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1. Introduction

Thermal diffusion or the Ludwig-Soret effect plays an important role in the understanding of the properties of liquid
mixtures [1,2]. It characterizes the flux of matter in response to a gradient in temperature, which leads to the formation of
a concentration gradient [3]. This stationary concentration gradient is given by:

Ve=—Srco(1—=co)VT (1)

where St = D7/D is the Soret coefficient, D the mass-diffusion coefficient, Dy the thermal diffusion coefficient, T the
temperature, ¢ the molar fraction of component 1 (the heaviest component), and ¢ its equilibrium value [4].

The thermal lens method [TL] is a powerful method that can be used to study the Soret effect in transparent liquid
mixtures. The TL measures the amount of heat deposited in a medium after absorption of light. Immediately following
absorption of photons, the spatial heat distribution resembles the intensity distribution of the beam spot. Later, thermal
diffusion spreads heat over distances more than 1 order of magnitude larger than the excitation beam spot radius. Because
the refractive index depends on temperature, a spatial distribution of the refractive index of a similar extent is generated
in the absorbing medium. In addition to the temperature-dependent refractive index gradient, the Soret effect can produce
refractive index changes and influence the total signal [5]. For cw excitation, the generation of a stationary TL can take
milliseconds to several seconds, depending on the beam spot radius and the thermal diffusivity of the sample. The TL alters
the propagation of beams through the medium by generating a phase shift of the beam wavefronts. Since the first report of
the thermal lens effect, the sensitivity of the technique has been improved by changing the experimental configuration. Early
experimental arrangements used a single-beam configuration, which employed one laser beam to excite the TL and probe
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Fig. 1. Experimental setup. E, beam expander; M, mirror; DB, dichroic beam combiner; S, sample; F, interference filter; DM, dichroic mirror; A, pinhole; Sig,
photodetector; T, current preamplifier; Osc, digital oscilloscope; Sh, shutter; B, beam splitter; L, lens; and Ref, reference photodetector.

it [6]. The use of a second probe beam for testing the TL has improved the versatility and sensitivity of the technique [7-10].
The dual-beam configuration provides the possibility to use signal processing devices, e.g., lock-in amplifiers, to improve the
signal-to-noise ratio and hence the sensitivity of the TL measurement. In addition, detection optics and detectors can be
optimized for a single, convenient probe laser wavelength rather than require detection in what may be a more difficult
spectral region, which is a convenient choice for generating continuous scanning TL spectra [8].

An advantage of the thermal lens method compared to the diffusion cell is the short duration of a typical experiment
(short equilibration times) due to small distances in the order of the focal beam width. Additionally, in thermal lens ex-
periment’s typical temperature changes are in the order of 1072-107> °C [6,11]. These facts permit to work with extremely
small temperature and concentration gradients, so that the addition of dye can be avoided by using the natural absorption
of the molecules. Such advantages allow the independence of the Soret coefficient on convection effects. At the same time,
sensitivity to convection may be neglected for fast diffusing systems as the water/organic solvents mixtures.

Most of the experiments which utilize the thermal lens effect to measure the Soret coefficient lead only to a qualitative
understanding of the Soret coefficients [12], and further improvements in experiments and theory are necessary to obtain
reliable values for the thermophoretic properties in all systems, for example isopropanol/water and acetone/water, for which
controversial results were published. The aim of this work is to utilize an independent method to determine the Soret
coefficients in isopropanol/water and acetone/water mixtures.

2. Description of the experimental technique

The dual-beam thermal lens experimental setup (see Fig. 1) has recently been used for the measurement of the Soret
effect [13,14]. The system is composed of two blocks as follows:

1. Probe beam and recording block. The He-Ne laser (Ap =632.8 nm, P, = 10 mW, Spectra Physics) generates the probe
beam. This beam is transformed by the beam expander E resulting in a 6-mm width collimated probe beam. This beam is
reflected by the mirror M, passes through the dichroic beam combiner DB, the sample S (contained in a 1-cm quartz cu-
vette), and the interference filter F (center wavelength A = 632.8 nm, Thorlabs). Afterward, the dichroic mirror DM reflects
it towards the 0.3-mm pinhole A and the photodetector Sig (model DET 110/M, Thorlabs). The output signal of the photode-
tector Sig is transformed by the current preamplifier T (model SR570, Stanford Research Systems) and introduced into the
digital oscilloscope Osc (model TDS 3052, Tektronix). At the oscilloscope Osc, the signal is digitized, saved and processed
statistically. The radiant flux of the probe beam at the sample surface is 0.2 mW.

2. Excitation beam block. The second harmonic of a diode pumped neodymium yttrium aluminum garnet (Nd:YAG) cw
laser (model GSF32-200, Ae = 532.8 nm, P. =200 mW, Intelite) delivers the excitation beam through the shutter Sh (model
846, Newport Corporation), the beam splitter B, and the 180-mm focal length lens L to the beam combiner DB, which re-
flects it to the sample S. The excitation beam passes from the left to the right through the sample cell S. The interference
filter F and the dichroic mirror DM block the excitation beam, preventing it from reaching the pinhole A and the photode-
tector Sig. The beam reflected from the beam splitter B is sensed by the photodetector Ref (model DET 110/M, Thorlabs),
which transforms the incident radiant flux into a synchronization signal for the oscilloscope.

