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ABSTRACT

We study the autonomous motion of catalytic nanorods in Gibbs monolayers. The catalytic activity of the rods on a hydrogen peroxide
aqueous subphase gives rise to anomalous translational and rotational diffusion. The rods perform a Levy-walk superdiffusive motion that
can be decomposed into thermal orientation fluctuations and an active motion of the rods with a constant velocity along their long axis. Since
interfacial dissipation increases relative to bulk phase dissipation when miniaturizing the size of objects moving in the interface, the autonomou s
nanorods allow for precise measurements of surface shear viscosities as low as a few nN s/m. The cross over from active motion toward
passive diffusion when increasing the surfactant concentration is explained by a loss of friction asymmetry of the rods.

The new frontier for the experimental study of soft condensed
matter systems targets behavior under nonequilibrium condi-
tions. In a fluid system, molecules, such as surfactants and
block copolymers, or larger structures such as colloids1,2 are
free to flow around and assemble themselves into new
nanoscale materials. Active components are either compo-
nents that autonomously move in the hydrodynamic assembly
or components that start to move due to the application of a
dynamic electric or magnetic field. Our understanding of the
structure and fluctuations of passive complex fluids at
thermal equilibrium has significantly increased over the past
decades. However, scientists are just beginning to understand
dynamic complex fluids containing active nanocomponents
that consume energy and play an important role in the
maintenance of stationary nonequilibrium patterns. In this
work we study active nanocomponents near interfaces. Active
components give rise to emergent phenomena such as
dynamic self-assembly3-5 and anomalous fluctuations6,7 and
diffusion.8-10 Realistic models for the dynamic behavior of
the biological cell and for hydrodynamics of lab-on-a-chip
devices11 have to account for these nonequilibrium properties.
The first step in understanding dynamic complex fluids is
the design of the active components. Their size varies from
single proteins,7 over nanomotors12,13 to the millimeter
scale.3,4 Active components can translate12,13and rotate3-5,14

in their environment. In nanometer-sized systems the flow
is dominated by the hydrodynamic boundary conditions at
either the liquid/solid or liquid/air interface or even the three-

phase intersection line. It is therefore clear that understanding
the energetics, interfacial hydrodynamics,15 and interactions
of active nanocomponents is one of the keys for an optimized
design of a hydrodynamic nanodevice.

The current work uses active nanocomponents to study
their interaction with the surroundings and their energy
consumption. At the liquid/liquid interface our model system
is a composite mixture of surfactants forming a monolayer
and self-propelling nanorods that are bound to the interface
by capillary forces. The nanorods catalyze a chemical
reaction in the subphase and move in the monolayer
surroundings.

Gibbs monolayers are assemblies of soluble surfactants
at the liquid/liquid interface that can alter the hydrodynamic
behavior of the interfaces. The rheological properties of the
liquid/liquid interface can be widely tuned via the surface
density of surfactants that is easily controlled by the bulk
concentration that is in thermodynamic equilibrium with the
surface. In very dense monolayers with proteins incorporated
into the interface, the typical surface shear viscosity can be
of the order of 10-5 N s/m and higher, while in a liquid
phase it is at least 6 orders of magnitude lower. If the
viscosity is high, one usually encounters viscoelastic behavior
of the interface,16-21 while for small viscosities the surface
can be considered to be only viscous.22-30 Indeed in liquid
phases the value of the viscosity is so low that it has not
been possible to measure.28-30 The use of autonomous
nanomotors moving within the interface here is to measure
the rheological behavior of liquid/liquid interfaces and their
effect on the nanomotors in a regime that has not been able
to be measured with other techniques.
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The analysis of the motion of objects at interfaces in which
the surface viscosity dominates has been pioneered by
Saffman and Delbru¨ck31 who realized that on a small scale
the theoretical treatment of the surface flow may be ap-
proximated by treating the surface as incompressible. Such
an approximation is equivalent to an instantaneous response
of the surface to perturbations in surface density of surfac-
tants, which holds if shear rates are low in comparison to
the equilibration rate of surface density waves. The presence
of nanomotors at the interface perturbs the hydrodynamics
of the inactive monolayer. One might think that the hydro-
dynamic behavior of motors at interfaces might behave
similar to what one observes for motors in a three-
dimensional fluid. This, however, is not the case. Saffman
and Delbru¨ck31 also showed that the ratio between the two-
dimensional (2d) viscosity32 of the membrane and three-
dimensional (3d) viscosity of the bulk phase defines a length
scale, theBoussinesq length lB, that is characteristic for the
coupled membrane/bulk phase system. The mobility of
objects within a membrane depends strongly on whether the
size of the motor is smaller thanlB or larger thanlB.
Nanomotors in membranes move according to hydrodynamic
rules that are significantly different from the rules for
macroscopic motors at interfaces. Many biomembranes that
appear homogeneous on a macroscopic scale are heterogen-
eous on the nanoscale. Heterogeneities in the interface on
length scales belowlB lead to hydrodynamic behavior that
is a complex mixture of 2d and 3d hydrodynamic interac-
tions.

