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Thermophoresis beyond Local Thermodynamic Equilibrium
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We measure the thermophoresis of polysterene beads over a wide range of temperature gradients and
find a pronounced nonlinear phoretic characteristic. The transition to the nonlinear behavior is marked by a
drastic slowing down of thermophoretic motion and is characterized by a Péclet number of order unity as
corroborated for different particle sizes and salt concentrations. The data follow a single master curve
covering the entire nonlinear regime for all system parameters upon proper rescaling of the temperature
gradients with the Péclet number. For low thermal gradients, the thermal drift velocity follows a theoretical
linear model relying on the local-equilibrium assumption, while linear theoretical approaches based on
hydrodynamic stresses, ignoring fluctuations, predict significantly slower thermophoretic motion for
steeper thermal gradients. Our findings suggest that thermophoresis is fluctuation dominated for small
gradients and crosses over to a drift-dominated regime for larger Péclet numbers in striking contrast to

electrophoresis.
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Molecules in solutions move along temperature gra-
dients. This effect, termed thermophoresis or the Soret
effect, was discovered about 150 years ago in aqueous
solutions [1,2] and plays a key role in numerous funda-
mental problems and applications, including the separation
of nonaqueous polymers [3], the geological movement of
crude oil [4], oscillatory convection [5], convection in
ferrofluids [6], polymer collapse [7,8], and even in plasma
systems due to temperature gradients created by resonant
plasmon excitations [9,10]. Thermophoresis of charged
molecules such as RNA or DNA is comparably strong and
therefore may constitute a fundamental element of the
molecular evolution at the origin of life [11,12]. A strong
focus lies on the aim to better understand and find
geological nonequilibrium conditions in hydrothermal
environments for the emergence of life [13,14]. Perhaps
most importantly, thermophoresis has been employed to
quantify biomolecule binding, termed microscale thermo-
phoresis [15,16].

Yet, the description of thermophoresis strikes fundamen-
tal physical questions on the definition of thermodynamic
equilibration and how it separates from nonequilibrium
phenomena. Recently, the emergence of enhanced diffusion
of self-heated particles [17] and the direct observation of
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hydrodynamic memory in Brownian motion [18] have both
improved our understanding of diffusion processes and
nonequilibrium phenomena [19,20]. In the recent past,
thermophoresis has been approached within different theo-
retical linear models, choosing either a hydrodynamic [21-
25] or thermodynamic viewpoint [26-29]. The former
correctly incorporates dissipation via local fluid flow,
however, it does not reflect the maximization of the number
of microstates in the local thermodynamic equilibration of
the counter ions in the Debye layer surrounding the particle
[30]. For moderately charged molecules in water, the latter
is the dominant effect and allows for a thermodynamic
foundation of the Soret coefficient [31,32]. Both theoretical
models for thermophoretic motion have been elaborated for
the linear response, while the nonlinear regime has been
virtually unexplored. Recent theoretical studies within a
hydrodynamic approach [33,34] suggest that the observa-
tion of nonlinear effects in thermophoresis constitutes an
experimental challenge.

Intuitively, one anticipates that the local-equilibrium
assumption has to break down once the thermal gradients
become strong and a regime of genuine nonequilibrium
transport should emerge. Correspondingly, interesting
questions arise, on what scale do such effects become
relevant and how does thermophoresis evolve for even
larger nonequilibrium driving? Does thermophoeretic
motion become more efficient beyond the linear regime
and what microscopic quantities determine the drift veloc-
ity? How can the breakdown of the local-equilibrium
assumption be linked with approaches based on hydro-
dynamic stresses?
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In this Letter, we explore the limit of local thermal
equilibration by means of single-particle tracking to deter-
mine the thermal velocities of polystyrene beads (PSB) of
several radii and different salt concentrations. Our mea-
surements provide first experimental evidence for thermo-
phoretic motion beyond local equilibrium, strikingly
revealing the nonlinear regime, and pave the way to
reconcile different theoretical approaches for linear
response as limiting cases.

We have extended single-particle measurements of
thermophoresis [31] by tracking fluorescent particles inside
thin chambers as they move along an optically applied
temperature gradient. The drift velocity is derived from the
particle positions while the local temperature gradient is
inferred from temperature-dependent fluorescence. This
allows measuring the thermophoretic drift velocity and
correlating it with the temperature gradient.