In a thermal lens two-beam experiment, the TL signal is usually defined as the relative change in probe transmission
through a small aperture located at the far field and on the optical beam axis as [8]:

S(z,t) = M (2)
Io
where z is the sample position with respect to the waist of the excitation beam, Iy the transmittance of the probe beam
through an aperture with no excitation beam present, and I(z, t) its transmittance in the presence of the excitation beam.

Considering the Soret effect in liquid mixtures, the time dependent total signal which is the sum of the pure thermal

lens plus the Soret concentration lens has been expressed as [13]:
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where v(2) = (z —ap)/zp + (zp/L — 2)[1 + (z — ap)z/zf,] is the geometrical parameter of the probe beam with ap and z,
as the waist position and the Rayleigh parameter, and L is the detector plane position. The quantity m is a dimensionless
parameter that accounts for the level of the mode matching between the probe and excitation beams; t and t. are the time
and the characteristic thermal time constant. Pe, o, I, k, Ap and tp are the excitation power, absorption coefficient, sample
cell length, thermal conductivity, wavelength of the probe field and the characteristic mass-diffusion time, respectively.

In a stationary situation, the total signal is related to the Soret coefficient as follows [9,13,14]:

Pealm [an on ]

PN M grco(1 — 6
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totaloo = 3T 3¢
Eq. (6) provides a relation between the total signal Siojno and the Soret coefficient St, however the ratio of the Soret
signal and the pure thermal lens signal give us a more compact expression [15]:

on
aT Ss
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(7)

This simplification leads to a simpler relation in which there are three unknown parameters: the Soret coefficient St, the
thermal lens signal Sy, and the Soret signal Ss. By using this equation, the experimental determination of the absorption
coefficient is not necessary, which makes it possible to avoid the addition of dye to increase absorption. This particular
property also reduces the uncertainty in the determination of the Soret coefficient.

We can obtain the Soret signal Ss as the difference between the final steady-state total signal Sy and the value of
the pure thermal lens signal Sy, obtained extrapolating the fit of the thermal lens contribution of Eq. (3) in the 0-500 ms
range. Finally the Soret coefficient St can be calculated according to Eq. (7).

Measurements were taken according to the following procedure: the shutter Sh modulated the beam with a period of
10 s, and for each sample the signal was obtained from the average of 128 recordings at the digital oscilloscope, then we
have determined the value of the final steady-state total signal Siya according to the definition given in Eq. (2), which
permits us to determine Sy, Ss, and Srt.

In water/isopropanol and water/acetone preparation mixtures, we have used distilled and de-ionized water (with a purity
of better than 99 percent), and Fisher Scientific chemical organic components.

3. Results and discussion

The evolution of the total experimental signal with time is shown in Fig. 2 for the water/isopropanol mixture with an
initial mass fraction of isopropanol co = 0.5 (at 298 K). The thin red line represents the best fit to the experimental data
using Eq. (3) and parameters: Ae = 532.8 nm, A, = 632.8 nm, z, = 100000 cm, ze = 0.0001 cm, de =0, a, =0, L =50 cm,
m=10000, 9n/dT = —3.474 x 1074 K1 [16], Pe =73 mW, ¢ =2 x 10* ecm™!, =1 cm, k=3 x 103 Wem 1K,
an/dc = —0.0364 [16], co = 0.5, with St = —5.2 x 1073 K1, and tp =1 s as fitting parameters.

In Fig. 3 we have represented the experimental signal, but the fit was limited to the pure thermal lens signal (first term
of Eq. (3)) with the same parameters used in Fig. 2, and with t. =500 ms. As shown in Fig. 2, the signal first shows a
rapid reduction due to the pure thermal lens effect, followed by a further, much slower, decrease due to the buildup of the
Soret concentration gradient. Both processes can be easily separated (Fig. 3) because the Soret component builds up with
a time constant which is much greater (t4 = 1 s) than the characteristic time constant of the thermal lens (t. =500 ms)
[12,13,17,18]. The separation of the time scales allows analysis of the temporal buildup of the pure thermal lens, which is
shown in the expanded scale of the inset in Fig. 3. The fit was limited to the short period, typically 500 ms within which
mass diffusion is inoperative and the signal is only governed by the temperature-dependent refractive index gradient. The
fit allowed the determination of the transient steady-state thermal lens signal (S¢, = —0.036), from which the Soret signal
(Ss =0.005) was taken as the difference between the final steady-state total signal (S¢otalco = —0.041) and the steady-state
pure thermal lens signal extrapolated from the fit using only the first term of Eq. (3). Then we have determined the Soret
coefficient (St = —5.34 x 1073 K~') by means of Eq. (7) with cg = 0.5, 9n/dT = —3.474 x 10~% K~! [16], 9n/dc = —0.0364
[16]. The Soret coefficient obtained from the fitting procedure (St = —5.2 x 1073 K~!) does coincide with this calculated by
means of Eq. (7) (St = —5.34 x 103 K~1). This result demonstrates that predictions of the model are in good agreement
with experimental data.
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Fig. 2. Time evolution of the total experimental signal (Stotaico = —0.041) for co = 0.5, at T =298 K (water/isopropanol system in a 1-cm quartz cuvette).
The thin red (in the online version) line is the best fit for the experimental data using Eq. (3). The inset shows the buildup of the total signal in a 2-s initial
period with tq =1 s.
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Fig. 3. Time evolution of the total experimental signal for water/isopropanol mixture with cop = 0.5, at T =298 K. The red (in the online version) line is the
best fit for the first term of Eq. (3) with respect to the experimental data and represents the pure thermal lens signal. The inset shows the buildup of the
initial thermal lens effect in a 2-s period with t. =500 ms.

