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Self-thermophoresis at the nanoscale using light induced solvation dynamics
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Downsizing microswimmers to the nanoscale, and using light as an externally controlled fuel,
are two important goals within the field of active matter. Here we demonstrate using all-atom
molecular dynamics simulations that solvation relaxation, the solvent dynamics induced after visible
light electronic excitation of a fluorophore, can be used to propel nanoparticles immersed in polar
solvents. We show that fullerenes functionalized with fluorophore molecules in liquid water exhibit
substantial enhanced mobility under external excitation, with a propulsion speed proportional to
the power dissipated into the system. We show that the propulsion mechanism is quantitatively
consistent with a molecular scale instance of self-thermophoresis. Strategies to direct the motion of
functionalized fullerenes in a given direction using confined environments are also discussed.

Inspired by the study of self-propulsion in microbiol-
ogy [1], there is a strong interest in the design of ar-
tificial active particles (“swimmers”) [2H7]. The cur-
rent flurry of propulsion mechanisms [4] arises from both
fundamental and applied motivations. Achieving con-
trol of micro/nano-particles in the liquid phase holds the
promise to be truly disruptive in a variety of fields. Al-
though an ample variety of swimmers have been success-
fully devised and implemented [4, [§], substantial hurdles
remain. It has been emphasized that downsizing to the
nanometer scale is probably the most pressing goal [4].
A second issue concerns the propulsion mechanism. The
most promising mechanisms seem tied to the ability to
sustain chemical reactions at the swimmer’s surface, a
problematic feature for biological applications [0, [7]. This
has prompted the call for swimmers that could rely on
electromagnetic radiation [0, [7]. On top of being more
biologically friendly, light activation enables the ability
to externally turn propulsion on and off.

Light activated self-thermophoresis was recently ob-
served experimentally in a landmark study of Janus
(metal/dielectric) particles [9]: a laser beam heats the
metallic hemisphere, resulting in an inhomogeneous tem-
perature distribution of the immediate solvent which in-
duces motion of the particle. This effect has also been
found for a computational mesoscopic model [I0]. The
question arises of whether a similar feat may be achieved
at the molecular scale. Indeed, there is no shortage of
mechanisms, so far untapped, by which energy can be
absorbed by a molecule and released into the immediate
environment [IT]. Activation of rotational, vibrational
and electronic degrees of freedom, and ascertaining the
pathways by which excess energy is channeled are funda-
mental topics with ongoing interest in the physical chem-
istry community [12HIS].

In this Letter we investigate the use of light induced
solvation dynamics to propel nanoparticles immersed in

polar solvents. We refer to the solvent relaxation that
follows (visible light) electronic excitation of fluorophore
molecules, which is usually accompanied by a charge re-
distribution within the solute [19} [20]. For polar solvents
(e.g. water), the perturbed charge distribution induces
strong Coulomb forces, producing fast reorientational dy-
namics of solvent molecules in the solute’s vicinity. Ger-
mane to this rearrangement there is a concomitant energy
flux, from the newly created excess solute-solvent elec-
trostatic energy into solvent kinetic energy. When the
electronic state subsequently relaxes, with the redshift of
the emitted photon accounting for the energy transferred
(Stokes shift), additional solvent rearrangement and en-
ergy transfer follows. For the scenario that has been the
workhorse in the study of solvation dynamics (atomic ion-
ization in water), energies of ~ 100 kcal/mol are trans-
ferred on a 100 fs timescale to the librations of the imme-
diate waters [2I]. Such efficient energy transfer results in
strong heating of the fluorophore’s surroundings which
can be sustained in time by excitation/deexcitation cy-
cles. The power transfer into the solvent is many orders of
magnitude higher than previously considered cases (e.g.
exothermic calatytic reactions in enzymes [22H24]), and
could be used to propel particles at the nanometer scale
by self-thermophoresis.

