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A B S T R A C T
Thermodiffusion or thermophoresis gained much interest in bio, chemical, and energy engineering.
Although there are several methods to measure thermophoresis, they consume large sample volumes,
are limited to binary mixtures, and give only indirect access to the applied temperature profile. Herein,
we propose a thermophoretic microfluidic cell for quantitative measurements of the Soret coefficient
of colloids. The actual microscale measuring channel lies between cooling and heating channels
to achieve a one-dimensional temperature gradient. Fluorescence lifetime imaging microscopy with
Rhodamine B is utilized to measure the spatial temperature profile in the channel. The fluorescence
intensity of fluorescently labeled polystyrene particles with a diameter of 25 nm is used to monitor
the concentration profile. The observed temperature and concentration profiles are one-dimensional,
as gradients in the longitudinal and height directions can be neglected. In the investigated temperature
range, the averaged difference between the measured Soret coefficients with the cell and determined
with the Thermal Diffusion Forced Rayleigh Scattering set-up is less than 8%.

1. Introduction
Thermodiffusion or thermophresis is a process which oc-

curs in non-isothermal systems, when a temperature gradient
drives not only a heat flux, but also a mass flux [1]. This
coupling of heat and mass fluxes leads to a concentration
profile and plays a role in natural and technical transport pro-
cesses with temperature gradients, e.g. petrology (rock for-
mation), petroleum reservoirs and as separation techniques
[2]. Also, as it is one of the few known mechanisms which
allows the accumulation of substance against diffusion it is
discussed in the context of the origin-of-life question [3, 4].
In the recent years, it has turned out that the thermophoretic
response of proteins and protein-ligand complexes can be
used to characterize the binding affinity between ligand and
protein utilizing the so-called microscale thermophoresis
device (MST) [5, 6, 7]. Furthermore, the effect also needs
to be considered in the development of liquid thermoelectric
cells used to convert waste heat into electricity [8, 9, 10].
In those cells, charged colloidal particles are added to in-
crease the energy conversion efficiency. To improve our
still poor understanding of physicochemical effect and to
develop improved theoretical concepts of thermophoresis in
those multicomponent systems, quantitative measurements
are desirable [11].

Thermophoresis is the particle movement driven by a
temperature gradient [6], which is expressed by the flux
equation [12]

𝑗 = −𝜌𝐷∇𝑐 − 𝜌𝑐(1 − 𝑐)𝐷T∇𝑇 (1)
with the net mass flux 𝑗, the particle density 𝜌, the diffusion
coefficient 𝐷, the concentration 𝑐 of the solute, the thermal

∗Corresponding author
n.lee@fz-juelich.de (N. Lee); s.wiegand@fz-juelich.de (S.

Wiegand)
ORCID(s):

diffusion coefficient 𝐷T and the temperature 𝑇 . In the steady
state (𝑗 = 0), the Soret coefficient, 𝑆T, is defined as
𝑆T ≡ 𝐷T∕𝐷. The Soret coefficient 𝑆T is a measure for
the resulting concentration difference Δ𝑐, if a certain tem-
perature difference Δ𝑇 is applied. Despite many theoretical
approaches and simulations [2, 13, 14, 15, 16], there is so
far no microscopic theory which predicts 𝑆T quantitatively.
While mass, shape and moment of inertia are important
for thermodiffusive properties of non-polar substances, the
thermodiffusion of polar and especially aqueous solutions is
governed by the hydrophilicity of the solute molecules, pH
and ionic strength [6].

There are several experimental methods to measure the
Soret coefficient quantitatively, such as thermal lens (TL)
[17, 18], Thermal Diffusion Forced Rayleigh Scattering
(TDFRS) [19, 20], beam deflection [21, 22, 23] and thermo-
gravitational columns (TCs) [24]. Except for TCs, all other
methods use optical detection and depend on the optical re-
fractive index contrast due to temperature and concentration
changes. Therefore, they are limited to binary or specific
ternary systems unless two wavelengths are implemented
using the dispersion to analyze ternary systems [25]. For the
multi-component mixtures, TC, which uses the interaction
of free convection and thermodiffusive flow, is a good choice
[24, 26] as samples are drawn from the column and analyzed
according to their composition. However, TCs consume
sample volumes in the order of 30 mL [24], which are not
affordable for biological samples only available in small
amounts of a few micro liter.

