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ABSTRACT

We have studied diffusion and thermodiffusion in the ternary system polystyrene + toluene + cyclohexane over the entire composition
range of the binary solvent toluene + cyclohexane and for polymer concentrations up to 0.1 mass fractions by multi-color optical beam
deflection. The polystyrene molar masses were 4.88 and 17.90 kg/mol. The inversion problem of the contrast factor matrix could be avoided
by reasonable a priori assumptions about the diffusion eigenvectors. The fast mode of the bimodal dynamics is attributed to the interdiffusion
of the two solvents at constant polymer concentration, whereas the slow mode is due to the diffusion of the polymer with respect to the binary
solvent. The amplitude of the fast mode vanishes in the pure toluene and the pure cyclohexane limits of the mixed solvent. The amplitude
of the slow mode increases with polymer concentration. The composition and temperature dependence of the slow diffusion eigenvalue, the
hydrodynamic correlation length, and the Soret coefficient of the polymer reflect the transition from a good to a theta solvent with increasing
cyclohexane content and with decreasing temperature. Due to cross diffusion, cyclohexane reverses its migration direction between the fast
and the slow mode, leading to a positive thermodiffusion but a negative Soret coefficient. The polymer thermodiffusion coefficients during
the slow mode vary by approximately a factor of two, depending on the solvent composition. Rescaling with the solvent viscosity collapses all
data onto a single master curve with an extrapolated value of 7D ~ 6 x 10™"* Pa m* K™ in the dilute limit. This value is well known from
various other binary polymer/solvent mixtures.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176432

I. INTRODUCTION

Thermodiffusion of polymers in solution has puzzled
researchers since the early experiments by Debye' and the pio-
neering work performed in the group of Giddings.”” One of the

Experiments on semidilute and concentrated polymer solutions
with temperature gradients are scarce.””*” While collective diffusion
is sped up in the semidilute regime, as predicted by the blob model,
thermodiffusion is not affected by chain overlap and entanglements.
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most surprising findings is certainly the molar mass independence
of the thermophoretic mobility (thermodiffusion coefficient) of
the polymer” " in the dilute limit. Polymer thermodiffusion, in
particular at finite concentrations, has remained an intriguing and
controversial problem that touches very fundamental questions
of polymer dynamics. Despite its molar mass independence, Dr
is not a property of the monomer but rather of correlated units
of the size of the Kuhn segment.'”""” Surprisingly, a high molar
mass plateau value of 7D, ~6 x 107° Pa m*> K", with 5 being
the solvent viscosity, is common to all investigated polymers with
sufficiently large Kuhn segments above ~1 kg/mol, irrespective of
the solvent.'®!” For short chains and oligomers, Dy can take almost
arbitrary values, as known for small molecules, and even change its
sign.

At high concentrations of polystyrene (PS) in toluene, a binary
system with a high T,-contrast, the glass transition is approached
along the concentration axis and slows down both Fickian diffusion
and thermodiffusion. Microscopic friction cancels out and does not
affect the Soret coefficient, which is blind against the glass transition
and nicely follows concentration scaling from the blob model.”

So far, thermodiffusion research on polymers has been con-
cerned mainly with binary systems, i.e., a polymer dissolved in a
pure solvent. Only few works on ternary systems exist with a poly-
mer in a mixed solvent.”"”” Ternary mixtures have been studied
almost exclusively for small molecules, in particular in the context
of the DCMIX microgravity project of ESA.”® Their thermodiffu-
sion behavior is significantly more diverse than the one known
from binaries and unexpected findings have been reported. Singular
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points inside the ternary Gibbs triangle could be identified for mix-
tures of water, ethanol and triethylene glycol, where all three Soret
coefficients vanish simultaneously.”” Curiously, due to cross diffu-
sion effects, it can even occur that the thermodiffusion and the Soret
coefficient have different signs.”*”’

Measurements of the Soret effect are typically performed by
means of optical techniques.”’ For ternary mixtures, traditional
experiments with a single detection light source do, however, not
yield sufficient information to determine the changes of the two
independent composition variables. To fully analyze a ternary mix-
ture in an optical experiment, it is necessary to measure with two
different detection wavelengths and to rely on the dispersion of
the refractive index to transform the results from the refractive
index to the concentration space.’"”” For this purpose, the so-called
solutal contrast factor matrix needs to be inverted, which is fre-
quently ill-conditioned and, as a consequence, greatly amplifies the
experimental uncertainty.