Saffman and Delbru¨ck’s31 work was later extended to the
bulk flow dominated case33 and to different geometries such
as thin water layers24 and protruding spherical particles.34,35

The geometries of interest here is that of thin rods of high
aspect ratio moving in the interface.36 Catalytic nanomotors
based on asymmetric platinum-gold nanorods (diameter 370
nm length 1+ 1 µm) autonomously move12 in a mixture of
hydrogen peroxide and water. The platinum catalyses the
decomposition of the peroxide into water and oxygen and
the rods are propelled in the direction of the platinum end
by the oxygen concentration gradient13 and the asymmetry
of the rod (Figure 1). The chemical power produced by one
H2O2 molecule reacting every 10 s (Gibbs free energy of
reaction,∆G ≈ -50 kBT per molecule of H2O2) is enough
to account for the mechanical propulsion power. In reality
there are many more molecules reacting at the rod per unit
time (ṄH2O2 ≈ 109 s-1), and we find that only a minute
fraction of the Gibbs free energy of reaction is actually spent
on propelling the rod through the liquid.

The platinum gold nanorods were prepared as described
in ref 12. To spread them on a 4% hydrogen peroxide
aqueous solution, they were dialyzed in methanol and then
spread on the air-water surface that was covered with decane
after the deposition of the rods. We varied the rheological
properties of H2O2(aq)/decane interface by dissolving sodium
dodecyl sulfate (SDS) in the aqueous solution at concentra-
tions 0-10 mM. The critical micelle concentration (cmc)
of SDS is cmc ) 0.8 mM. The SDS forms a Gibbs
monolayer at the interface that is in thermodynamic equi-

librium with the bulk concentration. We then follow the
kinetics of individual nanorods. Each nanorod is described
by its center of massxc(t) and by its orientation that we
characterize with the angleϑ(t) between its long axis oriented
toward the platinum end and some arbitraty chosen axis fixed
in the laboratory system; see Figure 1b. Movies of the rod
motion observed with a microscope are taken and digitized,
andxc(t) andϑ(t) values are extracted for each frame of the
digitized movie. Figure 1c shows a typical trajectory of the
center of mass and Figure 1d depicts the angular fluctuation
of the same rod on the bare decane-water interface as a
function of time. The trajectory of the rod is much more
open structure than that which is observed from Brownian
motion, and it is caused by the active motion of the rod. It
is a fractal structure like those found in a Levy-walk
superdiffusive processes.37 Levy-walk diffusion is character-
ized by a correlation function

with an exponent 1< R < 2. Here the brackets〈A〉 ) (1/T)
∫0

T dt A(t) denote the time average.
Figure 2 displays a double logarithmic plot ofC(τ)

calculated from the raw dataxc(t) for rods placed on H2O2(aqu)/
decane interfaces of varying SDS content.

The plot shows that at low SDS concentrations the rods
move away from their initial position following a power law
C(τ) ) 4DτR with an exponentR ) 1.6( 0.1 that is typical
for a Levy-walk type of diffusion. A Levy walk is a random
walk with frequent long periods where the particles move
in one direction with a defined velocity. The superdiffusive
Levy-walk coefficientD is largest for the bare decane-water
interface and decreases when adding a very low amount of
surfactant to the interface. The exponent drops toR )1 (
0.1 at high SDS concentration which corresponds to a normal

Figure 1. (a) Polarization microscope image (crossed polarizers
with a λ plate) of a collection of nanorods at the aqueous hydrogen
peroxide solution/decane interface. The rods appear in different
colors depending on their orientation. (b) Schematic defining the
center of massxc and orientationϑ of the rod. (c) Levy-walk type
trajectory of a rod on a bare (no SDS) H2O2(aqu)/decane interface.
(d) Orientation fluctuations of the same rod on a bare H2O2(aqu)/
decane interface.