To test these ideas we consider a nanometric propeller
composed of a Buckminster fullerene (Cg) functionalized
with a fluorophore and immersed in liquid water. The
choice of Cgp is motivated by its size (~ lnm) and high
degree of symmetry, which should facilitate the assess-
ment of the factors contributing to its mobility and per-
mit comparison with analytic results for spherical bodies.
In addition, highly accurate atomic models for Cgo (and
water) are available. Fullerenes can be functionalized
with exohedrally attached groups which not only increase
their low solubility, but can also change their biological
activity [25] or, as shown here, can fundamentally alter



their mobility. Inspired by metallo-fullerenes [26] we have
chosen the simplest possibility, namely grafting a single
atom X to the Cgo (see inset in Fig. [I] where the pro-
peller, called Cgo-X, is schematically shown). The atom
attached creates a localized (diatomic) electric dipole C-
X [26] which can be externally excited [27]. Due to the
separation in timescales between charge redistribution
within the fluorophore after excitation, and the subse-
quent relaxation of the surrounding solvent, the effect
of the external excitation is prescribed as an instanta-
neous switch of the electric dipole direction, a standard
procedure [28] [29]. The dynamics of the actuated Cgo-X
molecule immersed in water is then solved through all-
atom molecular dynamics (MD) simulations [27]. The
effect of the actuation is studied as a function of dipole
strength and switching time.

First, we analyze the free dynamics of the Cgp-X
model. Motion occurs at very low Reynolds number as-
suming typical speeds [3] (Re ~ 107°), a regime where
a spherical particle is characterized by the translational
Stokes-Einstein diffusion coefficient D; = kgT/6mnR,
and the rotational diffusion coefficient D, = kgT/8mnR3.
Although the continuum assumption is not exact at the
nanoscale [30], these formulas are accurate enough pro-
vided one allows some leeway for the hydrodynamic ra-
dius R (with usually slightly different translational and
rotational values). Fig. [1] displays MD results for the
translational mean square displacement (MSD) at a tem-
perature of 300 K, with a diffusion coefficient of 0.75
nm? /ns. Retrieving the water model’s viscosity (7 = 0.43
mPa-s for TIP3P-Ew [31]), the Stokes-Einstein formula
produces a radius of R ~ 6.8 A, while from the rotational
MSD we obtain R ~ 5.3 A. These values are satisfactorily
consistent with the fact that water oxygen density peaks
at a distance of ~ 6.6 A from Cgo-X molecule center [27].
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FIG. 1. Mean square displacement (MSD) of the Cgo-X center
of mass for free diffusion (dashed lines) and for different dipole
switching periods 7 = 0.5,1,2,5,10 ps.

We now check whether our model conforms to what
is usually described as a hot Brownian particle. The
procedure to simulate solvation relaxation classically (see
Ref. B2l for a fuller account of the theoretical framework)
does not require to directly include the radiation or com-
pute non-adiabatic couplings: at a given time the dipole

is simply inverted, causing the response and consequent
heating of the immediate environment, followed by a sub-
sequent inversion (relaxation) after an adequately chosen
period of time. Here the excitation-relaxation sequence is
repeated periodically, with a time 7 between inversions.
Fig. [1| compares the free diffusion MSD to that result-
ing from several rates of dipole inversion. A core result
stands out: under the effect of excitation-relaxation cy-
cles our solute displays substantially enhanced mobility,
which increases with power absorbed.

For a quantitative estimate, we resort to the stan-
dard model [4] of a self-propelled Brownian particle with
propulsion speed v. In this model, since the direction of
motion is subjected to rotational diffusion, a coupling
rotation-translation arises [4]. The following analytic
MSD is obtained for a spherical particle in three dimen-
sions (Ref. [33, model (3,2,s))

(AP = {GDt + ;ﬂ t+ % (l;’r)2 [e72Prt —1]. (1)

We have adjusted Eq. [1] to the curves in Fig. [1] [27] to
obtain a central quantitative result, displayed in Fig.
a linear increase of the propulsion speed with increasing
applied power (computed from the energy deposited dur-
ing the simulation [27]). This result strongly suggests the
presence of a new type of propelling motor, one for which
the basic mechanism is the excitation of water librations
by means of non-equilibrium Coulomb forces produced
by external light excitation, i.e. what could be termed a
light-fuelled Coulomb motor.
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FIG. 2. Speed of Cgp-X and CNT-X molecules as a function
of the power absorbed. The values for Cgo-X result from a
multiple regression of the MSD dependence using Eq. [1] [27].
In contrast, the speed of CNT-X is calculated from the net
displacement of the molecule before it reaches the edge of the
confining nanotube.