In the following we report on measurements of polystyrene
(PS) in the mixed solvent toluene (Tol) and cyclohexane (cHex)
over the entire composition range of the solvent and for polymer
concentrations up to ¢; = 0.1 (10 wt. %). We will circumvent the
contrast factor matrix inversion problem by resorting to reason-
able a priori assumptions about the directions of the eigenvectors of
the diffusion matrix following a procedure developed in a previous
publication.”

Il. EXPERIMENTAL

Polystyrene (PS) polymers were obtained from PSS Polymer
Standards Service GmbH with two different molar masses (PSS-
ps4.5Kk, lot ps150410, M, = 4.88 kg/mol, M., /M, = 1.04) and (PSS-
ps18k, lot ps021210, M, = 17.90 kg/mol, M,,/M, =1.03). The
solvents were Tol (toluene, VWR AnalaR NORMAPUR, article
28 676.297, purity >99.5%) and cHex (cyclohexane, VWR AnalaR
NORMAPUR, article 23 224.293, purity >99.5%). The numbering
of the components is PS/Tol/cHex as c¢1/c2/c3 with ¢3 (cHex) as the
dependent component.

The concentrations ¢; are given in mass fractions. For a better
distinction, we will use mass percent to indicate the composition of
the binary solvent, irrespective of the polymer concentration. The
ternary mass fraction is not a suitable measure for this purpose,
since these numbers change also for the solvents when the polymer
concentration is changed. As an example, a polymer with ¢; = 0.1
dissolved in a mixed solvent with composition 40:60 of Tol:cHex
corresponds to concentrations ¢1/c2/c3 = 0.1/0.36/0.54.

Measurements were performed by means of two different
multi-color optical beam deflection (OBD) setups,”””” both
equipped with interchangeable Soret cells of & = 1.20 mm height.
The two-color OBD instrument utilizes the laser wavelengths
A1 = 405.5 nm and A, = 635.0 nm and the four-color instrument
A1 =405.5nm, A; = 532.0 nm, A3 = 632.8 nm, and A4 = 935.0 nm.

The solutal contrast factors Nc;j = (dn(Ai)/0c;) T, WeTe

obtained, as described in Ref. 36, from polynomial fits to refractive
index measurements of concentration series in the ternary compo-
sition space as a function of the two independent concentrations c;
and c,. The thermal contrast factors Nr; = (9n(1:)/0T),, ., were
measured interferometrically as described in Refs. 37 and 38.
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lll. THEORY
A. Data evaluation in refractive index space

The measurement of the Soret effect in a two-color optical
beam deflection (2-OBD) experiment has been outlined in full detail
in Ref. 35. The ideas how to introduce plausible a priori assumptions
have been developed in Ref. 33. For a detailed treatment, the reader
is referred to these two publications. Here, we will only reproduce a
few essential equations.

The development of the concentration field in a ternary mix-
ture subjected to a temperature gradient VT is described by the
thermodiffusion equation in concentration space:

T (1)

We use the notation with an underscore for a 2d-vector in con-
centration space, e.g., ¢ = (cl,cz)T for the two independent con-
centrations and g} = (D'T’I,D'T,z)T for the corresponding primed
thermodiffusion coefficients. The 2 x 2 diffusion matrix D has the

eigenvalues Dy and D, and the corresponding eigenvectors v, and
v,. In this work, we choose PS (c1) and Tol (c2) as the two
independent concentrations and cHex (¢3) as the dependent one.