For small temperature gradients VT, the particle’s
motion strongly fluctuates while the overall thermophoretic
effect becomes apparent only on larger length scales [see
Fig. 1(a)]l. In contrast, for larger thermal gradients the
trajectory is strongly rectified and only small fluctuations
are superimposed on the directed motion, as highlighted in
Fig. 1(b). The crossover between the two regimes is
expected once the timescale for diffusion processes
becomes comparable to the timescale of thermophoretic
motion. This insight suggests defining a dimensionless
number Pe = 75/ T4, Which we refer to as the (phoretic)
Péclet number, by comparing the diffusion time 74 =
a*/D to the thermophoretic-drift time 744 = a/D7|VT].
Correspondingly, for Pe < 1 the movement of the particle is
fluctuation dominated, while Pe 2 1 describes the drift-
dominated motion. Here a denotes the radius of the
particle, D the diffusion coefficient, D;VT is the drift
velocity in linear response with the thermal diffusion
coefficient Dy. Employing the definition of the Soret
coefficient, S; = D7/D, the Péclet number simplifies to
Pe = aSy|VT|. Hence, the crossover Pe = 1 occurs for
thermal gradients

VT, = (Sra)™". (1)

(a) (b)

W

FIG. 1. Trajectories obtained from single-particle tracking of
polystyrene beads (PSB) immersed in water for two different
Péclet numbers (a) Pe = 0.5 and (b) Pe = 5.0. The scale bar
corresponds to 20 pm. For Pe < 1, the motion is dominated by
diffusion and thermophoresis is rather slow. In contrast, for Pe >
1 hydrodynamic stresses become important, increasing the
phoretic drift velocity.

The thermophoresis of polymers and molecules in solvents
is experimentally well below this threshold. For example,
single-stranded DNA with a~3 nm and S;~0.1 K~!
results in |VT|, ~ 3000 K/pm, 5 orders of magnitude
beyond the gradient |VT|**P ~0.05 K/pm used in the
experiments. However, we could reach this regime for
micrometer-sized  polystyrene  beads (2a 2 1 pm,
Sy 2 10 K~1) employing a special setup that created very
steep thermal gradients =0.1 K/um (see Fig. Sle in
Supplemental Material [35]). Considerable care had to
be taken so that the particles were not influenced by
possible artifacts from thermal convection, sedimenta-
tion, wall effects or optical trapping (see Supplemental
Material [35]).

The strategy was to use 20 pm thin chambers, small
enough to suppress thermal convection, but still 10 times
larger than the largest particle. We created an optical warm
spot by an IR heating laser and imaged the temperature
distribution using thermosensitive fluorescent dyes [31,48]
to quantify the temperature gradient.

Optical trapping was limited by keeping the heating laser
defocused with a FWHM of 50 pm. We checked for
possible experimental artifacts from trapping using heavy
water as a solvent, which showed an eightfold reduced
absorption of the laser light, leading to an equally reduced
temperature gradient, while keeping optical trapping con-
stant. In this case, no significant drift from optical trapping
was observable [Figs. S1(d),1(e) in Supplemental Material
[35]], demonstrating that optical trapping was not a
distorting factor even for the largest particles.

As the particles move away from the center of the heated
spot, the gradient becomes flatter and the velocity of the
thermophoretic drift decreases. Measuring both the drift
velocity and the thermal gradient independently as a
function of the distance to the heating spot allows testing
the linearity of the thermophoretic drift relation

We compare our experimental findings to the linear
theoretical prediction for the drift velocities [Eq. (2)]. To
this end we combine two linear theoretical approaches for
the thermophoretic motion of a single charged colloid. The
first is derived within irreversible thermodynamics and is
expected to be valid at local thermodynamic equilibrium
conditions [32] (see also Supplemental Material [35]) for
Pe < 1. The second model treats the solvent surrounding
the particle as a continuous medium [49,50] (see also
Supplemental Material [35]) subject to local hydrodynamic
stresses causing fluid flow and hence directed particle
motion in response to a temperature gradient. Here the
detailed double-layer deformation is accounted for, based
on field equations for hydrodynamic flow, local electric
fields, and ion concentrations within linear response theory.
The hydrodynamic approach in linear response is expected
to be valid for all experimentally accessible temperature
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FIG. 2. Linear fits to the experimental measurements (symbols) for radii (a) a = 550 and (b) a = 950 nm and for different salt

. . e
concentrations c¢. The crossover temperature gradients |VT|UXp

where the calculated velocities deviate by 70% from the linear drift

relation are indicated by the vertical dashed lines. (c) Soret coefficient Sy vs Debye length x~!. Full lines correspond to the theoretical
predictions [see Eq. (4) in the Supplemental Material [35] ]. (d),(e) Comparison to the different linear-theoretical-model predictions for
the same radii and concentrations. Vertical dashed lines represent the crossover temperature gradient |VT|, obtained from theory (see
Table S1 in Supplemental Material [35]). Full lines denote results from both the thermodynamic and hydrodynamic approach by
superimposing the corresponding thermophoretic drift velocities. Dashed-dotted lines are solutions within a hydrodynamic viewpoint.
(f) Scatter plot of the crossover temperature gradient |VT|f obtained from linearly fitting the data according to Eq. (2) vs |VT|.. Inset:
Same for the experimentally determined thermal gradient [VT|¢® (see Table S1 in the Supplemental Material [35]).

gradients since the relative temperature variations
a|VT|/T ~1072 = 107* < 1 are small over the particle
radius a for ambient temperature 7'~ 300 K and temper-
ature gradients |V7T|<0.2 K/pm (see Table S1 in
Supplemental Material [35]). Here we suggest that for Pe <
1 the thermal diffusion coefficient consists of two con-
tributions Dy = D¢
with D™ from hydrodynamic theory, and DS from local
thermodynamic equilibrium. As the temperature gradient

+ D7! superimposed by linearity

reaches the crossover value of Eq. (1), we expect a slowing
down of the drift velocity due to the breakdown of the
Brownian motion contribution to thermophoresis, the
dominating term for micrometer-sized particles.

