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How does thermodiffusion of aqueous solutions depend on
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Abstract. The thermal diffusion of aqueous solutions of mono-, di-ethylene glycols, poly(ethylene glycol),
methanol, and glycerol is investigated systematically as a function of concentration using the Thermal
Diffusion Forced Rayleigh Scattering (TDFRS). For all investigated binary mixtures, the Soret coefficient,
ST, decays with increasing concentration of the non-aqueous component showing two regions. For aqueous
solution of ethylene glycol, at a very low solute content the decay is steep, while it becomes less steep for
higher solute concentration. All mixtures show a sign change of ST with concentration. The sign change
concentration is discussed with respect to chemical structures of solute molecules and the partition coeffi-
cient, log p. It turns out that the number of hydroxyl groups plays an important role. For the investigated
aqueous mixtures, we find empirical linear relations between the sign change concentration and the ratio
of the number of hydroxyl groups to the number of carbon atoms as well as the partition coefficient, log p.

1 Introduction

A temperature gradient induces the migration of molecu-
les in a fluid mixture. For binary mixtures, the flux of
component in a temperature gradient, ∇T , in the ab-
sence of convection is written as J = −ρD∇w − ρw(1 −
w)DT∇T [1]. Here, ρ is the density of the solution, D is
the mutual diffusion coefficient, w is the weight fraction
of component, and DT is the thermal diffusion coefficient.
The first term is well known as Fick’s law. And the second
term describes the thermal diffusion process, which results
in the mass diffusion induced by a temperature gradient.
In the steady state, J = 0, a concentration gradient, ∇w,
is formed and the ratio of DT and D defines the Soret
coefficient, ST, as follows:

ST ≡ DT

D
= − 1

w(1 − w)
∇w

∇T
. (1)

In the past the thermodiffusion behavior has been investi-
gated experimentally by various methods [2–10], by theo-
ries [11–15], and by simulations [16–19]. There are numer-
ous thermodiffusion studies of aqueous solutions [20–25],
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non-aqueous mixtures [26–30], colloidal dispersions [31–
36], and polymer blends [37,38]. For systems with specific
interactions a sign change of ST and DT as functions of
concentration [3,6,8,16,17,20,22,29,39–42] and tempera-
ture [5,21,43] has been often observed. For some aqueous
mixtures the sign change occurs at the same concentra-
tion, where nuclear magnetic resonance (NMR) measure-
ments indicate a breakdown of the hydrogen bond net-
work [5,16,44]. Additionally, Polyakov and Wiegand found
for some aqueous solutions a linear correlation between the
ratio of the enthalpy of vaporization of the pure compo-
nents and the sign change concentration [22], which is also
supported by simulations of a Lennard-Jones liquid [45].

In this study, we measured the concentration depen-
dence of ST for aqueous solutions of ethylene glycol
(EG), diethylene glycol (2EG), polyethylene glycol (13EG,
600 g/mol), methanol, and glycerol. The Thermal Diffu-
sion Forced Rayleigh Scattering (TDFRS) is used to de-
termine ST and DT. The chain length dependence is dis-
cussed using ethylene glycol oligomers (EGs), mono-, di-,
and tri-alcohols. In the case of alcohols, we analyzed the
relation between the thermodiffusion behavior and relate
it with the number of hydroxyl groups and with the so-
called partition coefficient, log p [46]. Additionally, the
concentration dependence of ST is investigated over a
broad concentration range. Figure 1 shows an overview of
the studied and discussed solute molecules. For instance,
the concentration dependence of ST of aqueous solutions
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Fig. 1. The chemical structures of ethylene glycol (EG), di-
ethylene glycol (2EG), polyethylene glycol (13EG), methanol,
ethanol, 1-propanol, iso-propanol, and glycerol.

of ethanol, 1-propanol, and iso-propanol has been taken
from the literature [16, 17, 39, 42]. Looking at fig. 1 it is
obvious that with increasing chain length of the ethylenes
and alcohols, the ratio of the number of hydroxyl groups
compared to the number of carbon molecules decreases
and the molecules are less hydrophilic. This coefficient is
another indicator for hydrophilicity and hydrophobicity,
which is also often used in the drug development [47].