The signals measured in a 2-OBD experiment with the two
wavelengths A1 and A, are written, after normalization to the
respective thermal amplitudes, in vector notation as

SO =1+ M F(8), @

The vector f(t) = (f(D1,t), f(D2,t))" contains the normalized

functions f(D;,t) that describe the bimodal build-up of the con-
centration gradient.” A simultaneous fit of Eq. (2) to the two-color
signals yields six unknown parameters: the two diffusion eigenvalues
D; and the four entries M, ;i of the amplitude matrix.

B. The standard ternary method

For the transformation from refractive index to concentration
space, the thermal and solutal contrast factor matrices Ny [with
Nrjj = (0ni/OT )¢, 00,p O3] and Ne [with Neij = (Onif/0cj)e,,,1p] are
required. They are either measured in separate experiments or calcu-
lated from suitable model equations.”” Finally, the thermodiffusion
coefficients D, the Soret coefficients S} of the two independent
concentrations and the diffusion matrix D are obtained as

D=(N."' NrM)D (M Nr~' N) (3)

D =-N™'

1%

MD1 (4)

Sp=-N"' Nr M

=

Nt : ®)
As can be seen from Eq. (5), only the two asymptotic steady state
amplitudes M + M (i =1,2) are required for the Soret coeffi-
cients, without the need to resolve the bimodal time dependencies.
Different two-color optical experiments performed in differ-
ent laboratories, including the DCMIX microgravity experiments,”®
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are evaluated by variations of this approach with fitting in differ-
ent parameter spaces.’’ Nevertheless, all these procedures rely on
the transformation to the composition space by means of the solu-
tal contrast factor matrix and are more or less equivalent. Also
thermogravitational column experiments,*’ with measurement of
refractive index and density changes, fall into the same category. The
fundamental problem of this approach, which we may call the stan-
dard ternary evaluation method, is the need to invert the frequently
ill-conditioned solutal contrast factor matrix N.**

C. Fixing the diffusion eigenvectors

In Ref. 33 we have shown that the unfavorable error amplifica-
tion of the standard ternary evaluation can drastically be reduced by
reasonable a priori assumptions about the directions of the diffusion
eigenvectors.

Figure 1 shows the solutal part of the beam deflection signal as
measured with the blue laser wavelength together with fits accord-
ing to Eq. (2). In the upper part, the normalized signals are shown
for different polymer concentrations in the same mixed solvent with
equal mass fractions of Tol and cHex. A slow mode, whose ampli-
tude increases with polymer concentration, and a shallow dip at
short times are clearly discernible.

In the lower part of Fig. 1, the curve for a polymer concentra-
tion ¢; = 0.04 is analyzed in detail. The fit reveals a distinct bimodal
time dependence, corresponding to the two diffusion eigenvalues. In
general, the diffusion modes have no simple ad-hoc interpretation in
a ternary system with small molecules. In the case of large polymer
molecules in a mixed solvent, however, our assumption is that the
fast mode can be attributed to the interdiffusion of the two solvents
at constant polymer concentration, whereas the slow mode reflects
the polymer diffusion with respect to the mixed solvent of constant
composition. While this assumption is plausible, it needs further jus-
tification, which was given in Ref. 33 during the discussion of the
results.

Additional arguments can be derived from a closer inspection
of the fast and the slow mode extracted from the bimodal fit in Fig. 1
(bottom). For comparison, the signals from related binary mixtures,
namely the Tol/cHex mixture without polymer and the polymer in
the two pure solvents (PS/Tol and PS/cHex) are included in the
graph. The fast mode is very close to the signal from Tol/cHex: both
have a negative sign, similar amplitudes and almost identical time
constants. Correspondingly, the slow mode and the two binary poly-
mer solutions (PS/Tol and PS/cHex) share the positive amplitude
and similar time constants. Even more, the amplitudes of the poly-
mer in the two pure solvents bracket the amplitude of the slow mode
in the mixed solvent.

