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We present thermophoretic measurements in aqueous suspensions of three different polystyrene (PS)
particles of varying negative charge, size, and surface coating. Our measurement technique is based on
the observation of the colloidal steady-state distribution using conventional bright-field microscopy,
which avoids undesirable effects such as laser-induced convection or local heating. We find that
the colloids with the weakest zeta potential exhibit the strongest thermophoretic effect, suggesting
that the Soret coefficient has a more intricate dependence on surface functionality than predicted
by existing theoretical approaches. We also study the relaxation of the colloids to steady-state and
propose a model to quantify the relaxation speed, based on the time evolution of the colloidal center
of mass. Our observations are well described by this model and show that the relaxation speed tends
to increase with the magnitude of the thermophoretic force. © 2017 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/). [http://dx.doi.org/10.1063/1.5001023]

I. INTRODUCTION

The motion of particles in a temperature gradient is known
as thermophoresis. The thermophoretic effect has been studied in a wide range of systems, from charged particles1–6 or
micelles7,8 in aqueous electrolyte solutions to polymers in
polar and nonpolar solvents.9–12 Experimental evidence suggests that the thermophoretic velocity is insensitive to particle
size, making it the ideal candidate for the fractionation of small
biomolecules,13 as opposed to dielectrophoresis or magnetophoresis, where the velocity scales with the square of the
particle radius.14 It has also been shown that thermophoresis
combined with convection can be used as a focussing technique to achieve strong accumulation of DNA,12 indicating
that it might have played a fundamental role in the formation
of life.15
Despite these advances, studying thermophoresis in colloidal suspensions remains a challenging task, both experimentally and theoretically. Thermophoresis in dilute suspensions
is driven by hydrodynamic stresses resulting from a local interaction between colloid and fluid. This interaction is influenced
by a wide range of parameters,14 including intensive variables of the system such as temperature, salinity, pH, and
solvent expansivity, as well as single colloid properties like
shape and surface coating.16 Thermophoresis is commonly
measured indirectly using advanced laser techniques such as
thermal lensing,17 beam deflection,18 digital interferometry,19
or forced rayleigh scattering20 although it has been questioned
to what extend these techniques may suffer from undesirable
effects such as local heating or convection.14 Recently, a direct
measurement of thermophoretic forces on a single colloidal
particle in confinement has further been achieved by means
a)
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of evanescent light scattering.21 Here, we use an alternative
technique based on the observation of the colloidal steadystate distribution in a closed cell, using conventional brightfield microscopy. Our method is practically bias-free and has
the advantage of capturing all single-particle and collective
contributions to thermophoresis. Furthermore, we study the
motion of colloids during the relaxation to steady-state and
propose a theoretical model to describe this relaxation more
quantitatively.
The motion of colloids resulting from thermodynamic
gradients in concentration and temperature is quantified by
the total particle flux ~J, which is given by14
~J = −D∇c − cDT ∇T ,

(1)

where D is the Fickian diffusion coefficient, c is the colloidal concentration (number of colloids per unit volume),
DT is the thermal diffusion coefficient, and T is the temperature. The second term on the right hand side of Eq. (1)
describes the particle flux induced by a temperature gradient. From the relation ~J = c~vT , the thermophoretic velocity can
be identified as ~vT = −DT ∇T . In a closed system, a steadystate of the colloidal component is reached when the total flux
vanishes
∇c = −cST ∇T .
(2)
The ratio S T = DT /D, also known as the Soret coefficient, quantifies the strength and direction of colloidal
thermophoresis.
In dilute suspensions, colloidal pair-interactions can be
neglected and the Stokes-Einstein relation γD = kB T can be
used to relate the diffusion coefficient D to the friction coefficient γ of the colloid, where k B is the Boltzmann constant. As
~ T that drives thermophoresis can
a result, the effective force F
be written as
~ T = γ~vT = −kB TST ∇T .
F
(3)

147, 094906-1

© Author(s) 2017

094906-2

Burelbach et al.