To overcome limitations of conventional measurement
methods, advanced microfluidic devices have been sug-
gested [27, 28, 29, 30]. In general, microfluidic devices
consume small sample volumes (∼ 𝜇L) and provide short
equilibrium times so that they are suitable for biological
samples. An instrument utilizing the thermophoretic effect
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is MST [28] which has been widely used for investigating
diseases such as influenza [31], corona[32] and Alzheimer
[33]. While the strengths of MST are a low detection limit
(∼1 pM) and a fast response time to measure the protein-
ligand binding constant, it gives only qualitative values for
the Soret coefficient. Researchers have also used microflu-
idic channels to quantify the Soret coefficient [27, 29, 30].
The main difficulty of microfluidic cells is the reliable
determination of the temperature and concentration profile.
Some experiments measure the temperature outside the
actual measuring channel and assume an one-dimensional
temperature profile propagating into the measuring channel
[27, 30]. Otherwise, the temperature dependence of the
fluorescence intensity in the measuring channel is used
[29, 34]. Both methods are prone to errors, since it can
easily be affected by changes in external condition such
as the surrounding temperature for the first method or by
photobleaching of the dye or reflections in the latter method
[35].

In order to obtain reliable thermophoretic results, several
points need to be considered. As 𝑆T is proportional to
Δ𝑐∕Δ𝑇 , a large temperature gradient causes a larger and eas-
ier to measure concentration difference. On the other hand,
larger gradients can induce free convection, which mixes
the solution and decreases the concentration differences
resulting in too small measured Soret coefficients. Ideally,
the channel shape induces an one-dimensional temperature
profile, but, due to the small dimensions, the linearity is
easily affected by external thermal conditions through con-
duction and convection [36]. This requires a comprehensive
thermal analysis of the device, and a direct measurement of
temperature and concentration is required.

Herein, we suggest a thermophoretic microfluidic cell
made of poly(methyl methacrylate) (PMMA). We designed
large cooling and heating channels with high mass flow rates
up to 0.94 m/s leading to high temperature gradients up to
34000 K/m corresponding to a temperature difference of 3◦C
across the measuring channel. A confocal microscope with
a photomultiplier and a correlator is used to measure the
fluorescent lifetime correlation function. The temperature
dependence of the lifetime is used to characterize the tem-
perature profile within the measuring channel. Additionally,
in order to calculate the Soret coefficient, we determined the
concentration profile by measuring the fluorescence inten-
sity. Aqueous solutions of polystyrene particles containing
a fluorescent dye (Firefly, green) in the core of the particle
with a diameter of 25 nm (G25) are used for validating the
cell compared to TDFRS.

2. Method and Materials
2.1. Geometry and fabrication

Figure 1 (a) and (b) show a schematic and a picture
of the thermophoretic microfluidic cell. The cell is made
of PMMA, a transparent, bio-compatible and hard poly-
mer. The measuring channel has been micro-milled between
a heating and cooling channel. The cell is sealed with a

Figure 1: (a) Schematic drawing and (b) picture of the ther-
mophoretic micro�uidic cell. (c) Geometrical target dimensions
of the cell are given in the text. Note, that the origin of the
coordinate system is in the center of the measuring channel.

polyvinyl acetate (PVA) cover slip with a thickness of 170
𝜇m. As an adhesive, we used a mixture of dichloromethane
and cyclohexane with a volume ratio of 45 to 55.

Geometrical dimensions of the cell are presented in Fig.
1(c). The thickness of the PMMA block is 5 mm and its
length is 22 mm to have sufficient space to attach connectors
for the cooling and heating channels. The height and width
(𝛿) of cooling and heating channels are 2.2 mm and 4.0
mm, respectively. We maximized the cross-section to reduce
the pressure drop in the thermostating channels. The target
width (𝑤𝑚) and height (ℎ𝑚) of the measuring channel are
127 𝜇m and 100 𝜇m, respectively. However, the fabrication
process has a tolerance which is on the order of 20 𝜇m [37]
leading to slightly different dimensions which occur along
the measuring channel. Using a fluorescent solution inside
the measuring channel, we determined 𝑤𝑚 = 93.9 𝜇m and
ℎ𝑚 = 76 𝜇m for the fabricated cell. The length of the
measuring channel (𝐿𝑚) is 15 mm. The target wall thickness
(𝛿𝑤) between the measuring channel and the cooling or heat-
ing channel is 100 𝜇m. The ideal volume of the measuring
channel is 0.2 𝜇L.
2.2. Experimental set up

Figure 2 (a) and (b) present the experimental setup of
the light and flow path to monitor the sample in the ther-
mophoretic microfluidic cell, respectively. A confocal mi-
croscope (Olympus IX-71 with FV3-294 confocal unit) was
used for observing the fluorescence intensity and lifetime.
A pulsed laser with a wavelength of 485 nm was selected
for excitation of the dye in combination with a long-pass
emission filter at 500 nm (HQ 500 LP, Leica Microsystem
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Figure 2: (a) Light path in the confocal microscope for
measuring the Soret coe�cient by using the thermophoretic
micro�uidic cell. (b) Micro�uidic cell with cooling and heating
channel to induce the temperature gradient.