The assignment of the two diffusion modes fixes the nor-
malized diffusion eigenvectors in the space of the independent
concentrations ¢; (PS) and ¢, (Tol) to*”

0 1 1+r
vy = N PR . (6)
1 1+(1+r)°\ -1

Here, r = c3/c, is the composition ratio of the mixed solvent. The dif-
fusion matrix D in the (c1, ¢;)-space is obtained from the diagonal
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FIG. 1. Top: solutal part of the normalized OBD signal for a symmetric binary
solvent with equal mass fractions of Tol and cHex. The polymer concentration
varies between 0.02 and 0.1. The dashed lines are fits of Eq. (2). Bottom: detailed
analysis of measurement with polymer concentration ¢ = 0.04. The dashed lines
show the fit curve and separately the slow and the fast mode. For comparison
the solutal signals for the binary solvent (Tol/cHex) and for the polymer in the two
pure solvents (PS/Tol and PS/cHex) are also plotted. The early data points around
20-30 s still show some influence from the temperature switching and have been
excluded from the fit. Wavelength A1 = 405.5 nm, & = 25 °C. Polymer molar mass
M., = 4.88 kg/mol.

diffusion matrix D according to D =V D V7!, where the trans-
formation matrix V = (v,,v,) contains the eigenvectors as column
vectors. o

Once the diffusion eigenvectors are set, the asymptotic steady
state concentration change 6C« ; in the directions of the eigenvector

v is obtained from the measurement with a single wavelength A;:

M; 8T

0Cooj =
/ V1jNeit [N7ii + V2iNeio /Nrii

7)

Contrary to the six fit parameters obtained from a two-color mea-
surement, a single-color experiment yields only four of them: the
two amplitudes M;; and M;, and the two diffusion eigenvalues D;
and D,.
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The concentration changes §Ceoj can be projected onto the As always, the sum of all three coefficients is zero, which holds
c1- and the ¢;-axes. Since the index j = 1 corresponds to the fast and in any case due to mass conservation:
j =2 to the slow mode, the partial primed Soret coefficients for the
two modes and the total primed Soret coefficient of the asymptotic fast rslow 3., _
steady state of the entire ternary system are Z Sti” = Z St =2, 81i=0 (14)
i=1 i=1 i=1
f 1 . 6Coot | V11 3 3 3
T A ® Dfft =3 DM =Y Dy =0 (15)
Va i=1 i=1 i=1
Besides that, there are some additional relations that follow from the
g /slow _ Lo sow _ 0Coo [ V2 ) directions of the diffusion eigenvectors:
= 6T = 5T \ vy,
/fast /fast
St3 = -S12 (16)
&,:Sl’faSt+Sl’S10w:—$¥8Coo. (10)
ST =0 (17)
The corresponding primed thermodiffusion coefficients are
&/ fast _ Dl Sl, fast (11) Slrs,lgw _ rS?}gw (18)
Dy ¥ = Dy 8¢9 (12) SEPY = —SES (1 +7) (19)

Finally, effective binary Soret coefficients (without “prime”) are
D, 0 defined for the two modes by introducing suitable concentration
(13) prefactors:*’

1
Sit= — S (i=2,3) (20)
Since the entire process is a ternary one, whereas the fast and €263
the slow process are effectively binary in nature, there exist sev-
eral relations between the Soret and between the thermodiffusion slow 1 rslow
: Sti = ———~ S 1)
coefficients of the three components. ci(c+c3)
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FIG. 2. Left: amplitude M, of the slow mode as a function of PS concentration ¢, for different solvent compositions Tol:cHex in percent. Right: amplitude My4 of the fast mode
as a function of Tol concentration c, for different polymer concentrations ¢4. Temperature 6 = 20 °C. Polymer molar mass M.,,, = 4.88 kg/mol.
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Relations equivalent to Egs. (16)-(21) hold also for the thermodiffu-
sion coefficients. Suitable concentration prefactors for the definition
of transformation invariant Soret and thermodiffusion coefficients
of the entire ternary process have been developed by Ortiz de
Zéarate* and have been employed for the case of a polymer in a
mixed solvent in Ref. 33.