~ T , the steady-state concentraUsing this expression for F
tion profile of colloids in a temperature gradient can hence be
expressed as
~T
F
.
(4)
∇ ln c =
kB T
Our experimental technique is based on Eqs. (2) and (4),
which show that the Soret coefficient S T can be determined
from the colloidal concentration profile at steady-state when
the temperature gradient is known.
II. MATERIALS AND METHODS

We have performed thermophoretic measurements in
aqueous suspensions using three different polystyrene (PS)
particles of varying negative charge, size, and surface coating,
including streptavidin (PS-STV, from microParticles GmbH),
polyethylenglycol-azide groups (PS-PEG-N3 , in house) and
polyethylenglycol-DNA (PS-PEG-DNA, in house22 ). The PS
particles are either dispersed in deionised water (ACROS
Organics, Fisher Scientific), abbreviated as DiW, or custommade Tris-EDTA buffer (10 mM Tris-HCl and 1 mM disodium
EDTA at pH 8.0, in house), denoted as TE, and diluted down
to volume fractions of about 0.01%. Before each experiment,
the suspensions are sonicated for 20 min to break up potential
aggregates. The hydrodynamic diameters d h and zeta potentials ζ of the PS particles are obtained from Dynamic Light
Scattering (DLS) measurements using a Zetasizer (Nano ZS,
Malvern).
A schematic diagram of the setup is shown in Fig. 1.
The cell for the suspension is made of an ultra thin silicone spacer with a circular hole (∼170 µm thick, from Silex
Silicones LTD), sandwiched between two sapphire windows
(32 × 37 × 0.50 mm, from UQG Optics). Sapphire is optically transparent and a very good heat conductor, thus guaranteeing a uniform temperature gradient inside the sample.
Upon contact, the silicone film immediately sticks to the sapphire window due to strong adhesion forces. A droplet of the

FIG. 1. Schematic lateral view of the experimental setup (dimensions are not
to scale).
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suspension (∼25 µl) is then introduced and the second window is carefully placed on top of the spacer. Moderate pressure
is exerted on the top window to squeeze out any excess liquid and to amplify the adhesion between the windows. The
sample is then transferred to a Nikon Eclipse Ti-E inverted
microscope, equipped with a Ximea MQ013MG-E2 camera
with an E2V EV76C560 CMOS sensor. An extra-long working distance objective is used for bright-field imaging, with a
numerical aperture of 0.60, corresponding to a depth of focus
of about ∼1.3 µm. The sample is then mounted onto the microscope stage and sandwiched between two copper blocks. Both
blocks are connected to PID (proportional integral derivative)
controllers and have small central holes for the transmission
of light. To avoid large-scale convection, a uniform temperature gradient is set up vertically by heating at the top and
cooling at the bottom. For this purpose, the top and bottom
blocks are connected to an electric heater and a water bath;
and the corresponding temperatures are monitored using thermocouples. The time evolution of the colloidal concentration
profile is captured by acquiring images of horizontal slices in
10 min intervals, spanning the entire height of the cell. The
slices are all equally spaced by a vertical distance of 10 µm
and averaged over multiple images to improve the accuracy
of the measurement. The local concentration at each altitude
is determined via image analysis using a home-developed
MATLAB code, based on a binarisation method with a high
pass filter for contrast and feature size. A detailed description of our image analysis can be found in the supplementary
material.