GmbH, Wetzlar, Germany). The fluorescence intensity was
recorded by a photomultiplier and the fluorescence lifetime
was probed by fluorescence lifetime imaging microscopy
(FLIM) using a correlator (PicoQuant, Berlin, Germany). In
order to regulate the temperature in the cooling and heating
channel, we used two thermostats (cooling: Lauda eco RE
620, Lauda-Königshofen, Germany, heating: Lauda ecoline
RE 306, Lauda-Königshofen, Germany). To compensate the
heat exchange between thermostating channels, we used a
counter-flow to maintain a constant temperature gradient
along the measuring channel. The controlled mass flow
rate by thermostats was maximized to 520±15 g/min. The
low temperature was between 5◦C and 15◦C, and the high
temperature was varied between 35◦C and 45◦C.
2.3. Sample preparation

We used polystyrene (PS) particles (G25, ThermoFisher
Scientific Inc.) with a diameter of 25 nm without further
treatment. The particles contained inside the core Firefly
fluorescence green dye. At 𝑇 = 25◦C the particle density
and the refractive index at a wavelength of 589 nm are
𝜌 = 1.05g∕cm3 and 𝑛 = 1.59, respectively. The particle con-
centration in a water-based solution with pH = 3.2 is 1 wt%.
According to the supplier, ethylenediaminetetraacetic acid

(EDTA) and an anionic surfactant were added to stabilize
the solution and to prevent aggregation[38].

Solutions are injected into the measuring channel through
tubes and syringes by hand. The solutions are filtered
through a 0.2 𝜇m filter (Whatman Anotop 10) which re-
moves larger particles and the aggregation of the solutions.
After that, the measuring channel is closed tightly by a lid
to prevent evaporation and concentration changes during the
measurement.

For measuring the solutions in TDFRS, the filtered so-
lution is filled into an optical quartz cell (Hellma) with
an optical path length 0.2 mm. Solutions were measured
two times at the same temperature. Auxiliary parameters,
concentration and temperature dependence of the refractive
index, are required to calculate Soret coefficient 𝑆T. The
refractive index as function of concentration was measured
with an Abbe refractometer (Anton Paar Abbemat MW) at a
read-out wavelength of 632.8 nm. We measured the refrac-
tive index for 5 concentrations to determine (𝜕𝑛∕𝜕𝑐)𝑝,𝑇 . The
change of the refractive index with respect to temperature,
(𝜕𝑛∕𝜕𝑇 )𝑝,𝑐 was measured interferometrically [39].
2.4. Temperature and concentration ratio

measurement
The averaged decaying time of the fluorescence intensity

from an excited to ground state typically depends on tem-
perature, therefore we use this temperature sensitivity of the
fluorescence lifetime to measure the temperature inside the
measuring channel [40]. As fluorescent dye, we used Rho-
damine B (RhB, Sigma Aldrich, grade: for fluorescence).
The fluorescent correlation function can be recorded for
each position in the measuring channel and is then ana-
lyzed with a commercial software (SymPhoTime provided
by PicoQuant). Using a calibration curve between fluores-
cence lifetime and temperature (cf. Fig. S1 Supplementary
information), the measured lifetime can be converted into a
temperature profile. The spatial resolution of the tempera-
ture and concentration measurement is 1 𝜇m and 0.25 𝜇m,
respectively. The concentration ratio for the Soret coefficient
was determined from the fluorescence intensity ratio. After
reaching the equilibrium of the concentration profile, the
concentration ratio 𝑐(𝑥, 𝑦) was evaluated as follows,

𝑐(𝑥, 𝑦)
𝑐(𝑥ref , 𝑦)

=
𝐼(𝑥, 𝑦)

𝐼(𝑥ref , 𝑦)
(2)

with the intensity 𝐼(𝑥, 𝑦). 𝑦ref is the center of the measuring
channel.
2.5. Data evaluation