IV. RESULTS AND DISCUSSION

Measurements have been performed at four different tempera-
tures (20, 25, 30, and 35 °C) over the entire composition range of the
binary solvent and for polymer concentrations ranging from ¢; = 0
to ¢ = 0.1 in steps of dc; = 0.01. The evaluation of the raw data was
performed as explained in Fig. 1.

The amplitudes of the two modes are plotted in Fig. 2 as a
function of polymer concentration and solvent composition, which
clearly supports our mode assignment. The slow mode vanishes
for vanishing polymer concentration, whereas the fast mode van-
ishes in the two binary limits of the neat solvents. Furthermore,
the amplitude of the fast mode neither depends on the concen-
tration (Fig. 2 right) nor on the molar mass (not shown) of the
polymer.

ARTICLE pubs.aip.org/aipl/jcp

A. Diffusion coefficients

Figure 3 presents the two diffusion eigenvalues for the fast and
the slow mode of both polymer molar masses, measured at a tem-
perature of 6 = 20 °C. The measurements at the other temperatures
show somewhat shifted values but generally the same picture.

The fast mode (D; ) shows a significantly larger scatter, which is
owed to the small amplitude of this mode, in particular for asymmet-
ric solvent compositions. Its separation from the much stronger slow
mode becomes more difficult with increasing polymer concentra-
tion due to the increasing amplitude of the latter. The first points, at
c1 =0, are the diffusion coefficients measured for the binary
Tol/cHex mixtures. Within the, admittedly significant, noise level,
there is neither a systematic influence of the polymer concentration
nor of the molar mass. Furthermore, D; is identical to the diffu-
sion coefficient of the binary solvent mixture of the corresponding
composition, in agreement with our initial assignment of the two
modes. There is also a good agreement with a literature value for
the diffusion coefficient of the binary solvent of symmetric compo-
sition, where D = 1.79 x 10> m?*/s at = 25°C has been reported
in Ref. 44 as compared to D; = 1.67 x 10™° m?/s at @ = 20 °C in our
experiments for the same mixture.
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FIG. 3. Diffusion eigenvalues D; (top row) and D, (bottom row) for PS of 4.88 kg/mol (left column) and 17.90 kg/mol (right column) as function of PS concentration ¢
in different solvent compositions (Tol:cHex in percent). Temperature 6 = 20 °C. The values for ¢4 = 0 in the upper row are the diffusion coefficients of the binary solvent
mixtures.
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Due to the larger amplitude of the slow mode, there is much
less noise on the D, values, which show a distinctly different pattern
from the faster eigenvalue D;. The slope of D;(c;) monotonously
changes from positive in the good solvent toluene to negative in the
theta solvent cyclohexane. The effect is more pronounced for the
longer chain length.

Since the diffusion coefficient depends on both a frictional
and a thermodynamic contribution, it is advantageous to factor out
the influence of the viscosity, which is responsible for the vertical
shift of the different D, values in the limit of vanishing polymer
concer}'greﬁ[ion. A suitable quantity is the hydrodynamic screening
length™

 keT
h= 671’11()DC’

(22)

where kg and 1, are Boltzmann’s constant and the solvent viscosity,
respectively. In the limit of infinite dilution, £, becomes identical to
the hydrodynamic radius of a single coil. Based on our assumptions,
the cooperative diffusion coefficient D, is equal to Ds.
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Figure 4 shows &, as obtained from the D, values in Fig. 3.
The hydrodynamic radii in the infinite dilution limit are practically
identical for every solvent composition. Only for pure cyclohexane
(0:100) the value is somewhat lower. This effect might be caused by
a slight shrinkage of the polymer coil due to the poorer solvent qual-
ity, but it is not very pronounced and barely exceeds the error level
due to the relatively short polymer chains investigated. The slopes
d&,/dci(c1 = 0) from the upper row in Fig. 4 are plotted in the lower
row as a function of the cHex concentration for the four investigated
temperatures.