III. THERMOPHORETIC FORCE MEASUREMENT
AT STEADY-STATE

In dilute suspensions, a single colloid is subjected to two
~ T and the gravitadifferent forces, the thermophoretic force F
2
~
tional pull Fg = mr~g where g = 9.81 m s . The reduced mass
mr is given by mr = Vc (ρc − ρw ), where V c is the volume of
a colloid and ρc and ρw are the mass densities of the colloid
(PS) and solvent (water), respectively. Taking into account the
gravitational pull of the suspended particle, the colloidal distribution along the temperature gradient can hence be written
as
Fg
∂T
∂ ln P(z)
=
− ST
.
(5)
∂z
kBT
∂z
Here, the colloidal concentration c(z) has been replaced by its
corresponding probability distribution P(z).
In our experiments, we have measured the colloidal concentration profile at steady-state for different temperature gradients, keeping the bottom block at 20 ◦ C and raising the
temperature of the upper block to a maximum of 50 ◦ C. Within
this narrow temperature range, the expansion of water barely
effects the reduced mass of the colloid and the thermal energy
k B T can be assumed constant. In view of Eq. (5), the Soret
coefficient S T can then be identified as the negative slope of
ln P
the curve defined by ∂ ∂z
vs ∂T
∂z , allowing a natural elimination of the gravitational pull as a constant offset at ∂T
∂z = 0.
It is important to note that the colloids must be at steadystate before this measurement technique for S T is applied. An
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TABLE I. The values of D are determined from the Stokes-Einstein relation
at room temperature, using the values of the hydrodynamic diameters d h .

dh (nm)
D (µm2 s 1 )
τD (h)

PS-STV

PS-PEG-N3

PS-PEG-DNA

591
0.84
4.78

446
1.11
3.62

491
1.01
3.97

order of magnitude estimate for the relaxation time required
to reach this steady-state is given by the diffusive time scale
τD ∼ h2 /2D, where h is the cell height set by the thickness of
the silicone spacer. The diffusion coefficient can be determined
from the Stokes-Einstein relation D = kB T/(3πηdh ), where d h
is the hydrodynamic diameter of the particle and η is the solvent viscosity, which takes the value of 8.9 × 10 4 Pa s for
water at room temperature. The values of d h , D, and τD are
reported in Table I.
The complete relaxation to steady-state is verified by monitoring the time evolution of the decay parameter κ(t), which
we define as the negative slope of the best-fit line to ln P(z)
vs z. Examples of these time evolutions are shown in Fig. 2,
for PS-PEG-N3 and PS-STV in DiW. For both systems, κ(t)
reaches a stable value after around 4 h, which indeed falls into
the range of values for τD given in Table I. Figure 3 shows
the plots of ln P(z) vs z at steady-state for the same systems.
It can be seen that the concentration of colloids is highest at
the bottom of the cell and falls off rapidly towards the top.
The lines represent best fits to the data over the range of
30–100 µm above the bottom surface. The reason for limiting the fitting to a bulk range is twofold. Apart from colloidal
absorption, which tends to be stronger at the bottom due to
gravity, lower concentrations give poor statistics close to the
top surface. Fluctuations due to poor statistics are visible in
Fig. 3 at higher altitudes and become more pronounced with
increasing temperature difference. A most notable feature of
Fig. 3 is the linearity of ln P(z) in the bulk. In view of Eq.
(4), this linearity implies that the Soret coefficient S T is constant throughout the suspension, meaning that the colloids are

FIG. 3. Natural logarithm of probability P(z) vs altitude z for varying external
temperature differences ∆Te , for (a) PS-PEG-N3 and (b) PS-STV, in DiW. The
P
probability P(z) is normalised according to P(zi ) = c(zi )/ i c(zi ), where zi are
the discrete altitudes inside the bulk range.

subjected to a uniform thermophoretic force. At steady-state,
the decay parameter κ can thus be related to the Soret
coefficient via
κ = ST ∇T + κ g ,
(6)
where κ g = −Fg /(kB T ). Knowing the cell height and the internal temperature difference ∆Ti inside the suspension, S T can
hence be determined from
ST = h

∂κ
.
∂∆Ti

(7)

The internal temperature difference ∆Ti differs from the externally applied difference ∆Te due to the finite thermal conductivity of sapphire. By treating the sapphire windows and
suspension as conducting elements in series, it can be shown
that (see the supplementary material)
∆Ti =
FIG. 2. Time evolution of the decay parameter κ(t) for PS-PEG-N3 (full symbols) and PS-STV (empty symbols) in DiW, for varying external temperature
differences ∆Te . The time origin is not absolute but set to zero at the start of
each measurement.