The linear dependence of the Cgo-X speed on applied
power suggests that propulsion can be understood, from
a continuum mechanics perspective, as a molecular scale
instance of self-thermophoresis [24], 34]. Indeed, the basic



(order of magnitude) formulas for thermophoresis of a
spherical solute [24] show that speed depends linearly on
the power applied (P) and can be estimated using [34]

v~ (Dr/kR* )P=a-P, (2)

where k is the solvent thermal conductivity (k ~
0.8W/m-K for TIP3P-Ew water[35]), and Dy stands for
the thermal diffusion coefficient of the solute (defined
by the limit velocity under a temperature gradient [36],
v = —DrVT). The precise value of Dr depends on
subtle aspects, and a general theory is currently lack-
ing [36]. Remarkably, experimental measures show that
D7 does not depend on the particle size and its order
of magnitude is rather universal, spanning a very limited
range [36]: 10712 < Dy < 107! m?/s-K. Using Eq. 2 we
can thus provide a theoretical prediction for the range
spanned by a of ~ [3-105,3-107] N~!. In comparison,
a linear fit of the computational results in Fig. |2| yields
Ogim ~ 3-107 N~ which lies within the estimated theo-
retical range. This notable match strongly supports the
self-thermophoretic origin of the propulsion mechanism.

20 1000
800
10
~ 600
=
N 400
0
200
-10 0
0 10 20
(A)

r

T(K)

FIG. 3. Distribution of water temperature produced by the
periodic inversion of the Cgo-X dipole direction (7 = 0.5 ps).
Cylindrical coordinates are employed, with a radial distance
r to the axis defined by the center of the Cgp molecule and
the X atom, and a height z with origin at the center of the
Cgo molecule. The dark region corresponds to the location of
the Cgo-X molecule, with the X atom located at » = 0 and
2z =596 A.

Further insight can be gained from the temperature
distribution around Cgo-X, Fig. B} Periodic switching of
the C-X dipole results in substantial temperature gradi-
ents, albeit limited to its immediate environment: the
strong dampening effect of water’s high thermal con-
ductivity results in almost constant temperature at dis-
tances beyond 20 A. (Despite such steep decay, a global
temperature drift might still be an issue. It has been
a goal of our simulations to ensure that enhanced dif-
fusion is not due to overall temperature increase [24].
This is guaranteed at the expense of using large sys-
tems, with ~ 260,000 water molecules, i.e. a 200 A

box side). The inhomogeneous distribution of temper-
ature around Cgp-X indicates that heat transfer gener-
ated at the solute is spread anisotropically. As noted
in the analysis of enzyme motion [24], it is not obvious
that excess heat should be channeled in a definite di-
rection, isotropic spreading should be the norm instead.
In the present case, there is a strong coupling between
the pulsating dipole and the immediate water molecules,
and thus energy is overwhelmingly transferred into their
direction [21]. The rest of water molecules solvating the
fullerene are screened and respond feebly. To summarize,
directionality (and thus inhomogeneous temperature dis-
tribution) is achieved here by the inhomogeneous distri-
bution of accepting modes (water librations).

