidered the same as far as the density of the pure branch&ghksmgree within 2 % with
the density of pure-heptane (c.f. Tab. 5.1). Quantitatively, this contribatican be esti-
mated from the Van-der-Waals volumg¥W of two mixing partners, considering, a{l

= (VYIW/vyaW)1/3, The Van-der-Waals volume of a molecule can be determineatdiyic
increments [47]. The Van-der-Waals volume of benzene 48wl ! is less than the
Van-der-Waals volume af-heptane, 3-MH, 2,3-DMP, 2,4-DMP (78.49, 78.48, 78.47478.
cm®mol—1) (Ref. [186]). Itturns out, that the size contributiSfis negative and not sensitive
to the degree of branching. The third term in Eq. Sj5can be estimated from the vapor-
ization enthalpies of the pure components, consideginge, = H;* / H,2P (c.f. Chapter
2). For calculation o} we used the vaporization enthalpies from the simulatioris Tab.
5.1). Thus, the (constant) size contributifh< 0 dominates the (constant) mass contribution
SP' > 0 makingSr negative. $J calculated in this way varies only because of the interactio
strength differences and it was found to be a decreasingifumaf degree of branching, what
contradicts to the trend, observed by simulation and erpertally. It is therefore clear that
a simple analysis which maps the complex molecules ontolsitbennard-Jones particles is
not sufficient. This is consistent with earlier results ontzene-alkane mixtures [189]. The
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Table 5.2: The mass, the size and the interaction contoibstio the Soret coefficient (18
K~1) calculated using Eq. 5.6, 5.7 and 5.8. The sum of these torgibutions §’ is
compared with simulation result§'s

mixture S| & S| S| s
n-heptane/benzene2.23 | -5.72| 0.11| -3.38| -7.14
3-MH/benzene 2.23| -5.72| -1.68| -5.17 | -6.21
2,4-DMP/benzene 2.23| -5.72| -3.04 | -6.53 | -5.01
2,3-DMP/benzene| 2.23| -5.72 | -3.54 | -7.03 | -3.04

different nature of the benzene-benzene and alkane-alkésractions due to the benzene
guadrupole moment could also contribute to the Soret coafticHowever, the quantitative

estimation of this contribution is difficult. The branchieffect, probably, can be consid-

ered by taking into account the non - ideality of alkane/leexezmixtures caused by their
anisotropy in shape.

There is another way of interpreting the Soret effect in eofisimple molecular proper-
ties: the moments of inertia have been shown to make an imaptarontribution to the Soret
effect for mixtures of cyclohexane and benzene isotopef [B&buschewitz and Kodhler
found that the Soret coefficient could be written as a sumrekticontributions:

Sr=awdM +b ol + 2, (5.9)

wheredM = (M — M) (M1 +M,) "t anddl = (11 — 1) (11 +12) 1 are the relative differences
of the massed\(;,M;) and moments of inertidy, I,) of the molecules, respectively. A further
investigation of the isotope effect [184] suggested thatahsolute rather than the relative
differences between the masses and moments of inertiacskater the expression for the
Soret coefficient so that the difference terms in Eq. (5.8)given byoM = M; — M, and

ol =11 —15. Inthe Chapter 4 we have calculated the moments of inertatahe symmetry
axis (2 for the disk-like benzene moleculdg, for the n-heptane and five heptane isomers,
including 3-MH, 2,3-DMP and 2,4-DMP) using an atomistic rebfbr single molecules in
vacuum [5]. It was found that the Soret coefficient corredatienost increasing linearly with
the moment of inertidyy in the direction of the main chain. Based on this observation
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might conclude that the Soret coefficient is completely aeiieed by the moment of inertia,
but simultaneously with the change of the moment of inekiagdtic contribution) also the
anisometry (static contribution) of the molecule chandé® chemical contributioS} (c.f.
Eq. 5.9) can be associated with the size (Eg. 5.7) and theagtiens (Eg. 5.8) effects. Reith
and Muller-Plathe [126] have shown that it is possible tmbone Eq. 5.7 and 5.8 into a single
one which involves the cohesive energy densitiess/a*. In our case this parameter is not
sensitive to the mixture (c.f. Table 5.1), so that the chamiontribution§r (c.f. Eq.5.9)
turns out to be the same for all four equimolar heptane/benpaixtures, if we consider
experimental evaporization enthalplégy (c.f. Table 5.1).