1
1 + 2 σσws hhs

∆Te ,

(8)

where hs is the thickness of a sapphire window and σs = 27.21
W m 1 K 1 and σw = 0.6 W m 1 K 1 are the thermal
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the highest for PS-PEG-N3 (ST /dh = 0.63 K 1 µm 1 ), which
opposes the theoretical prediction that S T /d h increases with
the magnitude of ζ. Our measurements thus support the interpretation of thermophoresis as an interfacial effect but also
suggest that surface functionality leads to an additional contribution to S T that is not accounted for by the aforementioned
ζ-model.
IV. COLLOIDAL CENTER OF MASS MOTION
IN RESPONSE TO A THERMOPHORETIC FORCE

FIG. 4. Decay parameter κ vs internal temperature difference ∆Ti , for (a)
PS-STV in DiW, (b) PS-PEG-DNA in DiW, (c) PS-PEG-N3 in DiW, and (d)
PS-PEG-N3 in TE. The values of κ are averages over the last 5 measures
at steady-state. The corresponding standard errors and propagated errors on
∆Ti due to an uncertainty in sapphire conductivity are relatively small and
therefore not shown.

conductivities of sapphire and water, respectively. Using these
values, we obtain the relation ∆Ti = 0.88 ∆Te .
The plots of κ vs ∆Ti are shown in Fig. 4 for all studied
systems. It should be noted that the measurements on PSSTV were performed on different samples, thus explaining
the higher noise level in Fig. 4(a). The relative sample error
associated with these measurements is 7% and is likely due to
a fluctuating pH in DiW. It can be seen that κ(∆Ti ) is approx~ T is linear in
imately linear for each system, indicating that F
∇T and that S T is rather insensitive to temperature. The values of S T obtained from Eq. (7) are also displayed in Fig. 4
and are exclusively positive, corresponding to a thermophobic behaviour of all studied PS particles. The values of S T
measured in DiW deserve particular attention, as they do not
conform with theoretical predictions for charged colloids in
aqueous electrolyte solutions.16,23 More generally, these models predict that the ratio S T /d h increases with the magnitude of
the zeta potential ζ. For comparison, the measured values of
S T /d h and ζ in DiW are given in Table II. Although the value
of ζ may fluctuate in DiW (±5 mV), these measurements show
that PS-PEG-N3 clearly has the weakest zeta potential. This
is mainly due to the azide (N 3 ) groups on the colloidal surface. Unlike DNA, which carries a net negative charge, the
azide groups are neutral and therefore reduce the zeta potential by shifting the hydrodynamic slip plane away from the
charged surface. However, the ratio S T /d h has been found to be
TABLE II. The errors on S T /d h are calculated from the relative sample error
of 7%.
in DiW
ST /dh (K
ζ (mV)

1

µm 1 )

PS-STV

PS-PEG-N3

PS-PEG-DNA

0.25 ± 0.02
29.5

0.63 ± 0.04
18.9

0.43 ± 0.03
30.6

Although the colloidal steady-state has previously been
exploited to determine S T , very little is known about the relaxation process behind this steady-state. The diffusive time scale
τD yields a rough estimate for the relaxation time but provides
no further insight into the underlying relaxation dynamics.
In biological processes however, we are often interested in
how a collection of confined particles or molecules relaxes to
steady-state under the action of a weak thermodynamic force,
the accumulation of biomolecules in out-of-equilibrium pores
being an important example.15 A theoretical model is therefore required that allows a more quantitative description of this
collective relaxation. Here, we propose the colloidal center of
mass (CoM) as a natural candidate for this description, defined
as
P
zi c(zi )
.
(9)
Z = Pi
i c(zi )
Our theoretical consideration starts from the continuity
equation for an effectively one-dimensional, closed system in
the absence of particle generation
∂Pz ∂j
+
= 0.
∂t
∂z

(10)

Pz (z) is the linear probability density, satisfying ∫ Pz (z)dz
= 1. The CoM is then simply related to Pz (z) via Z = ∫ zPz
(z)dz. The corresponding probability flux j is given by
j = −D

∂Pz F
+ Pz ,
∂z
γ

(11)

where F = F g + F T is the total force on a colloid. As the temperature variation inside the system is very small (∆T /T  1),
the diffusion coefficient D and friction coefficient γ of a colloid
can be taken as approximately constant. With the expression
for j given by Eq. (11), the continuity equation (10) can then
be rewritten in terms of rescaled variables
∂Pz ∂Pz ∂ 2 Pz
+ 0 −
= 0,
∂t 0
∂z
∂z 02

