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Abstract

We present measurements of aqueous low molecular weight mixtures and aqueous macromolec-
ular solutions. The Soret coefficient St for ethanol, acetone and DMSO in water has been
measured by an optical grating technique and all systems show a sign change around a molar
fraction of water Zyater = 0.85+0.05. St for poly(ethylene oxide), poly(N-isopropylacrylamide)
and boehmite rods in ethanol/water mixtures shows also a sign change close to the same con-
centration. The occurring sign change concentration in the systems will be related to structural
reorganisations in the solvent mixture and the Hildebrandt solubility parameter. We will also
compare the experimental data within lattice calculations and simulations, which indicate that

strong cross interactions are important for a sign change of the Soret coefficient.

1 Introduction

Aqueous mixtures and polymer solutions are used extensively for industrial purposes. Also
for environmental reasons organic solvents are often replaced by water. The thermal diffusion
behavior of aqueous mixtures is quite complex and mainly dominated by specific interactions.
Some of the solute particles are even charged so that the situation is additionally complicated
by long range interactions.

Often the thermal diffusion behavior of aqueous systems is complicated by sign changes.
This is on the other hand a good chance to check the applied theories, whether they are
capable to predict the observed sign changes correctly. For some other associating systems,
already Prigogine et al. [1] explained qualitatively a sign change of St in the alcoholic mixtures
methanol/benzene, ethanol/cyclohexane and hexanol/cyclohexane using a free energy concept.

They found that a model based on potential energies of nearest-neighbor interactions alone led



to contradictions when applied to alcohol mixtures, where the Soret coefficient changes sign.
They emphasized that it is not sufficient only to discuss energetic contributions and argued
that also the entropic contributions need to be considered. By assuming that alcohol molecules
form complexes whose disruption results in a loss of local energy and a gain in local entropy,
they were able to explain qualitatively the sign change of the Soret coefficient for these systems.

Recently, Soret coefficients of aqueous solutions have been calculated by molecular dy-
namics simulations [2,3]. The obtained data for ethanol/water and methanol/water showed
quantitative agreement with experimental data. For the two other systems acetone/water and
dimethylsulfoxide (DMSO)/water a sign change of the Soret coefficient was also predicted. The
subsequent theoretical analysis in a lattice simulation revealed that large specific interactions
are required to show a sign change in the thermophoretic behavior. In this lattice model cross
interactions had to be larger than the interactions between the pure compounds in order to
observe a sign change. A similar energetic argument was also derived from a two-chamber lat-
tice calculation [4] for ethanol/water mixtures and by simulations of Lennard-Jones fluids [5].
Contrary to the alcohol mixtures examined by Prigogine [1,6] for aqueous systems the energetic
argumentation is quite successful.

There have been numerous experimental studies of water soluble polymers. In 1977, Giglio
and Vendramini found a negative Soret coefficient for poly(vinyl alcohol) in water [7]. Recently,
we investigated poly(ethylene oxide) (PEO) in ethanol/water mixtures [8,9]. It turned out that
the observed sign change of the Soret coefficient of PEO in the solvent mixture at a water weight
fraction of Zyater = 0.92 corresponded with the breakdown of the hydrogen bond network formed
in pure water by addition of ethanol. In those studies the polymer concentration was so low
(1 g/L and 5 g/L) that the observed sign change was caused by structural reorganisation in
the vicinity of polymer and not due to interactions between the polymers. A sign change of
the Soret coefficient was also observed for a diluted solution of poly(N-isopropylacrylamide)
(PNiPAM) in ethanol [10]. The obtained Soret coefficient of PNiPAM was positive for lower
temperatures (T < 34 °C), while showed a negative value for higher temperatures (T > 34 °C).
This implies PNiPAM molecules move to the cold side for lower temperatures, whereas they
move to the warm side for higher temperatures. In the investigated concentration range the
transition temperature remained constant. In contrast the Soret coefficient of PNiPAM in
water is always positive although the system undergoes a coil-globule transition indicating a
drastic change of the solvent quality conditions. Piazza and coworkers found for numerous

aqueous macromolecular and colloidal suspensions a universal characteristic dependence on
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Figure 1: Main features determining the Soret coefficient

temperature [11].

The main features that control thermal diffusion behavior are displayed in Figure 1. The
physical parameters are easily accessible particle properties such as mass, moment of inertia
and size of the considered molecule or particle. The moment of inertia is closely related to
the flexibility of the molecule and is only constant for small rigid molecules, where it might be
used as parameter characterizing the system [12]. The chemical contributions can be roughly
divided in single particle and collective contributions. Single particle contributions such as
the formation of an ionic double layer or the break-down of hydrogen bond network in the
surrounding solvent will dominate the behavior in the highly diluted regime. Measurements
indicate that the first shell of the surrounding solvent molecules, in particular, is important [13].
In concentrated solutions the interactions between solute molecules also need to be considered.
Additionally, it should be mentioned that for low-molecular weight molecules kinetic effects are
important, while for high molecular weight substances they can be neglected.