We have applied similar procedure for determining the Soret coefficients for different concentrations of water/isopropanol
mixtures and the results are summarized in Fig. 4. In addition to measured and plotted data, Fig. 4 contains also literature
data for the Soret coefficients as measured recently by Mialdun et al. [16,19] by three different instrumental techniques, and
by Poty et al. [20] many years ago by a flow-cell method. Both results show a reasonable to good agreement with our results
in the region 0.2 < cg < 0.8, but there is one exception: the Soret coefficient reported by Poty et al. for ¢ = 0.7 deviates
significantly from all other data and seems to be too high. In the region with low water content (cg < 0.2), our results
disagree with the previously reported values by Poty. At low water concentration, the contrast factors are very low, which
means that concentration variations become invisible for optical techniques and measurements of the transport properties
is a difficult task, which is subject to large errors. The results of measurements in this region are not plotted, as they are
considered non-reliable. In Fig. 3 we also present a comparison between our experimental values of the Soret coefficient
and the prediction of the viscous energy model developed by Abbasi et al. [21]. A rather good agreement is observed.
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Fig. 4. Soret coefficient of water/isopropanol mixtures as a function of the mass fraction of water in the present work (black circle). The open blue (in the
online version) cubes represent the values reported by Mialdun et al. [19] and by Poty et al. [20] by open (red) circles. The full (green) cubes show the
prediction of the viscous energy model developed by Abbasi et al. [21]. The (orange) line represents benchmark values that have been obtained from fits
of approximating spline functions to all available data [16].
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Fig. 5. Soret coefficient of acetone as a function of the molar fraction of organic solvent. The crossed black circles refer to the experimental data measured
in this work, and the corresponding solid red (in the online version) circles represent previously reported results [14]. The open (blue) squares are the
results reported by Ning et al. [22], and the black line is the prediction of the viscous energy model developed by Abbasi et al. [21].

In Fig. 5, the Soret coefficient St is shown as a function of the molar fraction of acetone. It decreases with increas-
ing acetone concentration and reaches a minimum at a molar fraction Xacetone = 0.5. For higher acetone concentrations
(Xacetone > 0.5), St increases with Xacetone, but for concentrations around Xacetone = 0.5, the uncertainties became larger, due
to the low value of the contrast factors. For this reason, our own values disagree with the theoretical model developed by
Abbasi et al. [21]. In the same figure we have plotted the experimental data reported by Ning et al. [22], and the thermal
lens measurements reported previously by our group using another variant of the method [14]. Both results are consistent
with the data obtained in the present work. The theoretical model of Abbasi et al. [21] agrees with our experimental data
for high and low water contents, but at the minimum of the Soret coefficient, around Xacetone = 0.5, measurements lead
to the scattering of the results due to the small absolute value of the contrast factor. Both systems (water/isopropanol and
water/acetone) show a sign change of the Soret coefficient with concentration. Similar to the case of other aqueous solutions
such as methanol/water and ethanol/water, the sign change occurs in the water-rich regions.

4. Conclusions

Soret coefficients of water/isopropanol and water/acetone mixtures have been measured by an optimized thermal lens
technique over the wide concentration range. The method does not requires the addition of a small amount of dye, which
is an important advantage. For both studied systems, the fitting curves show very good agreement between the theoretical
model and experimental data. For water/isopropanol mixtures, our own measurements are consistent with available litera-
ture values for the intermediate and high water contents. In the region with low water contents, scattering of the results
was obtained due to the small absolute values of the contrast factors. This behavior was reproduced for measurements in
the water/acetone system, in which the values of the Soret coefficients also are scattered around Xacetone = 0.5 as compared
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with the available theoretical model developed by Abbasi. The Soret effect of both systems shows a strong dependence on
the composition. Finally, we have shown the usefulness of the thermal lens technique as an additional independent method
providing new reliable benchmark data. The thermal lens technique, as other optical methods, becomes very noisy and
inaccurate in regions where the concentration contrast factor vanishes.
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