The steep increase of the hydrodynamic correlation length
with increasing cyclohexane content and polymer concentration,
in particular for the longer chains, reflects the approach to the
coexistence line and the spinodal. The phase diagram of PS/cHex
shows a lower miscibility gap and a theta temperature of 307.25 K
(34.1°C) for infinite chain length and vanishing polymer concen-
tration.”® The coexistence curve shifts towards lower temperatures
and higher polymer concentrations with decreasing chain length of
the polymer.”” '
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FIG. 4. Top: Hydrodynamic correlation length &, for PS of 4.88 kg/mol (top left) and 17.90 kg/mol (top right) as function of PS concentration ¢ in different solvent compositions
(Tol:cHex in percent). Temperature 6 = 20 °C. Bottom: slopes of &, (¢1) from plots in top row plotted as a function of the cyclohexane content c; of the binary solvent for

different temperatures.
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Siporska et al. have determined the coexistence curves of PS
in cyclohexane for molar masses between 25 and 13 200 kg/mol.”*
They have provided a parametrization ¢.(My,) = 7.16 x M for
the critical volume fraction and 1/T. = a + b/\/M,, for the criti-
cal temperature. The parameters a = 0.00326 and b = 0.0478 are
not given in Ref. 52 but have been calculated from a fit to the
reported data. By extrapolating to lower molar masses, and convert-
ing from volume to mass fractions by ¢1 = ¢,p,/(¢,p, + ¢,p,) with
p, = 1050 kg/m’ and p, =780 kg/m’, the critical points for
our PS/cHex solution are obtained as (¢, =0.284, c.=0.348,
T, = 253.25 K) for M., = 4.88 kg/mol and (¢, = 0.173, ¢, = 0.219,
T. = 276.16 K) for M., = 17.90 kg/mol. Thus, both of our sam-
ples are always in the homogeneous state above the coexistence
curve. Both an increase of the polymer concentration and a lower-
ing of the temperature, as well as a higher cHex content brings them
closer to the critical point and the spinodal, which is reflected by a
slowing down of diffusion”””* and the increasing correlation length
&, in Fig. 4.

B. Soret and thermodiffusion coefficients

The scenario concerning the Soret and the thermodiffusion
coefficients in this ternary system is very rich and space does not
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permit to discuss all aspects in detail. In the following we will focus
on some very characteristic and sometimes also surprising results
without any attempt for completeness. For illustration, some Soret
coefficients are shown in Fig. 5 for the fast mode (S75'), the slow
mode (S'TS1§’W) and the total Soret coefficient of cHex (S7;) and for
the slow mode of PS (S'flfw) The steep increase of the modulus of
S%l?w with increasing cHex content reflects the approach to the coex-
istence curve and the spinodal in the same way as the increasing
hydrodynamic correlation length in Fig. 4.

1. The signs of the Soret and thermodiffusion
coefficients

The generic behaviour of the primed Soret and thermodiffu-
sion coefficients in the case of finite concentrations of all three
components is the following:

Fast mode: the polymer does not participate in the fast mode,
during which cyclohexane moves to the cold and toluene to the hot,
irrespective of polymer concentration. Hence, S;ff‘f‘ = D;ff‘f‘ =0, both
St and D'fS' are negative, both S74' and Dif%" are positive. The
values of all coefficients are close to their values in the corresponding
binary solvent mixtures without polymer.
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FIG. 5. Selected primed Soret coefficients of PS and cHex. Fast mode (S’Tfﬁ;‘ (top left), slow mode (S;fls"w (top right) and total Soret coefficient of cHex (S7.,) (bottom
left). Slow mode of PS (S’TsvlfW (bottom right). Solvent compositions (Tol:cHex in percent), PS (M., = 17.90 kg/mol), Temperature 6 = 20 °C.
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FIG. 6. Thermodiffusion coefficient of PS for the slow mode, DST'f}W (left), and the viscosity-scaled value qDST'f’1w (right). The dashed horizontal line in the right plot marks the
universal value 7D; ~ 6 x 10~'® Pa m? K=". Solvent compositions (Tol:cHex in percent), PS (M., = 17.90 kg/mol), Temperature 6 = 20 °C.