In a diluted solution (𝑐 ≪ 1), the flux equation in Eq.1
in the steady state was expressed as,

∇𝑐 = −𝑐𝑆T∇𝑇 , (3)
with the temperature 𝑇 and the Soret coefficient 𝑆T. In the
measuring channel, one-dimensional temperature gradient
happened along a transverse direction of the measuring
channel. For this reason, the averaged temperature 𝑇 (𝑥)
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and concentration ratio 𝑐(𝑥)∕𝑐(𝑥ref ) along the longitudinal
direction of the measuring channel were used for the Soret
coefficient. The size of the field of view is 256 𝜇m (𝑥) by 256
𝜇m (𝑦). The number of pixels for temperature measurement
is 256 by 256, so that each pixel is 1 𝜇m× 1 𝜇m. The number
of pixels for intensity measurements is 1024 by 892 where
the length of each pixel is 0.25 𝜇m (Δ𝑥) by 0.29 𝜇m (Δ𝑦).
The average temperature is calculated from 256 pixels along
𝑦-axis in the field of view. The average intensity is calculated
by 892 pixels along 𝑦-axis. Based on averaged values, we
rearranged Eq.3 using ∇𝑐 = 𝑑𝑐∕𝑑𝑥 and ∇𝑇 = 𝑑𝑇 ∕𝑑𝑥 as
follows:

ln
𝑐(𝑥)

𝑐(𝑥ref )
= ln

𝐼(𝑥)
𝐼(𝑥ref )

= 𝑆T(𝑇 (𝑥ref )) − 𝑇 (𝑥)) (4)

According to eq.4, the logarithmic concentration ratio de-
pends linearly on the temperature difference 𝑇 (𝑥ref ,𝑦,𝑧) -
𝑇 (𝑥, 𝑦, 𝑧). The logarithmic concentration ratio was deter-
mined from the logarithmic fluorescence intensity ratio. The
slope in the linear relation is the Soret coefficient. The
reference location in this study was at the center of the
measuring channel.
2.6. Uncertainty analysis

The uncertainty of the Soret coefficient was calculated
from the uncertainty of the logarithmic concentration ratio
and the temperature. The averaged uncertainty of the in-
tensity ratio was 3.4%. That of the temperature was 𝛿𝑇 =
0.28 K. Then, we calculated the uncertainty of the slope,
which is identical with the Soret coefficient. We included
the deviations of temperature and logarithmic intensity ratio
following the York method [41] implemented in the com-
mercial plot software ORIGIN [42]. This resulted in an
averaged uncertainty of the Soret coefficient of 9% based on
the 95% confidence level [43].

3. Results
3.1. Temperature profile in the thermophoretic

microfluidic cells
In the thermophoretic microfluidic cell, the precise char-

acterization and stability of the temperature profile are cru-
cial since this profile results in the concentration distribution
in the measuring channel. Figure 3(a) presents the tempera-
ture distribution measured by FLIM without and with a tem-
perature gradient. In the absence of a temperature gradient,
we find a homogeneous temperature distribution. Increasing
the temperature in the heating channel (left) to 40◦C and
decreasing the temperature in the cooling channel (right) to
10◦C leads to a gradual temperature decrease along the 𝑥-
axis. The measured temperature in Fig. 3(a) was independent
of the 𝑦-direction, so that we achieved an one-dimensional
temperature profile in the measuring channel as intended.

Fig. 3(b) shows the 𝑦-axis averaged temperature profile
across the channel. Without the temperature gradient, the
mean temperature is 21.4◦C, while with the temperature gra-
dient, the mean temperature at the center of the measuring

Figure 3: Temperature distribution measured by �uorescence
lifetime imaging microscopy (FLIM) without temperature gra-
dient (upper �gure, T𝑚𝑒𝑎𝑛 = 21.4◦C) and ∇T = 34207 K/m
(bottom �gure, T𝑚𝑒𝑎𝑛 = 24.7◦C). (b) Graph of the line-averaged
temperature along the y-axis as function of x. The resolution
of the temperature pro�le is 1 𝜇m

channel is 24.7◦C and a gradient of around 33000 ± 1000
K/m establishes inside the measuring channel. Note, that
the achieved temperature gradient depends not only on the
temperatures of the thermostats, but also on the surrounding
temperature. Typically observed gradients lie between of
32000 and 34000 K/m. Considering the temperatures in the
heating and cooling channel of 10◦C and 40◦C, we would
expect ideally an almost three-times larger temperature gra-
dient of roughly 92000 K/m. The reason for the low temper-
ature gradient is a large temperature drop within the PMMA-
wall with a low thermal conductivity with 𝑘 = 0.19 W/mK
[44] separating the measuring channel from the heating and
cooling channel. This implies that the temperature gradient
in the measuring channel can be increased by using a wall
material with a high thermal conductivity.