C(τ) :) 〈(xc(t) - xc(t + τ))2〉 ∝ τR (1)
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diffusive motion. In Figure 2b we plot the correlation
function R(τ) :) 〈cos(ϑ(t) - ϑ(t + τ))〉. The angular
correlation follows an exponential decayR(τ) ) e-γτ with a
rotational diffusion constantγ that decreases with increasing
SDS concentration. The orientation correlation functionR(τ)
does not depend on the amount of H2O2 dissolved in the
aqueous phase. It looks the same with and without H2O2 (not
shown). The Levy-walk superdiffusion of the center of mass
can be understood by the superposition of the thermal
orientational fluctuations of the rod and a movement at
constant speedV in the direction of the momentary platinum
end direction that is caused by the reaction of H2O2. To see
this, we define thec-director asc ) (cos ϑ, sin ϑ). The
velocity of the rod is given by the time derivative of the
center of massv ) x3 c. The lengths|(t) the rod is propelled
in direction of the platinum end after timet is then given by
s|(t) ) ∫0

t c(t′)‚v(t′) dt′ while the length the rod moved in
the direction of its short axis iss⊥ (t) ) ez‚∫0

t c(t′) × v(t′) dt′
with ez the unit vector perpendicular to the interface. We
then define the correlation functions of the motion parallel
and perpendicular to the rod asC| (τ) ) 〈(s|(t) - s|(t + τ))2〉
and C⊥(τ) ) 〈(s⊥(t) - s⊥(t + τ))2〉. Computation of both
correlation functions from the raw dataxc(t) andϑ(t) reveals
that C⊥(τ) , C|(τ) and there is hardly any motion perpen-
dicular to the rod. Figure 3a showsC|(τ) for various SDS
concentrations. We again find a power law behavior forC|(τ)
for both low and high SDS concentration but now with a
low SDS concentration exponentR| ) 2 ( 0.1 that is a
motion with constant velocityV according toC|(τ) ) V2τ2.
The speedV of the rods is depicted in Figure 3b as a function
of the SDS subphase concentration. At higher SDS concen-
trationscSDS > 0.1 mM the exponent drops toR| ) 1 ( 0.1,
which corresponds to normal edge on diffusion of the rods
C|(τ) ) 2D|τ, with D| the diffusion constant for diffusion
along the long axis of the rod.

Rotational Motion. To understand the origin of the
rotational motion, we need to calculate the viscous torque
on a rotating rod. The torqueT on a solid rod of lengthl

and diameterd rotating with angular frequencyω in a bulk
fluid of viscosity η was calculated first by Burgers38

At the interface, half of this bulk torque is exerted to the
subphase and the other half to the superphase. However,
additional torque arises due to Marangoni forces and surface
viscous forces. We approximate the total torque as a sum of
the bulk and surface contributions

where

is the bulk contribution to the torque according to Burgers38

and fs the surface contribution,η1 and η2 are the bulk
viscosities of the sub- and superphases. The surface contribu-
tion fs(B) depends on the Boussinesq number

with ηs the surface shear viscosity. We calculated this
contribution in the limit of vanishing rod radius (Appendix).
The result is depicted in Figure 4. The asymptotic value for
B f 0 describes the Marangoni contribution to the torque,
while the value forB f ∞ amounts for the surface viscous
contribution.

We fit the rotational diffusion constantγ to the experi-
mentally measured angular correlation function asR(τ) )
e-γτ. From the Stokes Einstein relation we conclude that

Figure 2. (a) Plot of the correlation functionC(τ) versus time
accumulated over a periodT ≈ 10γ-1 (T ) 14 s for the bare air-
water surface,T ) 140 s for the 10 mM SDS solution) by following
a single rod. The error bars (0.2µm2) reflect the accuracy (400
nm) in the determination ofxc. (b) Plot of the angular correlation
functionR(τ) of the rods on a H2O2(aqu)/decane interface for various
subphase concentrations of SDS. The lines are fits accordingR(τ)
) e-γτ. The experimental curves deviate from the theory at large
τ due to lack of statistics because of a finite accumulation timeT.
The relative statistical error from the finite accumulation timeT is
of the orderτ/T and not depicted in the figure.