In the present paper we want to discuss the thermal diffusion behavior of aqueous low
molecular weight mixtures as ethanol/water, acetone/water and DMSO /water. The results are
compared with recent simulations. Further, we discuss polymer solutions of PEO and PNiPAM
in ethanol/water mixtures and rod like colloidal particles in the same solvent mixture. For
both systems the sign change concentration is correlated with the solvation properties of the

solution.



2 Experimental

2.1 Sample preparation and refractive index increments

The weight- and number- averaged molecular weight of PEO are M,, = 2.65 x 10° g/mol and
M, = 2.36 x 105 g/mol, respectively, determined by GPC according to a poly(styrene) cali-
bration. A dispersion of boehmite needles in demineralised water was prepared according to
Buining [14]. Transmission electron microscopy yielded an average length of 251 nm (poly-
dispersity: 40 %), and an average thickness of 8 nm. A detailed description of the sample
preparation of PEO and boehmite is given in Ref. [15]. PNiPAM was purified by a fractiona-
tion method [10]. One fraction was used in this study which had the weight-averaged molecular
weight M, = 3.0 x 10° g/mol with a polydispersity M, /M, = 1.20. Details of sample prepara-
tion and characterizations are described elsewhere [10]. In this study 1.0 g/L PNiPAM in water
was prepared [9]. The solvents acetone (Laborchemie Handels-GmbH, purity> 99.9%), DMSO
(Sigma-Aldrich,purity>99.9%) and absolute ethanol (Riedel-de Haén, HPLC-grade) were used
without further purification. Further details can be found elsewhere [16]. To all aqueous so-
lutions we added a tiny amount (roughly 1075wt) of the dye basantol yellow [17], which was
dissolved in the solvents. Typically the optical density was adjusted to 2-3 cm™! at a wavelength
of A = 488 nm. The temperature was controlled by a circulating water bath and temperature
fluctuations were always smaller than AT = 40.02 K. The refractive index increments with

temperature and concentration were determined with a Michelson interferometer [18].

2.2 TDFRS set-up and data analysis

The experimental setup comprises a standard holographic grating setup with an argon ion laser
for writing and a helium-neon laser for reading out the grating operating at a wavelength of
Aw = 488 nm and A, = 633 nm, respectively. The polarized beam of the argon ion laser is split
into two beams of equal intensity, which are brought to interference within the sample in the
cell under a variable angle. By varying the angle the grating vector and the fringe spacing can
be changed. A typical grating vector in the experiments was around ¢ = 3100 cm™!, which
corresponds to a fringe spacing around d = 20 ym. The added dye with a strong absorption
band at A = 488 nm converts the optical grating in a temperature grating. The obtained
normalized heterodyne signal is related to the Soret coefficient St and diffusion coefficient D.

Further details about the set-up and the analysis can be found elsewhere. [17]



3 Results and discussion

3.1 Aqueous solvent mixtures

We performed thermal diffusion measurements for ethanol, acetone and DMSO in water. In
Fig.2A-C the Soret coefficients St for all three systems are shown as function of the molar
fraction of organic solvent gvent- In the water-rich region the Soret coefficient of acetone
St decreases with increasing acetone concentration, reaches a minimum at a molar fraction of
Zacetone = 0.5 and again increases for acetone-rich solutions. The Soret coefficients of DMSO
and ethanol are quite similar. In the water-rich regime St decreases with decreasing water
content and reaches almost a plateau or wide minimum for Zyaer < 0.6. All three systems show
a sign change of Soret coefficient with concentration in the water rich region for acetone, DMSO
and ethanol at Zacetone = 0.11, Zpyso = 0.2 and Zethanot = 0.14, respectively. For ethanol (cp.
Fig 2C) we compare the experimental data with a lattice calculation [4], which predicts a sign
change for a much higher water content and overshoots the experimental data in the water rich
and water poor regime. The sign change in this lattice calculation was only found, when the
cross interactions are stronger than the like interactions. Our experimental data confirm the
sign change predicted by non-equilibrium molecular dynamic (NEMD) for acetone and DMSO
in water. The simulation data agree reasonably well with the experimental results, although the
simulations do not predict the pronounced minimum for acetone and overshot the experimental
values at low DMSO concentrations. In the NEMD simulations the cross interactions were
computed by Lorentz-Berthelot rules or by geometric average [19], which reproduced the sign
change in the aqueous mixtures. In contrast in lattice calculations [4], lattice simulations [3]
and simulations of Lennard Jones fluids [5] the mixed interactions need to be larger than the
pure interactions in order to observe a sign change with concentration. The reason for the
different behavior is probably that the NEMD are dominated by the specific interactions as
hydrogen bond formation and not by the Lennard-Jones interactions.