The shape of the molecules influences their packing. Theipgclan be analyzed using
the radial distribution functions (RDF). Fig. 5.7A showe tbentre-of-mass RDF for pure
n-heptane, 3-MH, 2,3-DMP, 2,4-DMP and benzene. The chaiatitedistance at which
fluctuations in RDF disappear as well as the amplitude angddkgion of the first maximum
become larger with increasing branching and correlate thi¢hmagnitude of the Soret coef-
ficient (c.f. Fig. 5.6). For pure benzene the packing is eveser to the spherical packing
than for alkanes. The RDF, calculated between centers of nfdsenzene and alkanes in
the equimolar alkane/benzene mixtures (c.f. Fig. 5.7Bjwshbe same trend as the center of
mass RDF, calculated for pure components (c.f. Fig. 5.7Ag packing efficiency can also
be analyzed in terms of the smallest distance between sarfterasses of molecules, which
can be estimated from the integral of RDF (c.f. Fig. 5.8). MHeeptanea-heptane distance
in the pure state and theheptane-benzene distance in the equimolar mixture aresalm
equal to each other and less than the benzene-benzenedistgure state. This means that
the benzene rings orient parallel to théneptane chains and do not disturb the packing of
n-heptane significantly. In the pure state benzene moleautasge themselves in a T-shape
geometry [96] resulting in a larger distance between théecemf masses. The behavior of
the branched heptanes is different due to their increasgigbular shape. The alkane-alkane
distance in pure liquid and benzene-alkane distance in iRura becomes larger with in-
creasing branching and correlates also with the magnittitteedSoret coefficient (c.f. Fig.
5.6).

The packing effect can influence the diffusion propertiegh&f mixtures. For hep-
tane/benzene mixture the tracer diffusion coefficient aizeme is smaller than the tracer
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Figure 5.7: (A) Center of mass radial distribution functfonpure components. (B) Center
of mass alkane-benzene radial distribution function farieplar mixtures.
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diffusion coefficient of heptane for all investigated comications (c.f. Fig. 5.1 B). At the
same time their differences decrease with increasing carat@®n of heptane. This could be
due to the higher packing of benzene with heptane moleculé®iheptane rich region.

5.6 Conclusion

We applied a equilibrium molecular dynamics and the reversgequilibrium molecular-
dynamic algorithm to calculate the mutual diffusion, tnrad#fusion and Soret coefficients
in different alkane/benzene mixtures. In order to explére toncentration influence we
studiedn-heptane/benzene mixture at different concentrationglithwhally, we looked into
the influence of the degree of branching by investigatingreglar mixtures of the branched
heptanes (3-MH, 2,3-DMP, 2,4-DMP ) in benzene. The simdI&@ret and mutual diffusion
coefficients show the same trend as in experiment. Howénesjinulated values & values
are systematically: 3 x 10-3K 1 lower than in the experiment. The observed decreasing of
the magnitude o§r for equimolar alkane/benzene mixtures with branching efatkane can
not be explained by mass and size effects. Nevertheless sex\@ba linear increase &
with increasing moment of inertia, which could be purely tondtic but also due to static
contributions due to simultanous change of the anisomdttigeomolecules. The effect of
the molecular shape, which affects the liquid structureyel as kinetic properties of the
mixture, needs to be considered additionally. We have, kiewyaot found a simple relation
to take branching or, more generally, molecular shape a@otount.
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Systematic study of the thermal