Figure 3. (a) Correlation function of the rod motion parallel to its
long axis for various SDS subphase concentrations calculated from
the same raw data as in Figure 2. The correlation functions follow
the lawC|(τ) ) v2τ2 (black and blue lines) at low SDS concentration
and a diffusive behaviorC|(τ) ) 2D|τ (cyan and magenta line) at
high SDS concentration. The velocityV is shown as a function of
the SDS concentration in (b) forcSDS < 10 µM.

fs(B) )
kBT

(η1 + η2)l
3γ

- fb (6)

T ) π
3

ηl3ω
ln(2l/d) - 0.8

(2)

T ) (fb + fs)(η1 + η2)l
3ω (3)

fb ) π
6(ln(2l/d) - 0.8)

(4)

B ) ηs/(η1 + η2)l (5)
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From our numerical results in Figure 4 we convert the surface
torque coefficientfs(B) into a Boussinesq number. The
surface shear viscosity of the interface is then obtained via
eq 5. Figure 5 shows the surface shear viscosity of the
decane/water interface as a function of the SDS concentra-
tion.

The surface shear viscosity calculated in Figure 5 agrees
with data from Bouchama and di Meglio39 and of Khattari
et al.40 The independence ofR(τ) from the H2O2 concentra-
tion and the agreement of the surface shear viscosity data
with other measurements show that the orientation fluctua-
tions are of thermal origin. Note that the orientation
fluctuations of the nanorods do not require a particular
boundary condition for the parallel component of the
velocity, since there is only a normal component on the
surface of the rod. Chemophoretic flow,13 such as that
induced by the catalytic reaction of H2O2, leads to an
apparent slip velocity41 at the boundary of the rod of the
parallel component of the velocity. For spherical bodies this
boundary condition couples to a chemophoretic rotation of
the object. For long rotating rods, however, a parallel
component of the velocity may only occur at the ends of
the rod that expose negligible area to the adjacent fluid. It is
for this reason that chemophoretic motion only couples to
the translational motion along the long axis of the rod.

Translational Motion. The translational motion crosses
over from a H2O2 propelled motion toward a thermal
diffusion. Typical speeds of the rods on a bare H2O2(aqu)/
decane interface are of the orderV ≈ 1 µm/s, and the
dissipated energy necessary to propel the rod by a distance
equal to its length with this speed is on the order ofkBT.
The system therefore is not far away from equilibrium. In
ref 12 the chemophoretic motion of the rods could be
estimated by solving the convection diffusion equation for
the oxygen produced; however, the direction of the motion
could not be explained. One hypothesis is that the direction
of the motion of the nanorods is caused by a hydrodynamic
friction asymmetry and that the rod will move in the direction
where the friction is minimal. If the rod moves in direction
of the platinum end, the oxygen produced at the platinum
surface will be advected toward the gold end of the rod.
There the oxygen lubrication will significantly decrease the
viscous drag on the moving rod as the viscosity of oxygen
is a factor 10-3 smaller than that of the hydrogen peroxide
solution. If the rod were moving in the opposite direction,
the oxygen produced near the platinum surface would not
pass the gold surface and hence would not lubricate the rod.
The viscous friction of the motion in the direction of the
platinum end is therefore smaller than that for the motion in
the opposite direction. Whatever mechanism is responsible
for the propulsion of the rod, the chemical reaction is
catalyzed by the platinum section of the rod resulting on
average in a symmetric arrangement of both products and
reactants around the platinum section. Fluctuations around
this symmetric arrangement then create a concentration
gradient in an arbitrary direction. The motion, however,
generated by these fluctuations is not symmetric around the
rod due to the asymmetric friction, and the rod exhibits a
mean velocity in the direction of the Pt. Our hypothesis of
the rod motion is similar to that of a thermal ratchet, with
the thermal noise being replaced by the chemical noise and
the asymmetric potential by an asymmetric friction.