2 Experimental

The compounds ethylene glycol (EG, ≥ 99.5%), diethy-
lene glycol (2EG, ≥ 99%), poly(ethylene glycol) (13EG,
600 g/mol), methanol (≥ 99.7%), and glycerol (≥ 99%)
were purchased at Wako chemicals. Distilled and deionized
water (milli-Q) was used as a solvent. The investigated
concentration range was 0.10–95.0 wt% for EG and 10.0–
90.0 wt% for the other samples. All mixtures were mea-
sured at 25.0 ◦C. The Thermal Diffusion Forced Rayleigh
Scattering (TDFRS) was used to obtain the Soret coeffi-
cient, ST, the mutual diffusion coefficient, D, and the ther-
mal diffusion coefficient, DT [48,49]. The normalized het-
erodyne signal of the TDFRS experiment, ζhet, is given by

ζhet(t) = 1 − exp
(
− t

τth

)
− A

τ − τth

·
[
τ

[
1 − exp

(
− t

τ

)]
−τth

[
1 − exp

(
− t

τth

)]]
,

(2)

where, τth is the time constant of heat diffusion, τ is the
time constant of the collective diffusion, and the amplitude
A is given by

A =
(∂n/∂w)p,T

(∂n/∂T )p,w
STw(1 − w). (3)

A He-Ne laser (JDSU, 1145P, λ = 633 nm) and a solid-
state laser (COHERENT, SAPPHIRE 488-200 CDRH,
λ = 488 nm) were used as read and writing beams in the
TDFRS setup. A little amount of dye (Basantol Yellow,

Fig. 2. The normalized heterodyne TDFRS signal for 10.0
wt% for aqueous solution of ethylene glycol (EG) measured at
25.0 ◦C.

∼ 0.13 wt%) was added to each sample. The tempera-
ture and concentration dependences of the refractive in-
dex derivatives with temperature, (∂n/∂T )p,w, and with
concentration, (∂n/∂w)p,T , were measured by a Michelson
interferometer [50] and an Abbe refractometer (DR-M2,
ATAGO) at λ = 633 nm. Figure 2 shows a typical nor-
malized heterodyne TDFRS signal for 10.0 wt% ethylene
glycol in water measured at 25.0 ◦C. The first process at
short times is the heat diffusion and second slower process
is the thermal diffusion signal of the aqueous solution of
ethylene glycol. Using eqs. (2) and (3), ST and D can be
determined by the amplitude, A, with D = 1/(q2τ) and by
the equilibration time constant, τ , of the slow process. The
magnitude of the scattering factor, q, can be determined
from the fringe spacing of the optical grating d = 2π/q.
Then, DT is calculated using eq. (1).

3 Results and discussion

Figure 3 shows the decrease of the Soret coefficient, ST,
with increasing weight fraction of EG for an aqueous mix-
ture. We can identify two regimes. At low weight factions
w = 0.001–0.02 (dotted curve), we observe a very steep
decrease, while at higher weight fractions w = 0.02–0.95
(solid curve), the slope becomes less steep. In the diluted
regime, the concentration dependence of ST is inversely
proportional to w and follows the empirical equation

ST(w) =
a1

w
+ b1. (4)

Here, a1 and b1 are adjustable parameters determined by
a least-square curve fit. In the concentrated regime, ST

changes its sign at w = 0.65. Although the concentration
dependence of ST looks almost linear, it leads to large
systematic deviations. Therefore, we used a third-order
polynomial fit to describe the data. As displayed in fig. 4
also for the mutual diffusion coefficient two concentration
regimes can be identified. For diluted concentrations D
increases and for high concentrations D decays. The steep
increase at very low concentration shows an analogy to the
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Fig. 3. The Soret coefficient, ST, as a function of weight frac-
tion of EG for the aqueous solution of EG. Dotted curves are
drawn by ST = a1/w + b1, and the solid curve is a third-order
polynomial fit.

well-known speeding-up of the collective diffusion within
the diluted regime in polymer solutions [51]. To the best of
our knowledge there is no literature for the dilute aqueous
mixture. For the higher concentrations we find our data
in good agreement with literature results [52]. The steep
increase at very low concentrations could also be an ar-
tifact due to the small amount of Basantol Yellow which
especially influences the solute concentrations, because in
the Basantol Yellow the weight fraction is comparable to
the solute concentration. For aqueous solutions of EG with
w = 0.003 ST seems to show a decrease with decreasing
Basantol Yellow content, but, due to the large uncertain-
ties of the very weak signals, we were not able to quantify
the effect. To clarify the dye concentration effect, future
experiments with IR-TDFRS [49] or the beam deflection
method [53] would be useful.