diffusion in associated

mixtures

We performed systematic temperature and concentratioandigmt measure-
ments of the Soret coefficient in different associated lyinaixtures of wa-
ter, deuterated water, dimethyl sulfoxide (DMSQO), methaathanol, acetone,
methanol, 1-propanol, 2-propanol, propionaldehyde usiegso called thermal
diffusion forced Rayleigh scattering method. For some ef &ssociating bi-
nary mixtures such as ethanol/water, acetone/water and@id&er the con-
centrationxy; at which the Soret coefficient changes its sign does not @epen
on temperature and is equal to the concentratjpmwhere the Soret coefficient
isotherms intersect. While for others such as 1-propaméiy2-propanol/water
and ethanol/DMSO the sign change concentration is temperatependent,
which is the typical behavior observed for non-associatingures. For systems
with x5, = x we found thak; depends linearly on the ratio of the vaporization
enthalpies of the pure components. Probably due to theasityilof methanol
and DMSO we do not observe a sign change for this mixture. bitaireed re-
sults are related to structural changes in the fluid obsdsyadiclear magnetic
resonance, mass specrometric and X-ray experiments iit¢hatlire. Further-
more we discuss the influence of hydrophilic and hydrophptiéractions and
the solubility on thermal diffusion behavidr.

+ The work described in this chapter is based on J. Chem. R23s034505, 2008
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6.1 Introduction

Thermal diffusion describes the migration of molecules itemperature gradient. For a
binary mixture in a temperature gradiént, the enrichment of one componént is char-
acterized by the Soret coefficie®t, as

1 |Oc

Ao

(6.1)

A positive Soret coefficient of the component with the weiffaction c implies that this
component moves to the cold region of the fluid.

The main practical applications are separation procedgés P9] such as thermal field
flow fractionation of polymers and colloids or isotope seian, characterization of geo-
chemical processes [66, 30] and combustion [128]. Althotinghdiscovery of the effect
by Ludwig [89] dates back 150 years, even qualitative ptestis for liquids, which are of
practical importance, are often difficult.

Even less than 20 years ago different experimental tecksiguch as thermo gravita-
tional columns, beam deflection, utilizing diffusion cellithermal diffusion forced Rayleigh
scattering (TDFRS) gave different results for the simplganic mixture of toluene/n-hexane
[46, 75, 86]. Later the deviations could be resolved [188,a2@ additionally a benchmark
test has been initiated, to measure the Soret coeffiSieint simple organic mixtures by dif-
ferent experimental techniques [117]. In the recent ydamma$ also demonstrated that the
TDFRS method gives reliable results for aqueous systemsamgares well with other ex-
perimental techniques [78, 188, 45, 74]. But recent studiiea non-ionic surfactant by the
TDFRS technique showed, that the small amount of dye, wkieldded to convert light into
heat energy, can influence the thermal diffusion behavitn@turfactant system [110, 109].
Therefore special care needs to be taken for systems witbleamhase behavior.

Conceptually, binary mixtures of simple molecules can béléd into three groups: mix-
ture of spherical molecules without specific interactioniitures of non-spherical molecules
without specific interactions and associated mixtureshénfirst group of mixtures the com-
ponent with the larger mass or higher density moves to the siole, and this effect be-
comes stronger if the components are less miscible [179, 3&6(c.f. Chapter 2). This
empirical observations still hold for some mixtures frora #econd group [179] such as ben-

120



6. MIXTURES OF ASSOCIATED MOLECULES

zene/carbon tetrachloride [40] and cyclohexane/cartioadieloride [159] while for systems
benzene/cyclohexane [183] and benzene/alkanes (c.f.t@sapand 5) this approach fails.
In order to study the influence of molecular mass more sydieatlg binary mixtures of
unpolar solvents with cyclohexane and its isotopes hava beestigated [183]. It turned
out that the change i8r after isotopic substitution of cyclohexane, neither defsern con-
centration nor on the nature of the mixing partner. Only ia tase of polar acetorl&Sy

is approximately 30% larger but still concentration indegent. This investigation has also
been extended to a broader temperature range [185].

Associated mixtures often show a sign change of the Soréficeat with concentration
[111, 69, 92] so that the direction of the thermal diffusiangess is predominantly guided
by excess properties and not by the properties of the mixartnprs like the difference in
mass or moment of inertia. Such behavior is expected fronntéimeideality of such mix-
tures due to the hydrogen bond formation. On the other hawdstobserved that the sign
change concentration correlates with the concentratisrhath the hydrogen bond network
breaks down [109] and the concentration dependence of tiet Smefficient in aqueous sys-
tems seems to be universal [180]. Therefore it might be plessd relate the sign change
concentration with properties of the pure components aadtitucture of the mixture.