(12)

where t 0 = κ 2 Dt and z 0 = κz. Here, we compare our experimental data to numerical solutions of Eq. (12), using a standard
PDE-solver (MATLAB). By assuming perfectly reflecting
boundaries at z = 0 and z = h, Eqs. (10) and (11) can further
be used to derive the following equation of motion for the
colloidal CoM (see the supplementary material)
F + Π − γVZ = 0,

(13)

where V Z is the CoM velocity. The term Π has an entropic
nature and is given by
Π = −kB T (Pz (h) − Pz (0)) .

(14)
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As Pz (z 0, t 0) only has a simple stationary form at steadystate, there is no straightforward analytical prediction for the
time evolution of Π.
Let us now consider the case where the system is at
steady-state. The colloidal CoM has reached a stable position (V Z = 0) and the force balance is given by F + Π = 0.
The system is then suddenly subjected to a constant perturbation δF at time t = 0, e.g., by increasing the temperature
gradient. The resulting CoM shift δZ will induce an entropic
response δΠ that opposes the external perturbation until a
new steady-state is reached. It thus follows that δΠ acts as
a restoring force, satisfying δΠ(δZ = 0) = 0. To make progress
in quantifying the CoM relaxation, we examine the weak perturbation limit by assuming a linear response relation of the
form δΠ ∝ δZ. Equation (13) can then be solved analytically,
giving
δZ(t) = δZf (1 − exp (−λt)) ,
(15)
where δZf is the final CoM shift over the entire system, in
response to the perturbation δF. Following Eq. (15), we propose that the temporal decay constant λ can be used to quantify
the speed of the relaxation to steady-state. In view of Eq. (13),
λ should further satisfy the relation
γλ ∼

δF
.
δZf

(16)

As Eq. (15) relies on reflecting boundaries, it must be
noted that some of our colloids suffered from weak surface
absorption to the sapphire windows, in particular PS-STV in
DiW. Although the number of absorbed colloids saturates during the relaxation, absorption can temporarily perturb the free
evolution of the CoM. Furthermore, the system boundaries
have to be excluded from the data analysis, leading to deviations from Eq. (16) when the CoM is only tracked over a
limited bulk range of the system. Nonetheless, we find that the
CoM relaxation of PS-STV in DiW is well fitted by an exponential decay. For this system, each relaxation was studied in
a separate experiment where an initially uniform distribution
of colloids was subjected to a thermophoretic force F T fixed
by the externally applied temperature difference ∆Te . Three
of these relaxations are displayed in Fig. 5(a), together with
their exponential fits from which the relaxation speed λ is
determined. In Fig. 5(b), these values of λ are plotted against
the corresponding values of κ, which are directly related to
the magnitude of F T via Eq. (6). It can be seen that λ tends
to increase with κ, corresponding to shorter relaxation times
for stronger thermophoretic forces. The same conclusion is
drawn from the trend of λ(κ) as obtained from numerical
solutions of Eq. (12). Although assuming reflecting boundaries, the numerical curve (full line) displays a good agreement
with the experimental data. The observed trend of λ(κ) can
clearly not be explained by the diffusive time scale τD , which
just gives λ = τD−1 ∝ D, with no allowance for a dependence
on κ.
Figure 6 shows the relaxation of PS-PEG-N3 in TE, for
which no surface absorption was observed. The CoM shifts
are again very well fitted by our exponential model (dashed
lines). This system was measured in a single experiment
so that the initial concentration was uniform for the relaxation at ∆Te = 10 K and subsequently fixed by the previously

FIG. 5. (a) Observed time evolution of the CoM shift δZ of PS-STV in DiW,
rescaled with respect to the cell height h, for three different values of ∆Te . The
dashed lines are exponential fits from which the values of λ are determined.
(b) Relaxation speed λ vs decay parameter κ for PS-STV in DiW (squares).
The solid line shows the trend of λ(κ) obtained from numerical solutions of
Eq. (12), based on reflecting boundaries and using the value of D given for
PS-STV in Table I.