In Fig.2D we plotted the Soret coefficient normalized by the minimal values versus the
molar fraction of solvent. We added also literature data [20] for the system methanol/water,
which changes sign at methanol content of Zyethanol = 0.15. Over a wide concentration range
the normalized data overlap. The system specific characteristics are especially displayed in
the water rich regime. Here obviously the different hydrogen bond capability leads to different
sign change concentrations. We would like to point out that the concentration where the Soret

coefficient changes sign is correlated with the concentration where the hydrogen bond network
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Figure 2: (A)-(C) A comparison of experimental (solid symbols) and simulation (open symbols)
data for Soret coefficient of ethanol (A), acetone (M) and DMSO (e) in water as function of
the molar fraction of organic solvent. The dashed lines are guides to the eye. The solid line in
(C) refers to a lattice calculation by Luettmer-Strathmann [4]. (D) This part shows the Soret
coefficients normalized by the minimal value for each system. Literature data for methanol

have been added (V) [20].

of pure water breaks down by addition of second component. According to NMR studies the

= 0.06 [21], 2/%4s = 0.10 [22] and 4% | = 0.08 [23], respectively.
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A direct correlation of the thermal diffusion properties with one of the Hildebrandt solubility
parameters works only to some extend [16]. Typically, either the system acetone or DMSO did

not fit in the series build up by ethanol/water and methanol/water.

3.2 Polymers and colloids in ethanol/water mixtures

Fig. 3 shows the Soret coefficient of PEO, PNiPAM and boehmite rods in ethanol/water as
a function of ethanol molar fraction at room temperature. Our experimental studies give some
insight into conditions that lead to unusual thermal diffusion in polymer solutions [8]. It turns
out that the solvent quality is very important. Positive Soret coefficients are observed for all
polymer systems in pure water, which is an excellent solvent, while negative Soret coefficients

are observed for low water content of the solution that is under poorer solvent conditions.
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Figure 3: Soret coefficient St for PEO, PNiPAM and boehmite rods [15,24] in ethanol/water
mixtures at room temperature versus the molar fraction of ethanol. The solid line refers to a
lattice calculation. [9] The symbols indicate the systems listed in the legend and the dotted line
is a guide to the eye.

This observations is in agreement with a lattice calculation [25] and a recent simulation for a
polymer represented by a generic bead-spring model [5]. Both studies showed that a better
solvent quality causes a higher affinity for polymers to the cold side. Also the negative Soret
coefficient reported [7] for poly(vinyl alcohol) in water at 25 °C agrees with our findings since
the system is very close to poor solvent conditions [26]. In the case of pure ethanol we observed
for PNiPAM and boehmite, another sign change to a positive Soret coefficient. Whether PEO
changes also the sign in pure ethanol could not been measured, because only very low molecular
weight oligomers (M < 2000 g/mol) can be dissolved. And for those oligomers the concentration
signal was too weak to be analyzed. Comparing the three different systems one finds the same
trend for all three systems, indicating that the structural reorganisation in the mixed solvent
leads to a sign change of the Soret coefficient of the solute.

Our investigation leads us to expect other polymer systems to yield changes in sign of
polymer Soret coefficients. For example, a solution of a copolymer in a single solvent may
change sign as a function of composition of the copolymer, if the chains are composed of
two types of segments, one with highly attractive and one with net repulsive segment-solvent

interactions.



4 Conclusion

In this study we have seen, that the concentration dependence of aqueous low molecular weight
solutions and complex mixtures is quite similar. In all mixtures the sign change of the Soret
coefficients seem to be close to the concentration, where the hydrogen bond network of pure
water breaks by adding a second component. All investigated complex solutions were diluted,
so that the thermal diffusion behavior was mainly determined by single particle contributions
such as the interface of the solute particle and the surrounding solvent. For the low molecular
weight mixtures acetone/water and DMSO /water we could confirm the sign change by NEMD
predicted. The agreement between experimental results and simulation data is reasonable in
the entire concentration range. The lattice calculations for ethanol/water model could only
predict the sign change. A better quantitative agreement is only possible after a refinement of

the model.
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