The experiments of the motion of the rods in the SDS-
covered H2O2(aqu)/decane interface support this hypothesis.
The translational drag for edge on motion of the rod has
been calculated by Fischer.36 The translational diffusion
constant is given byD| ) kBT/(η1 + η2)lfII(B), where the
dimensionless friction constantfII is taken from ref 36. We
insert the Boussinesq number obtained from the rotational
motion into the translational motion and fit the translational
correlation function with a diffusive motion:C| ) 2D|τ.
Such fitting gives reasonable agreement if the Boussinesq
number is larger than 1, i.e., ifcSDS > 0.1 mM (see Figure
3). This proves that the translational motion reduces to
thermal Brownian motion if the Boussinesq length is larger
than the length of the rod.

The flow profile around the rod as calculated in ref 36
distinguishes a region closer thanlB and farther thanlB from
the rod. In the closer region the velocity varies approximately
logarithmic with the distance from the rod, while further
away it rapidly changes inversely proportional to the distance.
Neglecting the weak logarithmic decay, one could say, in a
simplified way, that the surface viscosity has the effect of

Figure 4. Surface torque coefficientfs(B) as a function of the
Boussinesq number. The gray lines are the asymptotic relations
given in eq A7.

Figure 5. Surface shear viscosity of the decane/water interface
(black) as determined from the angular correlation functionR(τ)
of the rod orientation. The red data points are the viscosity of SDS
in a stearic acid monolayer at the air/water interface as measured
by Khattari et al.40
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increasing the hydrodynamic radius of the rod bylB. Hence
the rod in the viscous interface moves as if a larger object
would be moving in a nonviscous interface. We hence can
think of the rod plus a region oflB as a solid object. The
effect of the region of sizelB is to render the asymmetric
platinum gold rod hydrodynamically more symmetric. Oxy-
gen produced near the platinum surface can lubricate the
relatively rigid region of sizelB surrounding the rod no matter
in which direction the rod decides to move. Hence, iflB is
larger than the length of the gold section of the rod, the
friction of the moving rod is more symmetric and there is
no longer any preferential direction of motion of the rod.
The surface viscosity will quench both the thermal diffusive
and the H2O2 propelled motion; however, due to the friction
now being symmetric, the quenching of the mean propulsion
speed is more pronounced than the quenching of the thermal
motion. The ratio of the strength of the active versus the
thermal diffusion is changed and now diffusion is stronger
than active motion, which we observe as a cross over of the
exponentR| of the correlation functionC|.

The assumption of an on average symmetric concentration
profile holds if the gold section is not involved in the
chemical reaction. However, the concentration profile might
be rendered asymmetric for electrochemical reasons. The
electromotoric forceEAu/Pt ) 0.49 V between gold and
platinum generates an electric field with an asymmetric H+

concentration profile that could be also the cause of the
motion direction.42 If the SDS affects the catalytic activity
of the platinum (e.g., by poisoning the surface or making it
less accessible; in ref 12 it is shown that the rate of oxygen
production is decreased by the addition of ethanol), then one
would expect that the surfactant will quench the directed
motion more strongly than simple Brownian motion. In this
explanation, however, the location of the crossover in the
regime wherelB exceeds the length of the gold section of
the rod is a mere accidental coincidence.

Design of Faster Nanorods.In this section we discuss
the design of nanorods resulting in higher speeds. From what
was said previously it is clear that the asymmetry of the rod
is most important for optimal conversion of Gibbs free energy
of reaction into rod propulsion. Rods of different lengths
and different ratios of Pt:Au were fabricated. In one series,
the length of the Pt segment was constant (1µm), the lengths
of the gold segments were 0, 1, 3, or 4µm, and the speeds
of the rods in bulk 3.3% H2O2 were measured using a manual
particle tracking program (PhysVis from Kenyon College)
(Table 1). As one can see the velocity of the rods is fastest
for those rods with a 1:1 length ratio corresponding to
maximum asymmetry. The finite velocity of the pure
platinum rods is due to residual asymmetry in the geometry
of the rods that occurs in the production procedure. In
addition, rods of varying lengths with a 1:1 ratio of Pt to
Au lengths were also fabricated. The speed of these rods in
3.7% H2O2 was measured using an automated particle
tracking program written by Paul T. Baker: The speed of
the rods increases as one miniaturizes the rods. This is
reasonable as one expects the friction to scale with the rod
length and fluctuations in force to also increase with

decreasing rod size. Further down scaling of the rod size
will therefore be the pathway to make the objects more
efficient movers.

