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Abstract. In recent years, electrorotation has developed in the field of biology as a
tech-

nique for characterization of single cell dielectric properties, Applicitions to colloidal particles

are scarce, although the method provides information
on

the electrical structure of the particle's
interior. The method explores the frequency-dependent polarizability difference of the particles

and the suspension medium by using rotating fields in the frequency range of 1 kHz to 200 MHz

to induce individual particle rotation, To allow interpretation of the electrorotation spectra mea-

sured with fight scattering techniques, the theoretical autocorrelation function of light scattered

from rotating particles of cylindrical symmetry has been calculated. All particles
were

assumed

to possess a
single scattering site and the rotation axes were

assumed to be parallel. An ap-

propriate expression for the rotational diffusion around the longitudinal angle was also derived,

Diffusion around the azimuthal angle could be neglected, The theoretical result consists of
a

well

structured autocorrelation function, The theoretical limits of particle size and rotation speed
that allow detection of electrorotation were explored. Experimental autocorrelation functions

from electrorotation of human red blood cells could be explained theoretically when reasonable

parameters for the cells' properties were assumed.

Rdsumd. Ces prdcAdentes annAes, l'dlectrorotation a
dvolud

comme une technique de carac-

tArisation des attributs diAlectriques d'une cellule unique, II n'y
a que peu d'applications pour

les particules colldidales, bien que la mAthode fournisse de l'information
sur

la structure Alec-

trique de l'intdrieur de la particule. Cette mAthode explore la dilfArence entre la polarisabilitA
des particules et du moyen de suspension en utilisant des champs Alectriques toumants avec

une frAquence de 1 kHz 1 200 MHz pour induire une rotation individuelle de la particule. Afin

de permettre l'interpr6tation des spectres de l'Alectrorotation mesurA I l'aide des techniques de

lumiAre dilfusAe, la fonction d'autocorrelation thdorique de la lumiAre dilfusAe par des particules

tournant d'une symdtrie cylindrique
a

dtd calculde. Nous supposons que toutes les particules ne

possAdent qu'une c6te dilfusante et que les axes de rotation sont parallAles, Ii
en

ddrive
une ex-

pression appropriAe pour la diffusion rotationelle autour de l'angle longitudinal. La diffusion des

particules autour de l'angle azimutal est neglig4e. Le r4sultat th40rique consiste
en une fonction

d'autocorrelation bien structur6e. Les limites th60riques de la grandeur de particule ainsi que la

vitesse de rotation, qui permettent la d4tection de l'61ectrorotation, ont dtd explor4es, On peut
expliquer les fonctions d'autocorrelation expdrimentales de l'41ectrorotation des cellules rouges

du sang humain quand
on pr4suppose des paramAtres raisonnables pour les attributs cellulaires.
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1. Introduction

In recent years the study of dielectric properties of fine particles, such as the investigation of

their frequency~dependent dielectric permittivity and conductivity as a function of the parti-
cle's structure has become increasingly important in various fields of science and technology.
The common technique of measuring the impedance of a dispersion or suspension has cer-

tain drawbacks mainly associated with the necessary relatively high particle concentration. In

such a situation it is very difficult to avoid undesirable long-range electrical particle-particle
interactions. The development of appropriate dielectric spectroscopy and manipulation tech-

niques for single particles such as dielectrophoresis iii, electrorotation [2,3], travelling-wave
dielectrophoresis [4] and field-caging [5] has begun. Electrorotation has been applied most

frequently since its experimental realization is less difficult than dielectrophoresis or travelling-

wave dielectrophoresis occurring in inhomogeneous or nonconstant ac-fields, respectively.
lvhen an electric field is applied to a suspension polarization charges occur at the particle-

medium interface. At each particle a dipole momentum is induced, which interacts with the

external electric field. This interaction may induce particle movement. The basic idea of

dielectric spectroscopy is to register the frequency-dependence of this movement to obtain

information on the dielectric properties of the particles. In electrorotation the rotation of

individual particles is induced by a rotating field of the radio~frequency range. The frequency
of the particle rotation is fairly small being of the order of only a few revolutions per second.