Slow mode: the polymer migrates to the cold, the mixed sol-
vent, whose composition does not change during the slow mode,
to the hot. Hence, both S7¢™ and D™ are positive, whereas S55",
DS, SV, and DS™ are all negative.

Total: The total primed Soret and thermodiffusion coefficients
are the respective sums over the slow and the fast mode. Since the
fast mode does not contribute to the polymer thermodiffusion, it
follows immediately from the slow mode that both 7, and D}, are
positive. Since Tol migrates to the hot, both with respect to cHex
during the fast mode and with respect to PS during the slow mode,
S7,and D, are negative. A peculiar situation arises for cHex, which
migrates to the cold during the fast and to the hot during the slow
mode. This causes a sign change of S5, which is positive for very
small polymer concentrations around ¢; ~ 0.01 and negative above
(Fig. 5 bottom left). Surprising are the different signs of the thermod-
iffusion and the Soret coefficient of cHex. The sign of S7 5 is negative
whereas D7 is positive for all solvent compositions and all polymer
concentrations above ¢; ~ 0.01.

Different signs of the thermodiffusion and the Soret coefficient
are not possible in a binary mixture, which is also why the signs of
both coefficients always agree within the fast and within the slow
mode. The situation is different for ternary mixtures, where dif-
ferent signs of the two coefficients have already been reported for
the system toluene/methanol/cyclohexane.”*”’ The thermodiffusion
coefficient is a measure for the thermophoretic velocity in the homo-
geneous initial state, whereas the Soret coefficient determines the
separation in the asymptotic nonequilibrium steady state. In our
case, this means that cyclohexane first migrates towards the cold,
corresponding to the positive D'Tff?t, and then changes its migration
direction towards the hot during the slow mode. This reversal of the
direction is a direct consequence of the cross diffusion coefficient
D> in the diffusion matrix in Eq. (13).

2. The universal thermophoretic velocity

Next, we want to test the universality of the thermophoretic
mobility, as reported in the literature'®'” for binary polymer

solutions, for the case of the here discussed ternary mixtures. The
finding for the binaries was that the variation of the thermodiffu-
sion coefficient between solutions of different polymers in different
solvents is essentially a viscosity effect. The only requirement is,
that the polymers are sufficiently stiff with Kuhn segments of at
least say 1 kg/mol. PS falls into this category, where a universal
value of the product of the solvent viscosity # with the thermodif-
fusion coefficient D7 in the dilute limit assumes a universal value of
nD, ~ 6 x 10”"> Pam® K™". Surprisingly, this value depends neither
on the solvent nor on the polymer type or molar mass.

In order to test this finding, it is necessary to consider the effec-
tive binary thermodiffusion coefficient (without prime) that includes
the proper concentration prefactor and that relates only to the
motion of the polymer with respect to the mixed solvent. According
to our model, this is DI = [c1(c2 + ¢3)] ' DEYY defined in anal-
ogy to Eq. (21). The viscosities of the Tol/cHex solvent mixture were
calculated as described in Refs. 33 and 55.

Figure 6 shows the plots of DSTlf’lw and of 11DST1?1W as a function
of the PS concentration ¢; for the different solvent compositions.
For all mixtures, the dilute limits of 11D§Flf’1w collapse towards the uni-
versal value of ~0.6 x 107 Pam® K™, confirming the universality
also for the polymers in mixed solvents. Shown is only the result for
My, =17.90 kg/mol at 6 = 20 °C, but the results are almost identical
for the smaller molar mass and for all temperatures.