In this chapter we study the thermal diffusion behavior éfedént binary mixtures of po-
lar molecules like water, dimethyl sulfoxide (DMSO), etbgmcetone, methanol, 1-propanol,
2-propanol, propionaldehyde at different temperaturelscamcentrations. In order to inves-
tigate the mass effect normal wates®lwas replaced by £D. Particular attention has been
given to the sign change concentrations. We also lookedeainfluence of dye (basantol
yellow) on the Soret coefficient of ethanol/water mixturesler typical conditions of the
TDFRS experiments.

6.2 Experiment

6.2.1 Sample Preparation.

Methanol (99.8%), 1-propanol (99.9%), 2-propanol (99.9P8)1SO (99.7%), propionalde-
hyde (97%), deuterated water (99.96 atom % D) were purch@asedSigma-Aldrich and
ethanol (99.5%) was ordered from Laborchemie Handels-GrifdHook deionized Milli-Q
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water. All chemicals were used without further purificatidme mixtures were prepared as
follows: First a very small amount (roughly 1®wt %) of the dye basantol yellow [110],
was dissolved in the solvents. For each solution, the dpdieasity was adjusted to 2 - 3
cm! at a wavelength of 488 nm. Samples for the TDFRS measurenvenésprepared just
before the measurement to avoid evaporation. The soluti@ne directly filtered into the
sample cells (Spartan, 0.48n). The temperature was controlled by a circulating watén ba
with a temperature stability &T = +0.01 K.

6.2.2 Refractive index increment measurements.

Refractive index increments with concentrati@n/dc), + at a constant pressure and tem-
perature were measured using an Abbe refractometer. Theetatare derivatives of the
refractive index(dn/dT), . at a constant pressure and concentration were determireed in
temperature rangg + 3°C using a Michelson interferometer [14].

6.2.3 TDFRS experiment and data analysis

The principle of the TDFRS method is described elsewhereetaild [113]. An argon-ion
laser @w=488 nm) is used for writing the temperature grating into shenple. The laser
beam is split into two writing beams of equal intensity by atesplitter. An intensity
grating is created in the sample by the interference of twerldeams. A small amount of
dye in the sample converts the intensity grating into a teatpee grating, which in turn
causes a concentration grating by the effect of thermalsiifih. Both gratings contribute to
a combined refractive index grating, which is read out byradtion of a third laser beam
(Ar=633 nm).

The intensitylhet(t) of the heterodyne signal normalized to the thermal signalegted
to the Soret coefficient

Ghealt) = 1-A (1), (6.2)
with
on\ 1 /an
SENC
oT pe Jc T
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whereq is the grating vecto is the mutual diffusion coefficient anilis the amplitude of
the concentration signal.

To determine the transport coefficients, Eq. 6.2 is fittethéoheasured heterodyne signal
(c.f. Fig. 6.1a) using two contrast factai@n/dc), r and(dn/dT), . which are measured
separately. The fit residuals are generally less than 1%, fevehe mixture with the highest
dye content. However a small systematic trend can be oldewlgch is due to the dye
contribution as a third component to the concentrationaigifthose systematic deviations
vanish, if one accounts for dye contribution by a two modeyaig[110, 109](c.f. Eq. 6.3).

(@ 15F° ' -
>
@
S 40}
.
d m  dye opt. density =9.75cm™ |
e dye opt. density = 2.4 cm™
0.5
(b) ———
0.01F dye opt. density = 9.75 cm”
i) [ | m  one mode fit (Eq. 2)
g [ O two mode fit (Eq. 3)
© 0.00 5
%) i
8 - 1
-0.01}F _ . _ . N
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Figure 6.1: (a) Typical normalized TDFRS signals for an ethé,0 mixture &, = 0.954)
at different dye optical densities OD=9.8 cin(l) and OD=2.4 cm? (1), respectively. (b)
The residual plot according to the one mode (Eq. Bpand the two mode analysis [109]
(Eq. 6.3,0) for ethanol/DRO at a high dye content (OD=9.8 crfj.
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Chet(t) = 1— Atast (]_ — e*qufastt)
—Asiow (1 - e_quslowt)

Now we want to study in more detail the influence of the addedlatyd the influence of the

(6.3)

laser intensity. Ideally the dye is inert, which means that¢ is no photo bleaching and no
dye contribution to the diffraction signal. In order to syutie dye influence, we varied the

optical density between 2 cmh - 10 cnm ! and investigated the thermal diffusion behavior of
ethanol/BO and ethanol/BD mixtures with a water mole fraction of 0.697 and 0.954.