In order to characterize the temperature profile for dif-
ferent mean temperatures, we varied the cooling and heating
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Figure 4: (a) Comparison of measured and calculated mean
temperatures in the measuring channel. The solid red line
represents the ideal mean temperature 𝑇calcch = 0.5(𝑇cool+𝑇heat)
calculated from the temperatures of the heating and cooling
water at 𝑇heat and 𝑇cool, respectively. The dotted green line
corresponds to 𝑇calccha = (1∕3)(𝑇cool + 𝑇heat + 𝑇ambi) taking the
ambient temperature 𝑇ambi in the lab into account. (b) Change
of the 𝑦-axis averaged temperature across the measurement
channel for di�erent temperatures in the thermostating chan-
nels. Note that only the temperature pro�le in the center of
the measuring channel is shown. (c) Temperature gradient as
a function of the mean temperature.

temperature between 5-15◦C and 35-45◦C, respectively. The
solid red line in Fig. 4(a) presents the calculated average
𝑇calcch = 0.5(𝑇cool + 𝑇heat) in comparison with the measured
mean temperature 𝑇mean at the center of the measuring chan-
nel (diamonds). The mean temperature 𝑇mean is the averaged
temperature of the 𝑦-axis line-averaged temperature as a
function of x-axis within ± 1 𝜇m. In Fig. 4(a), it is shown
that the slope of the measured mean temperature is lower
than the expected mean temperature (red line). This is caused

by a heat exchange between the cell and the surrounding
environment at ambient temperature leading to higher tem-
peratures at low and lower temperatures at higher temper-
atures. The influence of the ambient temperature might be
estimated by taking the average of all three temperatures
𝑇calccha = (1∕3)(𝑇cool + 𝑇heat + 𝑇ambi) indicated by the
dotted green line in Fig. 4(a). It turns out that the actual
measured temperatures lie between the two calculated lines.
These observations emphasize that it is necessary to measure
the temperature profile within the measuring channel as
temperature changes in the environment will have an impact
on the profile in the microfluidic cell.

We performed measurements at different mean temper-
atures by keeping the temperature difference between the
heating and cooling channel the same and by varying the
temperatures in steps of 2.5◦C over a temperature range of
10◦C. Figure 4(b) shows the 𝑦-axis averaged temperature
profiles for different mean temperatures across the channel in
the 𝑥-direction. In all cases, we observe a one-dimensional
temperature profile independent of the mean temperature
and similar temperature gradients. The gradients vary from
32000 K/m (𝑇cool = 7.5◦C, 𝑇heat = 37.5◦C) to 34000 K/m
(𝑇cool = 5◦C, 𝑇heat = 35◦C). As can be seen in Fig. 4(c), the
measured temperature gradient does not show a systematic
trend with the mean temperature. The fluctuations of the
temperature gradient are of the order of 10%.

Additionally, we characterized the temperature profile in
𝑦-direction and at different heights 𝑧 inside the measuring
channel to ensure a one-dimensional profile. Figure 5(a)
shows the temperature profile at three different 𝑦-positions as
function of 𝑥, whereas the temperatures of the thermostats
where set to 10◦C and 40◦C. We observe that the temper-
ature profiles differ up-to about 1◦C for the three different
𝑦-positions. Many factors may be responsible for this dis-
crepancy, such as the heat exchange with the surrounding,
fabrication tolerances of the cell and other geometrical dif-
ferences such as flow connectors and the thermal contact
with microscope. If we assume that the heat exchange be-
tween the measuring channel and the thermostated channels
is the main reason, we expect a monotonous change of
the temperature in 𝑦-direction gradually decreasing from 3
mm to -3 mm due to the cross flow configuration of the
cooling and heating fluid as indicated in the inset of Fig. 5.
However, since there is no systematic temperature variation,
the heat exchange with the thermostated channels is not the
only reason for this discrepancy. Although the influence of
geometric factors cannot be quantified, from Fig. 4(a), we
infer that the ambient temperature couples into the small
microfluidic chip, but also manufacturing tolerances of the
wall between measuring and thermostated channels will
influence the observed temperature profile. As shown in
Fig. 5(b), temperatures along the 𝑧-axis are also slightly
different, even though the geometrical changes along the 𝑧-
axis has a smaller variation than along the 𝑦-axis. From these
results in Fig. 5(a) and (b), we conclude that the temperature
differences along the channel are also caused by geometrical
factors. However, the temperature gradient along the 𝑦-axis
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Figure 5: Graphs of the 𝑦-axis averaged temperature as
a function of 𝑥 at (a) three di�erent locations along the
measuring channel (𝑦 = −3, 0, 3 mm). The inset illustrates the
measuring positions. (b) The 𝑦-axis Line-averaged temperature
at three di�erent heights (𝑧 = 20, 30, 40 µm). Inset shows the
locations.