reached steady-states for the relaxations at ∆Te = 20 K and
∆Te = 30 K. For each relaxation, the perturbation δF is thus
fixed by the difference between the values of κ at the final
and initial steady-state. In units of κ, these are given by
δF = 0.017 µm 1 , δF = 0.014 µm 1 , and δF = 0.011 µm 1
in order of increasing ∆Te . The corresponding values of λ
are reported in Fig. 6 and indicate that the relaxation speed
increased rapidly with the incremental increase of ∆Te . As
the magnitude of δF barely changed from one relaxation to
the next, the observed increase of λ with ∆Te in this experiment is mainly related to the initial condition, showing that
the CoM relaxes faster when the distance to steady-state δZf is
reduced.
Due to the absence of absorption, the CoM shift of PSPEG-N3 can be directly compared to numerical solutions of
Eq. (12). For this purpose, the solutions (full lines in Fig. 6)
were obtained by using the diffusion coefficient D as a fitting
parameter to reproduce the measured value of λ most accurately. This is achieved by extracting D from a curve of λ vs D
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FIG. 6. Observed time evolution of δZ for PS-PEG-N3 in TE (symbols),
for varying external temperature differences ∆Te . Full lines correspond to
numerical solutions of Eq. (12). The legend above each curve shows the value
of λ obtained from the exponential fit (dashed line) and the optimal value of
D used for fitting of the numerical solution.

based on Eq. (12), for each perturbation δF and corresponding
initial condition. These curves are shown in Fig. 7 and display
a linear relationship λ ∝ D for each relaxation. Interestingly,
the thus determined optimal value of D is always smaller than
the value of 1.11 µm2 s 1 for PS-PEG-N3 obtained from the
Einstein relation, the difference being particularly large for
the relaxations at ∆Te = 10 K and ∆Te = 20 K, where the optimal value is roughly 0.66 µm2 s 1 . A possible reason for this
discrepancy might be the existence of hydrodynamic effects,
giving rise to an additional time-dependent term in Eq. (11)
that slows down the relaxation and disappears at steady-state.
However, Fig. 8 suggests that these effects do not influence the
z 0-dependence of Eq. (12), as the observed shape of the concentration profile P(z 0, t 0) of PS-PEG-N3 is always well fitted
by a corresponding numerical solution.

J. Chem. Phys. 147, 094906 (2017)

FIG. 8. Probability distribution P(z0 ) vs rescaled altitude z0 for PS-PEG-N3
in TE (symbols), at different instants texp during the relaxation to steady-state
for ∆Te = 10 K. The full lines are best fits obtained from Eq. (12), based on
least square fitting. texp is rescaled w.r.t the total relaxation time.

V. CONCLUSION

We have introduced a measurement technique for thermophoresis that is based on observing the change of the
colloidal steady-state concentration profile with the applied
temperature gradient. This method automatically eliminates
the gravitational pull and is free of any other external influences, allowing a clean and direct measurement of the Soret
coefficient. Our measurements show that the Soret coefficient
is rather insensitive to temperature for charged PS particles in
aqueous suspensions. Further, the measured thermophoretic
force varies linearly with the temperature gradient, supporting the linear-response assumption of the theory of nonequilibrium thermodynamics. Our results also suggest that
surface functionality plays an intricate role in thermophoresis that cannot be explained by considerations of surface
potential only. We have also investigated the relaxation to
steady-state by studying the CoM motion of the colloids.
The observed CoM motion is in agreement with a theoretical model that predicts an exponential decay to steady-state.
The decay speed λ has been found to depend on both the initial condition and the thermophoretic force, with a tendency
to increase with the magnitude of the force. This insight cannot be gained from an estimate based on the diffusive time
scale, which only predicts a linear dependence on the diffusion
coefficient.
SUPPLEMENTARY MATERIAL

See supplementary material for a detailed description of
our image analysis and for the derivations of Eqs. (8) and (13).
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