We formally define an effective thermal diffusion coef-
ficient DS := U/|VT| (with U = |U|) which depends on
the thermal gradient and incorporates implicitly all non-
linear effects in the temperature gradient. For small Pe < 1
it reduces to the linear response value D7! while for large
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gradients Pe > 1 it is expected to converge to DS ~ DI
with DM « D$I. Clearly, the inherently linear hydro-
dynamic theory cannot account for the nonlinear crossover.
Nevertheless, it is anticipated to predict the strong decrease
in the amplitude of the thermal velocities U.

We performed the drift experiment for two PSB radii and
two Soret coefficients, tuned by enhancing the salt con-
centrations and thus the Debye length [Table S1 in
Supplemental Material [35] and Figs. 2(b) and 2(c)].
The thermophoretic mobilities Dy can be fitted for Pe <
1 (see Table S1 in [35]) since there linearity in the gradient
[Eq. (2)] holds. The corresponding Soret coefficients S; =
Dy /D follow the theoretical predictions [32,50] quantita-
tively [Fig. 2(c)] with an effective surface charge density of
—4500 e pm~2 that was determined from electrophoresis of
particles with a radius of 20 nm with identical surface
modifications [31]. This confirms a previously observed
linear dependence on Debye length and a quadratic
dependence on particle size for low salt concentrations
[31,32]. However, there are deviations from this linear
relation [Eq. (2)], marked vertically in the plots [Figs. 2(b)
and 2(c)], where we define the threshold thermal gradient
|VT|c™ for a chosen deviation of 70% from the linear
behavior. This choice is a compromise to account for a
steep thermal gradient and measure particles with a high S
while minimizing experimental uncertainties for the
smaller ones. As can be inferred from Fig. 2(f) (inset)
the threshold matches the expectation of Eq. (1) for the two
PSB radii and different salt concentrations. We also
compare the experimentally obtained values for the drift
velocities with the theoretical linear predictions and find
good agreement for Pe < 1 [Figs. 2(d) and 2(e)].

The slowing down is consistent with the linear hydro-
dynamic model [49,50] (and Supplemental Material [35]),
see Figs. 2(e) and 2(f) (dashed-dotted lines), as well as with
a similar recent theoretical approach [22], predicting up to
20 times lower drift velocities. Furthermore the crossover
thermal gradient |VT|,. obtained from the linear theoretical
model (SM [35]) is in accordance with the calculated
threshold |VT|, as well as the experimentally obtained
|VT|™, see Fig. 2(f) corroborating consistency between
the different criteria for the crossover gradient.

Having pinpointed the relevant crossover thermal gra-
dient, we employ the linear response prediction to identify
the characteristic velocity scale D7|VT|. = Dy(Sya)™! =
D/a. Then we plot the rescaled velocity Ua/D vs the
rescaled temperature gradient |VT|/|VT|, = Pe and find
data collapse for rescaled temperature gradients varying
over almost 3 orders of magnitude and 2 decades for the
drift velocities, see Fig. 3. The crossover to a pronounced
nonlinear regime appears to be universal irrespective of the
salt concentration or particle radii. Experimental artifacts
from thermal convection and sedimentation prevent mea-
surements with even larger thermal gradients or using
larger particles to fully observe the transition.
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FIG. 3. Single master curve with pronounced nonlinear devia-

tions setting in around Pe 2 1 for all particle radii and salt
concentrations (see also Table S1 in Supplemental Material [35]).

Conclusion.—We have measured the thermophoretic
motion for micrometer-sized colloidal particles for an
extensive range of Péclet numbers and find good agreement
with a model based on local thermodynamic equilibrium
for small temperature gradients, while for larger Péclet
numbers the drift velocity becomes sublinear. The data
collapse for the linear and nonlinear response for all radii
and salt concentrations corroborates a universal underlying
mechanism for the transition from local thermodynamic
equilibrium to a genuine nonequilibrium state.

Based on our measurements, we argue that since Pe < 1
for typical measurements in solution, local equilibrium
should be assumed and the thermophoretic motion is
fluctuation dominated. Only for the large Péclet numbers
achieved in our experiments, thermophoresis becomes drift
dominated and approaches the hydrodynamic model. This
observation suggests that thermophoresis is inherently
different from electrophoresis where typically the electro-
phoretic drift velocity U > D/a such that the motion is
drift dominated and is well described within a hydro-
dynamic approach [51-54].
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