The established concentration gradient, ∇w, is charac-
terized by ST, and can be written as ∇w/∇T = −STw(1−
w) according to eq. (1). Figure 5 displays STw(1 − w)
as a function of the weight fraction of EG for the aque-
ous mixture. We observe a maximum and a minimum at
w = 0.24 and 0.83, respectively. At the peak concentra-
tions, the mixture shows the highest separation efficiency,
and the EG molecules accumulate at the cold and hot
side at w = 0.24 and 0.83, respectively. STw(1 − w) ap-
proaches zero at the low and high concentration limits.
However, due to the fact that ST is inversely proportional
to the weight fraction in the low concentration regime, ST

has to converge to a finite value [51, 54]. Due to the sym-
metry argument we expect also in the high concentration
limit a finite value when the steep decrease of ST at low
concentration is not caused by the dye.

The sign change occurs at a weight fraction of w± =
0.65 corresponding to a mole fraction of x± = 0.39. Previ-
ously, the molar sign change concentration, x±, has been
obtained for various aqueous solutions [16,22,39,42]. The
mole fraction x± of acetone, DMSO, ethanol, and propi-
onaldehyde could be linearly related to the ratio of the
vaporization of the pure components for aqueous solu-
tions [22]. The common nature of the compounds following

Fig. 4. The mutual diffusion coefficient, D, and the thermal
diffusion coefficient, DT, as a function of the weight fraction of
EG for the aqueous mixture of EG. The solid data points are
diffusion coefficient measurements by Ternstrom et al. [52].

Fig. 5. STw(1−w) as a function of weight fraction of EG for
aqueous solution of EG.

this trend seems to be two non-polar carbons connected
by a single bond and one oxygen atom. The sign change
mole fraction of EG is too high as in the case of methanol
and does not follow the same trend. Compared to the so-
lute molecules following the trend EG and methanol are
more polar. The other class of systems not following the
trend has a too low sign change concentration and is too
non-polar.

Figure 6 shows ST as a function of weight and mole
fraction of the solute molecule for aqueous solutions of
methanol, ethanol [39], 1-propanol [22], iso-propanol [42]
(top), EG, 2EG, 13EG (middle), and glycerol (bottom).
All aqueous solutions show a sign change with concentra-
tion. At low concentration, all solute molecules (alcohols
or EGs) migrate to the cold side, while at high concen-
tration, the solvent molecule (water) migrates to the cold
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Fig. 6. The Soret coefficient, ST, as a function of the weight
fraction (left) and the mole fraction (right) of aqueous solutions
of monoalcohols, EGs, and glycerol at 25 ◦C.

side. This finding agrees with other experimental stud-
ies [16] and simulations [55] and is related to the strong
cross interactions in polar mixtures [56, 57]. If the cross
interaction of the two components is stronger than the
average values of the pure components, the minority com-
ponent accumulates always on the cold side.

Further we noticed that the weight fraction w± in-
creases with increasing number of hydroxyl groups, NOH.
The concentrations w± and x± decrease with increasing
the number of carbon atoms, NC, for monoalcohols and
EGs. The molar sign change concentration, x±, is inversely
proportional to NC. Figure 7 shows w± and x± as a func-
tion of the number of carbon atoms, NC, for all solute
molecules. Curves are fitted to a function inversely pro-
portional to NC plus a baseline. The sign change con-
centrations w± and x± decrease with increasing NC. The
mole fraction x± is proportional to NOH and the ratio of
NOH to NC,

x±(NOH, NC) = α
NOH

NC
. (5)

Here, α is a factor, α = 0.278 ± 0.006. Figure 8 shows x±

as a function of NOH/NC. The line is a linear fit according
to eq. (5). All data except for EG follow a single master
curve. This indicates that the sign change concentration
becomes higher if the solute molecule is more hydrophilic
and more compatible with water. This is the case, if the
number of hydroxyl groups increases, which work as a
donor of hydrogen bonding. Figure 9 shows the weight
sign change concentration, w±, as a function of logarithm
of the partition coefficient between n-octanol and water,
log p [46, 58]. Log p values were calculated by ChemAxon
Marvin. The sign change concentration depends linearly
on log p and the hydrophobic molecules show a smaller x±

Fig. 7. The weight and molar sign change concentrations, w±

and x±, as a function of the number of carbon atoms, NC,
in each molecule. The solid curves are fitted to a function in-
versely proportional to NC plus a baseline.

Fig. 8. The molar sign change concentration, x±, as a function
of NOH/NC.