The propulsion speeds obtained, shown in Fig. [2| are
extremely high (~ 10 m/s) as compared to usual values
for microswimmers (~ 10 pum/s). The feasibility of at-
taining such speeds rests upon the ability to transfer the
required power to the fluorophore. To estimate whether
such powers can be achieved in a realistic system we fo-
cus on coumarin 153 (Culb3), a small dye which could
play the role of the C-X dipole. Cul53 has been exten-
sively studied in solvation relaxation studies [37, 38], it is
characterized by a transition dipole moment of y ~ 5 D
and a fluorescence time of 7., ~ 5 ns, both typical of flu-
orescent molecules [39]. In an experimental setting, two
lasers would be required, one with a frequency centered
at the maximum of Cul53 absorption band v,ps (driving
absorption) and the other one centered at its emission
band v, (driving stimulated emission).

We can estimate the power required to move the pop-
ulation between the ground state and the excited state
of Culb3 in a time 7. Given the strong coupling to the
solvent, transitions occur over a range of frequencies and
the transition rate I" can be calculated as [40]

r— o [ o)) (3)

where p is the radiation density, n the refractive in-
dex of the medium, c the velocity of light in vacuum,
N4 Avogadro’s number, and e the molar extinction co-
efficient (in units of M~'em™!). Assuming the laser
emission spectrum is narrow compared to the breadth
of the absorption profile (about 4000 cm~! for Cul53
in a polar solvent [41I]), e(v) can be replaced by its
value at the maximum of the absorption band v,;,s =
24000 em™t, €(vaps) ~ 21000 M~tem~! [42]. Taking
n = 1, the constant terms can be combined to give
A = 2388 _¢(y,) ~ 1.7 x 10° em?/J. Eq. now

hvaps N a
reads I' = AP, with P = ¢ [dv p(v) being the inte-
grated laser power in W/cm?. Assuming a beam cross
section of 1 cm? one finds that power required to excite
half the ground state population every , e. g. 7 = 10 ps,
is given by P = In(2)/AT ~ 4.1 x 10° W. A second laser
with similar power output, with a frequency centered at
the maximum of the emission band v.,, =~ 20000 cm~! is



required for stimulated emission [42]. Such powers can be
obtained with 4.1 W lasers with a 1 kHz repetition rate
and a 10 ns pulse duration. To estimate the speed that
could be attained, using Culb3 under such laser radia-
tion, we resort to the linear dependence found between
speed and power absorbed, see Fig. [2} Considering that
the transition dipole for Culb3 is &~ 5 times smaller than
that for C-X, and that only a quarter of the population
is excited at a time, the power absorbed by Cul53 should
be about 20 times smaller than for the C-X dipole, in-
ducing a still substantial speed of ~ 0.25 m/s.

A crucial issue, connected with the input power re-
quired, is whether propulsion might be thwarted by op-
tical trapping, an effect not explicitly taken into ac-
count in our simulations. In fact, the first experimental
demonstration of self-thermophoresis suffered from this
limitation [9]. The impossibility to avoid optical trap-
ping for micrometer particles probably explains why self-
thermophoresis has received limited attention [4]. The
case considered here belongs to the Rayleigh regime (ra-
diation wavelength much larger than the particle di-
mension), which has been extensively studied at near-
resonant conditions [43]. No trapping is possible for
radiation in exact resonance, in stark contrast with
half-metallic particles [9]. In addition, although opti-
cal trapping is enhanced for slightly off-resonance radia-
tion, its effect is inversely proportional to the particle’s
volume [43] and huge powers are required to optically
confine nanometric particles. Indeed, intensities as high
as 10 W/cm? are required for dielectric particles of 14
nm size (still one order of magnitude larger than our
swimmer) in water [44], much larger than the intensities
needed to induce significant propulsion of our particles.