is with 333 K/m only 1% of the temperature gradient along
the 𝑥-axis, so that we can neglect it. In the following, we
consider a one-dimensional temperature gradient along the
𝑥-axis for the calculation of the Soret coefficient.
3.2. Intensity ratio profile in the thermophoretic

microfluidic cells
Figure 6(a) shows an image of the intensity ratio I/I𝑥=0distribution within the measuring channel. According to Eq.

2, the intensity ratio is identical to the concentration ratio
c/c𝑥=0, which is required to calculate the Soret coefficient
in Eq. 4. The upper and bottom parts of Fig. 6(a) have been
taken at a mean temperature of 𝑇mean = 24.7◦C without and
with a temperature gradient of ∇𝑇 = 33000 K/m, respec-
tively. In the absence of a temperature gradient, the intensity
ratio is constant in the center of the channel, indicating a
homogeneous distribution of particles. Towards the walls,
we observe a drop of the intensity, which could be caused by

Figure 6: Image of the intensity ratio distribution measured
by �uorescence intensity without temperature gradient (upper
�gure, 𝑇𝑚𝑒𝑎𝑛 = 21.4◦C) and ∇𝑇 = 33000 K/m (bottom �gure,
𝑇mean = 24.7◦C). (b) Graph of 𝑦-axis averaged intensity ratio as
a function of 𝑥 without (top) and with (bottom) temperature
gradient, respectively.

reflections at the wall or interfacial effects close to the wall.
Therefore, in the following, we restrict our analysis to the
center of the cell.

To quantify the intensity ratio profile, the 𝑦-axis averaged
intensity ratio is used. As shown in the upper part of Fig.
6(b), the intensity ratio is constant without an applied tem-
perature gradient while we observe an asymmetric distribu-
tion, if a temperature gradient is applied (cf. bottom part of
Fig. 6(b)). The intensity ratio is not linearly varying across
the channel, but shows an exponential profile as expected
according to Eq. 4.

Before calculating the Soret coefficient, we also need to
check the dependence of the concentration ratio on the 𝑦−
and 𝑧-axes in a similar way as for the temperature profile.
Figure 7(a) shows the averaged intensity ratio as a function
of 𝑥 along the 𝑦-direction. We observe that the intensity ratio
is almost identical at the three locations. This is in contrast

First Author et al.: Preprint submitted to Elsevier Page 6 of 10



Short Title of the Article

Figure 7: Graphs of the line-averaged intensity ratio along
the 𝑦-axis as function of 𝑥 at (a) three di�erent locations
(𝑦 = −3, 0, 3 mm) and (b) three di�erent heights (𝑧 =
20, 30, 40 𝜇m).

to the slight variation of the temperature profile along the
𝑦-direction. We assume that although the geometrical differ-
ences leading to a temperature difference along the measur-
ing channel, the averaged variation of temperature is within
0.4 K resulting in an intensity ratio modulation of 0.04, if we
assume a Soret coefficient of 0.1 K−1. This implies that the
variation of the intensity ratio along the 𝑦-axis is negligible.
Fig. 7(b) shows that the intensity ratio at different heights
also overlaps. Therefore, we can conclude that we have one-
dimensional temperature and the concentration ratio profiles
in the measuring channel which can be used to calculate the
Soret coefficient accordingly.