Fig. 6.1a shows the heterodyne signal for ethanglfor two different optical densities.
The dependences of both amplitude and diffusion coefficierdus dye optical density for
ethanol/O (molar fraction of water,, = 0.954) are presented in Fig. 6.2, respectively. The
contribution of the dye as a third component becomes weakbrdecreasing dye content
and disappears at low optical densities to the extend thabarode analysis is no longer
possible.

The increasing amplitude with dye content could be either tduscreened electrostatic
interactions by the charged dye molecules or due to corareptbblems, because the increas-
ing dye optical density leads also to a larger temperatwadignt. In order to investigate the
role of convection we performed also laser intensity depahtheasurements at constant dye
content (c.f. Fig. 6.3). Extrapolation of both amplitudelatiffusion coefficient to zero dye
optical content (c.f. Fig. 6.2A0p_o = 0.431,Dop_o = 7.07x 10 %cn?s™? ) and to zero
laser intensity (c.f. Fig. 6.30\op_0 = 0.429, Dop_o = 7.14 x 10 %cn?s 1) agree within
0.5% and 1%, respectively. Therefore it is sufficient for glg@ieous systems to perform in-
tensity dependent measurements at a low optical densityndrd.5 and extrapolate to zero
laser intensity. At the same time, the quantitative esiimnatf each contribution, convection
and screening electrostatic interactions by dye moledsild#ficult.

6.3 Results

We performed systematic measurements of the Soret coeffidigifferent associated mix-
tures at different temperatures as a function of conceatraFig. 6.4 shows the Soret coef-
ficient for ethanol/water mixtures at different temperatuiand concentrations. Figure 6.4a
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Figure 6.2: Careful check of the influence of the dye on theaigAmplitude and diffusion
coefficientD of ethanol/DO mixtures &y = 0.954) as a function of the dye optical density.
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shows the influence of the temperature and Fig. 6.4b theteffdéloe isotopic substitution of
H,0 by D,O. A positive Soret coefficient indicates that the ethandiemales tend to move to
the cold side. There are two characteristic points in Figatthe molar fraction of the solvent
Xs at whichSy changes its signgt = 0.142 and the concentration at whi8his not sensitive
to the temperature = 0.142 in the investigated temperature range betvileen25°C and
40°C. In contrast to non-associated mixtures [185] both coma&ans are the same for this
aqueous mixture. The isotopic shifthS; = 0.85x 103K 1 (Fig. 6.4b) does not depend on
the concentration which is in agreement with the resultsifor-associated mixtures [183].

The data for DMSO/water are presented in Fig. 6.5 in the saayeas for ethanol/water.
Fig. 6.5a shows the temperature influence and Fig. 6.5b teeteff isotopic substitution. A
positive Soret coefficient for DMSO in water implies that DM$nolecules accumulate at
the cold side. The sign change concentration is also fomtigure not sensitive to the tem-
perature X = x& = 0.195) and the isotopic shift oASy = 0.42 x 10~3K~! is independent
of concentration. Compared to the system ethanol/watesigmechange concentratio& =
0.219 for DMSO/water is higher. On the other hand the isatspift ASy is larger for the
system ethanol/water compared to DMSO/water.

The Soret coefficient for 1-propanol/water at different pematures and concentrations
is plotted in Fig. 6.6. Also 1-propanol moves at low solvemtitent to the cold side, which
is indicated by a positive Soret coefficient. In contrasthie systems ethanol/water and
DMSO/water the sign change concentration depends on tetuperand is equal t&s =
0.078 and 0.108 for 25 and 90, respectively. For the investigated temperatures theg-int
section concentration of = 0.064 is lower thanz .