Conclusions. Platinum gold nanorods at an H2O2(aqu)/
decane interface exhibit thermal orientation fluctuations that
slow as one adds a soluble surfactant. The orientational
fluctuations can be used to measure the surface shear
viscosity of the Gibbs monolayer forming at the interface
as a function of the subphase concentration. The translational
motion along the long axis of the rod is in agreement with
thermal diffusion along the rod if the Boussinesq length
exceeds the length of the rod. If the rod length is longer
than the Boussinesq length, the rods are propelled with a
constant velocity in the direction of the platinum end. The
motion is generated by the catalytic decomposition of the
hydrogen peroxide to water and oxygen. Our measurements
support either an electrochemical origin of the motion
direction or the hypothesis that the reaction of H2O2 creates
fluctuating forces. The force fluctuations lead to a mean
velocity of the rod in the direction of the platinum end
because lubrication of the inert gold section of the rod when
the gold is lying downstream leads to an asymmetry of the
hydrodynamic friction. Coating the rod with arigid surfactant
layer of the size of the Boussinesq length restores the
symmetry of the friction when the Boussinesq length exceeds
the length of the rod. Consequently the active motion crosses
over to a diffusive motion. The combination of orientation
fluctuation with the translational motion of the rods along
their long axis gives rise to Levy-walk superdiffusive motion.
Nanorods should have a length ratio of 1:1 of the platinum
and gold section and should be further be miniaturized for
most effective motion performance.

Acknowledgment. We thank Paul T. Baker for develop-
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Penn State Center for Nanoscale Science and NSF-MRSEC,
DMR-021362, is highly acknowledged.

Appendix

In this appendix we outline the calculation of the surface
contribution to the torque on the rotating rod. We calculate
the surface torque onto the rod arising from Marangoni and
surface viscous effects in the limit of vanishing diameter.
This torque is defined from the integral equation

Table 1. Rod Forward Speed of Platinum Rods of Different
Design

(a) rods of different length ratio

(b) rods of different total
length with optimal 1:1

length ratio

LPt (µm) LAu (µm) v (µm/s) n Lrod (µm) v (µm/s) n

0.75-1.5 0 2.65 12 2 6.59 10
1 1 6.59 68 4 2.70 87
1 3 1.48 20 6 2.36 47
1 4 1.41 8 8 0.98 64
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that relates the force densityτ(x′) acting on the rod at its
perimeterP to the surface velocity profileus(x). O(x - x′)
is the Oseen tensor, which is a point force solution to the
Stokes equation of the monolayer that is coupled to the
subphase. Its transverse component reads36

where r is the distance between the location of the force
and the location of the velocity, B ) ηs/(η1 + η2)l is
Boussinesq’s number,ηs is the surface shear viscosity, and
l is the rod length.H1 denotes the Struve function of the
order 1 andN1 is a Bessel function of the second kind and
order 1. We set thex coordinate in the interface perpendicular
to the rod and they coordinate is parallel to the rod. The
distancer between the force excerted from the rod at one
location and the resulting velocity of the fluid at another
location on the rod is then given simply byr ) |y - y′|.
The requirement that the rod should rotate with angular
velocity leads to the condition

Equations A2 and A3 define an integral equation for the
force densityτ(y). The Oseen tensor simplifies in the limit
B f 0 andB f ∞. We find

whereδ(y - y′) is Dirac’s delta function andγ ) 0.5772 is
Euler’s number. The analytical solutions to the force profile
in these limits are

whereTs ) ∫-l/2
l/2 dy′y′τ(y′) is the torque from the surface on

the rod. The torque from the surface on the rod is propor-
tional to the angular velocity and may be expressed as

wherefs(B) is the dimensionless friction coefficient. Inserting
the solutions (A5) into (A1) with the asymptotic Oseen

tensors (A4) and comparison with the left-hand side of the
equation then yields

The dimensionless torque coefficientfs(B) as a function of
the Boussinesq number over the whole range of Boussinesq
numbers is calculated by numerically inverting eq A1. The
results of this inversion are depicted in Figure 4.
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