In addition, we investigated the effect of free convection
on the concentration profile in the measuring channel, which
would distort the concentration profile. Based on a one-
dimensional temperature profile in the measuring channel,
we can simulate the temperature and concentration profile.
In the simulation, we observe free convection in the mea-
suring channel, whereas the magnitude of free convection

velocity is comparable with the thermophoretic velocity (cf.
Fig. S2 in the Supplementary Information). Nevertheless,
the obtained concentration profiles are almost the same with
and without free convection (cf. Fig. S3 in the Supplemen-
tary Information). Additionally, the slopes of the logarithmic
concentration ratios as function of 𝑥 and 𝑇 − 𝑇ref along the
𝑧-axis overlap, so that we can ignore free convection for the
analysis of 𝑆T. Furthermore, we investigate whether mea-
surements of thermophobic particles (𝑆T > 0) are possible.
The simulated results of thermophobic particles reveal that
the effect on the concentration profile is weak (cf. Fig. S5
in the Supplementary Information). It means that the cell
can be used to evaluate 𝑆T of thermophobic particles using
Eq. 4. Note that, since the natural convection velocity in the
channel is confined by the shortest length of the channel,
a smaller channel ensures reliable concentration profiles
to determine Soret coefficients. A detailed description of
the simulation of free convection and thermophoresis is
presented in the Supplementary Information.
3.3. Evaluation of the Soret coefficient

The measured temperature and intensity ratio in the mea-
suring channel were used to calculate the Soret coefficient
according to Eq. 4. Figure 8(a) shows the natural logarithm
of the measured intensity ratio as function of the temperature
difference. During the experiments, we set the cooling and
heating fluid temperatures to 10◦C and 40◦C, respectively.
The solid lines are linear fits of the logarithmic intensity
ratio as function of the temperature difference. Note, that the
linearly fitted lines of run 1 and 2 overlap. The corresponding
slopes are −0.114 ± 0.009K−1 and −0.110 ± 0.010K−1,
respectively. The uncertainties include the errors of temper-
ature differences and concentration ratios.

Figure 8(b) shows the temperature dependence of the
Soret coefficient measured in the microfluidic channel cell.
In order to verify the cell, we compared the obtained 𝑆Tvalues with the data measured with the TDFRS set-up, which
has been validated in the Fontainebleau benchmark using
three binary organic mixtures [45]. Note that, it is impossible
to certify the microfluidic cell using the same mixtures, [45]
because, with a confocal microscope, we cannot measure
concentration changes of organic solvents. The data points
shown in Fig. 8(b) and their error bars are additionally listed
in Table 1. The fitted curve is described by the empirical
equation [46],

𝑆T = 𝑆∞
T

[

1 − exp
(

𝑇 ∗ − 𝑇
𝑇̃

)]

, (5)

where 𝑆∞
T , 𝑇 ∗ and 𝑇̃ are empirical parameters that refer to

the Soret coefficient at infinite temperature, the temperature
at which a sign change of 𝑆T occurs, and a parameter to de-
scribe the curvature, respectively. The empirical parameters
𝑆∞
T , 𝑇 ∗ and 𝑇̃ determined for the TDFRS data are 0.20 ±

0.03 K−1, 323.4 ± 0.89 K and 61.6 ± 6.32 K, respectively.
It turns out that the averaged deviation of Soret coefficients
measured with the microfluidic cell is 7.8% from the fitted
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Figure 8: (a) Logarithmic intensity ratio as a function of
temperature di�erence for run 1 and 2. (Tcool = 10◦C, Theat
= 40◦C, Tmean = 24.7◦C) The red and blue dotted lines refer
to a linear �t of the data of run 1 and run 2, respectively. (b)
Comparison of the Soret coe�cients of unwashed polystyrene
particles (𝑑 = 25 nm, 1%) measured in run 1 (red square),
run 2 (blue bullet) and with TDFRS (black square) connected
with a dotted line). The dotted line corresponds to a �t of the
TDFRS data using Eq. 5.

curve according to Eq. 5 in the investigated temperature
range.

Another advantage of the instrument is that we can
control the mean temperature between 20-30◦C to perform
temperature dependent measurements of the Soret coeffi-
cient. The obtained Soret coefficients of the G25-particles
increase between 20◦C and 30◦C from -0.138 K−1 to -
0.078 K−1. A similar weak temperature dependence has been
observed before another batch of the same particles [38]
and is typical for solutes in water at high dilution and can
be described in Eq. 5 [46]. This empirical equation reflects
that the thermophoretic behavior of aqueous systems is
dominated by hydrogen bonds. With increasing temperature
the strength of the hydrogen bonds is weakened leading to an

Table 1

Soret coe�cients of G25-particles (1% wt) measured in the
micro�uidic channel cell in comparison with TDFRS results.
The uncertainties include the errors of temperature di�erences
and concentration ratios.