V. SUMMARY AND CONCLUSION

We have investigated diffusion and thermodiffusion of
polystyrene up to a mass fraction of ¢; = 0.1 in the mixed solvent
toluene + cyclohexane over its entire composition space. The OBD
signals are distinctly bimodal. The fast mode can be attributed to
the interdiffusion of the solvent. Its amplitude vanishes in the two
limiting cases of pure toluene and pure cyclohexane. The associated
diffusion eigenvalues D agree well with the diffusion coefficients of
the respective binary Tol/cHex-mixtures and are not sensitive to the
polymer concentration. The latter observation is in contradiction to
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light scattering experiments of Negadi et al., who observed a sig-
nificant decrease of the amplitude of the fast mode with increasing
polymer concentration.”®

The slow mode is attributed to the diffusion of the polymer with
respect to the mixed solvent. The small diffusion eigenvalues D are
identical to the polymer diffusion coefficients. The hydrodynamic
correlation length calculated therefrom shows a distinct dependence
on the solvent quality. It increases with increasing cyclohexane con-
tent and, hence, decreasing solvent quality. Under all experimental
conditions our system was in the homogeneous miscible state above
the coexistence curve. Both an increase of the cyclohexane content in
the binary solvent, a decrease of the temperature and an increase of
the polymer concentration bring the system closer to the coexistence
line and the spinodal, which leads to a slowing down of diffusion, an
increase of the hydrodynamic correlation length and an increase of
the Soret coefficient.

Due to cross diffusion terms between the polymer and the two
solvents, a peculiar situation arises, where the thermodiffusion and
the Soret coefficient of cyclohexane do not have the same sign. While
this is not possible in binary mixtures, it can occur in ternaries and
indicates a reversal of the migration direction of cyclohexane during
the development of the nonequilibrium steady state out of the initial
homogeneous equilibrium state.

The interpretation of the slow mode as an essentially binary
process with a fixed solvent composition allowed to compare the
ternary mixture to solutions of polymers in pure solvents, i.e., binary
mixtures. For these systems it has been found that the thermodiffu-
sion coefficient is predominantly controlled by the solvent viscosity,
provided the Kuhn segments are significantly, i.e., one order of mag-
nitude, larger than the solvent molecules. We have been able to show
that the same universality holds in the investigated ternary systems
for the product of the thermodiffusion coefficient of the polymer and
the viscosity of the mixed solvent.

All data evaluation was based on the assignment of the fast
and the slow mode to the solvent and the polymer process. This
fixes the directions of the diffusion eigenvectors in concentra-
tion space and allows to circumvent the error-prone inversion of
the solutal contrast factor matrix otherwise unavoidable in optical
experiments on ternary mixtures. As a result, the accuracy is tremen-
dously improved with errors not significantly larger than for binary
mixtures. While there is no unequivocal proof that this interpreta-
tion is correct, the resulting picture is very consistent with smooth
transitions to the binary boundaries in the ternary composition
diagram.

The ideas developed in this work and in Ref. 33 are not lim-
ited to OBD experiments but are also applicable to other techniques,
e.g., optical digital interferometry, the Selectable Optical Diagnostics
Instrument (SODI) aboard the International Space Station, thermal
diffusion forced Rayleigh scattering, thermogravitational columns,
or shadowgraphy of non-equilibrium fluctuations. A recent review
of these techniques can be found in Ref. 30. Besides polymers, also
colloids in mixed solvents are possible candidates for the here devel-
oped procedure. In any case, a clear separation and assignment of
the diffusion eigenvalues is a necessary prerequisite. Both is gener-
ally not possible in ternary mixtures of small molecules with similar
diffusion eigenvalues. For these, the inversion of the contrast factor
matrix appears unavoidable.
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