Fig. 6.7 shows the Soret coefficient for methanol/DMSO amdmbl/DMSO at differ-
ent concentrations and temperatures. The system metBans does not show a sign
change, while for the system ethanol/DMSO a sign changerscmnjaboub(%MSO =04
and 0.45 at 25 and 4@, respectively. For this system the sign change concéntrearies
with temperature. With increasing temperature the magdeitof Sy for methanol/DMSO
mixture decreases for all concentrations by the same anuduk®; ~ 0.5 x 103K 1. For
ethanol/DMSO the temperature effect depends on the caratiemtand an intersection point
can be observed in ethanol rich region, while the system anetlDMSO does not have an
intersection point at all.
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Figure 6.4: (a) Soret coefficie of ethanol/HO mixtures at three different temperatures
22.5°C (W), 325°C (e ) and 425°C (A). The open symbols are data from Kolodner et. al
[78] at 20 @) and 40C (A). (b) Soret coefficiengr of ethanol/HO (<) and ethanol/BO
(M) mixtures at 22.8C.
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Figure 6.5: (a) Soret coefficie® of DMSO/D,0O mixtures at 25C (H) and 45C (A). (b)
Soret coefficiensy of DMSO/H,O [111] (@) and DMSO/BO (e ) mixtures at the tempera-
ture of 25°C. The error bars do not exceed the symbol size.
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Figure 6.6: Soret coefficiel@r of 1-propanol/water mixture at 26 (l) and 40C (A).
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Figure 6.7: Soret coefficie@r of ethanol/DMSO @, () and methanol/DMSOx(, e ) mix-
tures at different concentrations at’25(0, m) and 40C (O, e ).
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6.4 Discussion

Figures 6.4a, 6.5a and 6.6 show the Soret coefficients faneth,O, DMSO/D,O and 1-
propanol/BO mixtures at different concentrations and temperatures.ethanol/HO and
DMSO/D,0 mixtures<* = x* in the investigated temperature range, while for 1-propah®
x* # x*. In the following we discuss the characteristic points eftiermal diffusion behav-
ior and relate them with the properties of the pure companamd the mixture.

6.4.1 The effect of temperature

The observed independence of the sign change concentoattemperature for DMSO/water
mixture is supported by a recent NMR study. Mizuno et al. [@€asured the chemical shift
of water hydrogedy,o, which is related to polarization of water molecules, in elegence
of concentration and temperature. In the investigated ézaipre range between 1 - 485
the chemical shift for pure water is reached arompek 0.8. Then the chemical shift slightly
overshoots the water value indicating that DMSO stabilihesvater structure. Therefore the
stabilized hydrogen bond network forms temperature inddeet betweer,, ~ 0.8 and 1.0,
suggesting = x* in the investigated temperature range. Also for the systatoae/water

a stronger polarization of the water molecules in the vigiof acetone has been observed at
high water conter,, > 0.96 [98]. So the polarization effect occurs at higher watettent
compared to DMSO/water, but it shows in the investigatedtenaiture range no temperature
dependence. The thermal diffusion behavior of those tweegsys follows a similar trend
with respect to temperature, whereas the water conteneatiin change concentration is
higher for acetone/water than for DMSO/water.

Takamuku et al. [162] investigated aqueous solutions atémaperatures by X-ray scat-
tering. They found, that for methanol/water mixture the position of the dominant clusters
formed at 25C does not significantly change when the temperature is kxdven contrast, 2-
propanol/water shows a stronger temperature dependeacé@-gropanol the chain clusters
are enhanced in the mixture when the temperature is lowérkid. might be an indication
why for systems with stronger hydrophobic interactionssige change concentration of the
Soret coefficient can be temperature dependent.
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6.4.2 Relation between the thermal diffusion motion and a st ruc-
tural change in the fluid

At high water content for all aqueous systems studied so éemaccumulates at the warm
side. In many cases the Soret coefficient changes its sigreatain solvent concentratiod .
For the systems regarded here we observe the following segxe = 0.08,0.0950.11,0.14, >
0.18 and 0195 for 1-propanol, 2-propanol, acetone, ethanol, metheamd DMSO in water.
In the case of methanol/water the sign change concentratiold not be determined pre-
cisely from the literature data [164] and also TDFRS measergs were not possible in the
entire concentrati