T/◦C 𝑆T/K
−1 𝑆T/K

−1 T/◦C 𝑆T/K
−1

Run 1 Run 2 TDFRS

20.5 -0.127±0.010 -0.142±0.012 20 -0.138±0.014
22.8 -0.129±0.010 -0.132±0.012 22 -0.117±0.001
24.7 -0.114±0.009 -0.110±0.011 25 -0.105±0.004
26.7 -0.099±0.009 -0.097±0.010 27 -0.092±0.004
29.0 -0.086±0.009 -0.084±0.009 30 -0.078±0.003

increase of 𝑆T and a decrease of the temperature dependent
slope [6]. The latter cannot be observed for the G25 particles
in the investigated temperature range, since the temperature
dependent slope of 𝑆T remains almost constant.

As mentioned before, the surrounding temperature influ-
ences the temperature profile within the measuring channel,
therefore an expansion of the temperature range will require
a thermostated housing of the set-up to reach a good temper-
ature stability. In conclusion, the proposed thermophoretic
microfluidic cell provides reliable and reproducible temper-
ature dependent measurements of 𝑆T.

4. Conclusion
In summary, we propose a thermophoretic microfluidic

cell for quantitative measurements of the Soret coefficient of
colloidal particles or proteins. In the developed microfluidic
cell the actual measuring channel is located between heating
and cooling channel to establish a temperature gradient
across the measuring channel. As a test system, we used
fluorescently labeled polystyrene particles with a diameter
of 25 nm. FLIM with RhB is utilized for probing the spatial
temperature profile inside the measuring channel. The estab-
lished concentration ratio in the steady state is determined
from the fluorescence intensity ratio. The characterization
of the thermophoretic cell reveals that a one-dimensional
temperature profile is achieved. The established concentra-
tion ratio profile, which is equal to the measurable intensity
ratio profile, is used to determine the Soret coefficient. In
the entire investigated temperature range, the obtained 𝑆T-
values of the colloidal particles deviate on averaged by 7.8%
from the fitted curve describing the TDFRS results. We
demonstrated further that the device is suitable to perform
temperature dependent measurements. So far, we varied the
mean temperature between 20◦C and 30◦C. An expansion
of the temperature range will be possible, if a thermostated
housing is used to reach a good temperature stability. As
mentioned, characterization measurements revealed that the
ambient surrounding temperature influences the temperature
profile inside the measuring channel. This effect raises as
the temperature difference between the measuring channel
and the environment increases. In conclusion, the proposed
thermophoretic microfluidic cell provides reliable and re-
producible temperature dependent measurements of 𝑆T for
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large colloids (> 1 𝜇m) and smaller fluorescently labelled
particles or (bio-)macromolecules.

The proposed cell has several advantages compared to
conventional methods, which are often limited to binary
mixtures. The presented thermophoretic microfluidic device
allows the study of specific fluorescently labeled or large
solute macromolecules in multi-component mixtures such
as buffer solutions. For instance, it will be possible to study
the thermophoretic behavior of solutes for buffer solutions
of different ionic strength or pH. The thermophoretic mi-
crofluidic cell has also a fairly short equilibration time 𝜏 =
𝑤2

𝑚∕(𝜋
2𝐷), which depends on the measuring channel width

𝑤𝑚 and the mass diffusion coefficient 𝐷 [47]. Even for larger
colloidal particles with a diameter of 1 𝜇m, we find equili-
bration times of roughly 1 hour, which should be accessible
if evaporation of the solvent and photobleaching of the dye
are prevented. Note that, the sedimentation velocity of 1
𝜇m PS particle is 35.2 nm/s [48]. The channel height is
76 𝜇m, which leads to the retention time of sedimentation
of 1.5 hours. Therefore, sedimentation will influence the
thermophoretic motion so that a mixture of water and heavy
water (D2O) should be used to match the density of the
solvent with that of the particles. Another advantage of this
cell is the small channel volume lower than 20 𝜇L including
connectors which makes it suitable for the study of rare
biological compounds. With this cell, it will also be possi-
ble to investigate the thermophoretic movement in nematic
phases or a crowded environment. The latter is especially
interesting to study transport in biomimetic systems. This
device will help to extend our fundamental understanding of
thermophoresis in complex environments and might also be
suitable to develop new analytical methods to characterize
and separate colloidal synthetic and natural particles.
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