We now turn to a pervasive problem for microswim-
mers. The dynamics of the actuated Cgo-X molecule
is intrinsically Brownian, and directed motion only per-
sists for limited intervals, characterized by the persistence
length A\ ~ v - 7,., with 7, = D! [4]. Since 7. ~ R3, as
the radius is reduced the persistence length diminishes,
motion becomes more random and less directed. While
steering the propulsion in the direction of interest is thus
a tall order in the bulk, we now demonstrate that it can
be achieved in a restricted environment. In particular, we
test the propulsion mechanism in the interior of a long
and narrow nanotube submerged in water using all-atom
MD simulations [27]. The idea is to force its propulsion
along the nanotube by restricting its rotation, which is
accomplished using an elongated swimmer (as opposed
to the spherical shape used so far). We use a relative of
Cgo-X, namely a 4nm long capped (5,5)-carbon nanotube
with an atom X attached at one end, a nanoswimmer that
we call CNT-X [27] (see inset of Fig. [4]).

Repeating the same procedure of actuation (periodic
dipole inversion) as for Cgo-X, Fig. 4| shows the progress
of the center of mass of CNT-X as it moves along the con-
fining nanotube (the X moiety being located at its lower
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FIG. 4. Net displacement in time of the center of mass of
the CNT-X molecule along the axis direction of the confin-
ing nanotube. Thin black lines correspond to non-actuated
cases in which the dynamics is diffusive, whereas thick colored
lines represent the results obtained for cases actuated by pe-
riodically inverting the CNT-X dipole direction with different
switching periods 7.

end). The trajectories displayed show the extraordinary
degree of control attained: once the pumping starts, and
irrespective of the power applied, the CNT-X particle
moves along the nanotube chasing its own lower temper-
ature end. Further analysis of the simulations for Cgo-X
in bulk water confirms that motion also takes place in the
direction defined by the lower temperature hemisphere.
Both cases (Cgo-X, CNT-X) are therefore in line with
the usual thermophobic behavior [36, [45]. The analysis
of the CNT-X trajectories allows for a clear-cut estima-
tion of its average speed (net displacement over the time
elapsed), circumventing the ambiguities of multiparame-
ter fits. The results are displayed in Fig. [2| side by side
with those for Cgp-X, showing similar magnitude and the
same —linear— dependence on input power. The speed
similarity of Cgo-X and CNT-X, despite the larger size of
the latter, is probably related to the strong decrease of
the effective viscosity of the solvent in confined environ-
ments [46].

An additional unexpected feature is apparent in Fig.
for low power, once CNT-X reaches the border of the
confining nanotube it can get trapped at the nanotube-
bulk boundary for times of at least several ns (horizontal
sections of the blue and green curves), suggesting the
idea that it might be possible to produce a pump-like
mechanism. To this end, we have attached an additional
atom (Y) at the opposite end (resulting in a Y-CNT-X
molecule). We have now two propellers: the Y-C and
C-X dipoles located at opposite ends of the CNT. They
can be separately activated as each one might be charac-
terized by a distinct absorption frequency, so that no fo-
cused radiation would be required. We have run trajecto-
ries where we have alternatively activated each propeller
and succeeded in steering the Y-CNT-X nanoswimmer
up and down the nanotube in a fully predictable way,
without it ever escaping into the bulk (Video S1 in Sup-
plemental Material [27].



In conclusion, we have demonstrated the possibility
to use light-induced solvation relaxation to propel nano-
metric particles in water. The solvent dynamics resulting
from charge redistribution within a fluorophore (grafted
to a nanoparticle) generates large temperature gradients,
which induce propulsion towards the lower temperature
side of the nanoparticle, with speed proportional to in-
put power, consistent with self-thermophoresis. The pro-
posed mechanism also works in confined environments
and allows to direct the propulsion in a given direction. It
is to be emphasized that, in contrast to other theoretical
approaches describing phoretic effects, for the first time
an all-atom model with off-the shelf interaction poten-
tials has been employed, where gradients are not imposed
explicitly to generate locomotion but emerge naturally
from the solvent relaxation process. Our findings may
be relevant for the transport of cargo at the nanoscale in
aqueous media (e.g. drug delivery) and for the develop-
ment of nanofluidic devices. It should be considered in
addition that there is an ample variety of molecular exci-
tation processes yet to be explored, and by which much
larger energies could be deposited in the immediate en-
vironment of the nanoswimmer.
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