Fig. 9. The weight sign change concentration, w±, as a func-
tion of the logarithm of the partition coefficient between n-
octanol and water, log p.

compared to the hydrophilic molecules. We assume that in
the case of hydrophobic solute molecules, the breakdown
of the hydrogen bond network occurs at lower concentra-
tions and leads them to a sign change, as observed for
1-propanol and iso-propanol in fig. 9.
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Table 1. The list of the Soret coefficient, ST, the sign change
concentrations w±, x±, and the partition coefficient, log p, for
equimolar aqueous mixtures.

Sample ST/10−3 K−1 w± x± log p

EG −0.41 0.65 0.39 −1.645

2EG −4 0.47 0.13 −1.15

Glycerol −1.2 0.68 0.29 −1.975

Methanol −3.5 0.40 0.27 −0.713

Ethanol [39] −4 0.29 0.14 −0.276

1-propanol [22] −3.5(a) 0.22 0.08 0.3

Iso-propanol [42] −4.0 0.26 0.09 0.06

DMSO [22] −2.96 0.55 0.22

Acetone [16] −17.0 0.28 0.11

13EG −22(a) 0.43 0.02

(a)
Extrapolation values of measurement results.

All molar sign change concentrations, x±, considered
in this study are below x± = 0.5. Therefore it follows that
ST for all solute molecules is negative for equimolar mix-
tures. Hartmann et al. reported the thermal diffusion for
binary equimolar mixtures of ten different solvents [9]. The
Soret coefficient, ST, of nine solute molecules dissolved
in hexane is positive and ST of eight solute molecules
dissolved in cis-decalin is negative. Hexane is very ther-
mophilic, so that it migrates to the hot side, while the
dissolved solute molecules accumulate at the cold side.
Cis-decalin is thermophobic, and it migrates to the cold
side. Following this argumentation, water behaves like a
thermophobic molecule at x = 0.5. Table 1 shows ST, w±,
x±, and log p of the discussed solute molecules in water
for equimolar mixtures. The Soret coefficient, ST, of 13EG
has the lowest value, which is caused by the hydrophobic
character of 13EG, which leads also to a low x±. ST for
most aqueous solutions decays monotonically with concen-
tration, except for 1-propanol, iso-propanol, and acetone,
which show an increase of ST at higher solute concen-
trations [16, 22, 42], therefore, ST of equimolar mixtures
decreases typically with decreasing x±.

A direct comparison with the results of Hartmann et
al. [9] is not possible, because the majority of their investi-
gated substances are non-polar solvents. Among their sol-
vents only acetone is miscible with water. For an equimo-
lar mixture of acetone and water ST = −17.0× 10−3 K−1

(cf. table 1), the determined heat of transport is equal
to Qi = −3.7 kJ/mol [9]. Similar Soret coefficients ST =
−23.9 × 10−3 K−1 and ST = −8.3 × 10−3 K−1 have been
measured for acetone in trans-decalin and tetralin, respec-
tively. The average value of those two agrees almost with
the measured value of acetone in water, therefore we as-
sume, due to the almost linear dependence of ST and Qi,
that the heat of transport of water is expected to lie be-
tween the values of the heats of transport for trans-decalin
(−1.1 kJ/mol) and tetralin (0 kJ/mol).

4 Conclusion

In this paper we studied the thermodiffusion behav-
ior of aqueous solutions of monoalcohols (methanol and
ethanol), ethylene glycol oligomers (EG, 2EG, and 13EG)
and glycerol. The selected solute molecules varied system-
atically in their chemical structure. It turned out that es-
pecially the ratio of the number of hydroxyl groups to
carbon atoms, NOH/NC, is a crucial parameter. For all
studied systems we observed a sign change of ST with
concentration and it turns out that with increasing hy-
drophilicity the sign change concentration increases, in-
dicating that the hydrogen bond network gets more eas-
ily destroyed at lower concentrations, if the molecules be-
come more hydrophobic. This correlation between the sign
change concentration and the destruction of the hydrogen
bond network has been reported before [5, 16]. We quan-
tified the hydrophilicity of the system by two parameters:
the ratio of number of hydroxyl groups to carbon atoms,
NOH/NC, and the partition coefficient, log p. It turned out
that the determined molar sign change concentration, x±,
showed a clear linear correlation with the ratio of num-
ber of hydroxyl groups to carbon atoms, NOH/NC. Addi-
tionally, the weight sign change concentration, w±, varied
linearly with the partition coefficient, log p. Both param-
eters are easily accessible and might be used in future
studies to select systems and measurements ranges with
thermophilic and thermophobic behavior.
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