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Abstract

Here we consider a dipole in a viscous mediunder the influence of an oscillating electrielfl and thermal noise. Because of the very
low Reynolds numbers involved in molecular processes, we considered overdamped Langevin dynamics. As a consequence the inertia ter
becomes negligible. We observed a great increase in the rotatiffoalah and also net rotation for some values of the parameters.
0 2004 Elsevier Inc. All rights reserved.

1. Introduction has not yet been very extended to the molecular level and
the basic principles are not very well understood. Experi-

In recent years, with the advance of nanotechnology, new Mments suggest that dynamics is inescapable and may play a
techniques have evolved to visualize single molecules, suchdecisive role in the evolution of nanotechnoldgg].
as scanning tunnelirid] and atomic force microscopi¢®]. In arecent papdd.7], it was shown that colloidal suspen-
Grimzewski et al[3] observed rotation of a single molecule sion of ferromagnetic nanoparticles, so-called ferrofluids,
within a supramolecular bearing. After the first examples aré idgal systems to test t.heoretical predictions on fluctua-
of unidirectional rotating molecular motors based on sim- tion driven transport experimentally. .
ple organic moleculept,5], several works reported on this Here we consider one of the simplest rotors in nature:
subject{6-14]. Also great theoretical efforts have been de- & dipole in a viscous medium under the influence of an os-
voted to understanding and proposing nanoscale rotors andillating electric field and thermal noise. By applying the
stators as molecular motors capable of transforming a drivenL-@ngevin equation we observe rotation for some values of
random rotation efficiently into a directed translational mo- the parameters.
tion [15-17] A biological example of a molecular motor
consisting of a rotor and stator is the rotatory motor of the
bacterial flagellum which is driven by a transmembrane elec-
trochemical gradient of protori48]; another is ATP syn-
thase, which has been very well studid®—21] Most of
these motors are called Brownian motors. For an excellentby
review on this subjept see R¢22] and references in |t Waipole = —ﬁE(r) — _pE(r) cosh, 1)

Although Brownian motors are known to permit ther-
mally activated motion in one diction only, the conceptof ~ Where|p| = gd, q being the positive charge of the dipole

channelling random thermal energy into controlled motion andd the distance between both charges; the vegtgoes
from the negative to the positive charge. In our case the field

varies ast (1) = EoSin(wet), with te = 2rwgz*. Then

2. Langevin equation for therotor

The energy of a dipole in an electric fielEig. 1) is given
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where Igipole(f, ¢) is the mean value ofipole(f, ¢) in the
considered interval, and for the last term, we use the defi-
nition of the Wiener’s procesR4]. At the limit Ar — dt

the mean valu€ gipole(9, 1) = Idipole(d, 1), and AW (t) =

= E dW(t). We recall that “Wiener’'s incrementd W (¢) is a
Gaussian stochastic process, of widtk= (d7)1/2. Then, at
each pass of the integration we have to ddW () and
normalize the result properly. Let us catl; an aleatory
number, with Gaussian distribution, centered Rg = 0

q and width 1. In MATLAB/OCTAVE Rg = randn; conse-
quently we can write! W (r) = (dt)Y/?Rg. Finally, Eq.(12)
Fig. 1. Schematic of the system. is transformed into the corresponding Euler's equation of
this process, namely,
The corresponding torque on the dipole is dt
Ojr1=0; + Fdipo|e(9j)f— + (2Dyot d1)Y?Rg. (13)
Tdipole(6, 1) = —dp Waipole = — p E (t) Sin6 (3 _ ot _
The corresponding relaxation timg will be
or
= (14)

Then the corresponding Langevin equation for the systemis A first basic quantity of interest is the average angular

) velocity in the long-time limit, i.e., after transients due to

IW = Fipole(6. 1) — frotE +Ie. (5) initial conditions have died out, namely,
. : - : - (0())

As we are in the regime of null inertid = 0), we have (@oo) = (B)oo = lim - (15)
do Another quantity of central interest will be the effective
— =Ty 0,t I 6 . . .

frot gy = Taipolel®, 1) + I, ©) diffusion coefficient,

where fiot (JS) is the rotational frictional coefficient and is C(02(0) — (6(1))2 52

related to the diffusion rotational constame (s~1) by the Deft = lim — = Jim. o (16)

Einstein relation
ksT

, (7)
Srot

wherekg is Boltzmann’s constant anfl is the Brownian 3. Computation
torque, given by

The means are over the realizats of the stochastic process.

rot =

The codes were written in OCTAVE and were run under
I's = frotks T)Y?E(1), (8) Linux. The increment in timegz, was fixed in 101g. We
considered the casg > tg With fmax = 10%zg. The parti-
tion for each iteration was fQpoints, which were consid-
ered 18 realizations of the stochastic process. The simula-
(£(n)=0, 9) tions were performed at room temperature. We divide the in-
tegration intervalO, tmax] in n intervals of sizeir, creating a
_ . “vector” t = (f1,11,...,11,...,t1) = (0,dt, 2dt, ..., tmax)-
(é(tz)S(t1)> =0tz = )i (10) For procedure efficiency, we draw once all the “Wiener in-
i.e., the correlation time of the noise is zero. crements,” creating a vectgW. In MATLAB/OCTAVE we
The corresponding discretization of H§) is performed write
by multiplying both members by, dividing by fror, and
performing the integration in the intervial 7 + A7), namely, ~ ¢W = sartds) x randn(1, n).

where &(¢) is the thermal noise, defined by its statistical
properties, namely,

1 t+At t+At
AG = o / Taipole(0, 1) dt + (2Drop)*/? / £(t)dr (11) 4. Resultsand discussion

rot

1 1
FromFig. 2we can observe local symmetry breaking of

1 the dipole energy caused by the temporal modulation of the
A6 = —Tdipole0, ) At + (Do) /2 AW (1), (12) electric field and the drag ter. We also observe the sensi-

rot tivity of the curve shape to variations of the field frequency.

or



238 J.A. Fornés/ Journal of Colloid and Interface Science 281 (2005) 236-239

0=10"rad.s”

19

Energy (10" "Joules)
5
1

-20 4

80 ——7——F——7——1——1——

807 ©=10°rad.s™
204

10
04
.10_.
.20_-
_30_-
-40 4 T T T T T T T

0 (rad)

Fig. 2. Plot of the dipole energy, ER), using the solution of E(6) with

Ig=0.
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Fig. 3. E = 0.0, (a) statistical angular dispersier), (b) o (1)?, Deff =

Drot=2.0 x 108 rad?s™1.
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Fig. 4. wg =251 x 10%rads !, ;=25 x 10%s,718 =25 x 10’ s,
Eg=4x10°Vm™1, p =5¢p nm= 240 debye Dyot = 2 x 1P rad?s 1,
Deff = 1.0 x 100 rad®s71, 1" = 3.2 x 10° pNnm, " = 4.14 x

103 pN nm. (a) Average angular velocity in the long-time limit (E45)).
(b) Average number of rotations. (6)7). (d) o (1)2.

In Figs. 4c and 4dre representes(r) ando?(r), respec-
tively. We can observe in both two consecutive sigmoid-type
curves with small modulations. This effect is different from
the anomalous rotational diffusi¢®6] in whicho (r) ~ 1.

In Fig. 5a, we can observe an angular velocity in the
long-time limit, wso =~ 3.6 x 10% rots™1, which is approx-
imately Q6 time the frequency of the electric fieldg ~
6.4 x 10*rots™1).

Fig. Bb shows an inversion of the rotation compared with
Fig. 4b. We observe a negative increase in the rotations till
7.8 x 10°° s, followed by a rather stable plateau around
—12.5 rotations.

Figs. 5¢c and 58howo (1) ando2(t), respectively. We can

The input of energy from the field, the symmetry breaking, observe a typical diffusive process with slow modulations
and the thermal noise are the necessary requirements to proeaused by the electric field.

duce a directed rotation (movemefb].

In Fig. 3, we observe the behavior of the system for
E = 0. By the shapes of (r) ando?(r) we can observe a

pure diffusive process as expected.

In Fig. 4a, we can observe an angular velocity in the
long-time limit, ws ~ 5.6 x 10* rots~! which is approxi-

mately 14 times the frequency of the electric figlog ~

4.0x 10%rots™1).

Fig. 4b shows the rotor path expressed in number of ro-

The conclusions of the results are the following:

(1) The oscillating field in the presence of thermal noise
drives net rotation in a dipole. The efficiency of the ro-
tations depends on various parametess; Eo, 8, p,
Dro.

(2) The net rotation is quite sensitive to the field frequency.
Observe the inversion of the rotation when the frequency
goes from 25 x 10* to 4.0 x 10° rads L.

tations, showing a slow increase in the number of rotations (3) The main effect of the field is a great increase in the ro-
with a small range of stabilization at the center.

tational diffusion: comparé®es of Figs. 4 and 5Swith
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0

= 2]@ fusion coefficient of a dipolar dye inserted in a biological
- ;W membrane under the influence of the electric field produced
S 6l by oscillating electric charges on the membrane surface. We
:A’ 8] also suggest performing a deep study relating the shape of
g 0+ the dipole profile energgwe) and rotation of the dipole.
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