Rotating fields are generated in multi-electrode measuring chambers driven by phase-shifted
signals [3,6, 7]. In case of dielectric dispersion the induced dipole momentum follon.s the

rotating external field with a certain delay, I-e- there is a certain angle in between the field. E,

and the induced dipole momentum, m. This angle is determined by the time constant of the

polarization process. For given external field strength and frequency,
m is determined by the

particle's properties. The torque, N, acting on the particle is given by:

N=mxE.

To obtain the electrorotation spectrum the rotation speed of the particle uers~s external-field

frequency is measured at a constant field strength. The spectrum exhibits particular peaks
characterized by their frequency, their direction of rotation relative to the external field and

the particle's rotational speed. Since the peaks are related to the dielectric dispersion of the

particles, electrorotation provides comprehensive information about the dielectric properties
of the particles [3,6]. The spectra are characteristic for either the particular inhomogeneous
electric properties of the particle or the different mechanisms of dispersion. Such informa-

tion is far beyond the capabilities of conventional techniques such as sizing or surface electric

(-potential measurements.

Although electrorotation has already been known for a relatively long time [7,8], only
in the last ten years a widespread application mainly in the field of biology has been seen

[9-14]. Applications in the field of colloid chemistry as well as in technology of particles n.ere

exclusively seldom due to the fact that electrorotation could so far only be measured by means

of microscopical observation of individual particles. The measurement procedure consisted of

the tedious counting of the particle's revolutions at a certain frequency of the applied rotating
field by eye.

Therefore new measurement procedures are clearly required to benefit from this powerful tool

for characterizing particles. Although dynamic light scattering is very suitable for measuring
~,arious types of particle motion it has only recently been applied in detecting electrorotation

[15]. ive have demonstrated that the measured autocorrelation functions (ACF) reflects the

particle's rotation.
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In electrorotation, all particles revolve parallelly oriented around their axes of symmetry. A

description of the ACF for this particular case was thus far not available. The aim of this

paper is to develop the first theoretical approach and to establish the theoretical limitations

in the case of electrorotation.

To this aim we calculated the ACF of a scattering site moving on a circular trajectory
including both deterministic electrorotation and rotational diffusion around the longitudinal
angle. Finally, the results are compared to experimental data.

2. Theory

In the standard Dynamic Light Scattering (DLS) experiment, a monochromatic laser beam

with wavelength I, frequency u~, amplitude (Eo(, and wave vector kj
=

(u~/c) ej is illuminating

a diluted particle suspension. The vector ej indicates the direction of the incident light. The

light scattered by the sample is detected under the scattering angle d.

Erratic Brownian motion or motions induced by external forces cause scattered light intensity
fluctuations in time. Light scattering provides the normalized intensity ACF, C(T).

T is the

correlation time.

For further calculations we assume a homodyne optical set-up. In this case the relation

between the intensity ACF, C(T), and the ACF of the scattered electric field, g(T), is given by
the Siegert-relation [16]:

C(T)
=

I + ig(T)i~ (1)

Following reference ii?], g(T) is given as

(E~(t) E~ (t + T)
~~~~

(Es(t) E$(t))
~~~

The scattering medium is assumed to be a diluted dispersion of identical particles, I-e- the

mean distance between the particles is much greater than the particle dimension. The total

scattered electric field, E~, at time t is then given by a superposition of the light scattered by
each particle:

E~(t)
=

E~
~
~j e4qrmltj-wt) (~~

>

m

Here q is the scattering vector, defined as q =
kj ks, with (q(

= q =

~~~
sin

'~

,

and the
' ~2~

optical refractive index of the suspension medium n. At time t the m-th particle is located

at rm(t) and scatters with an amplitude (Es,o(. From equations (2) and (3) the ACF of the

scattered electric field g(T) can be calculated for statistically independent moving particles
11 7] :

g(T)
# (e~~q(r(t+r)-r(t)) (4)

If the particle's motion is a superposition of two or more types of stationary and statistically
independent motions, the ACF factorizes into terms for each motion [18]. In the present case,

the resulting ACF, g(T), can be expressed as a product of the ACF of Brownian particles
without rotation and the ACF of rotating ones in absence of Brownian motion. The Brownian

term itself is given by the product of the translational and the rotational part of the Brownian

motion.

g(T)
=

gt(T)g~(T)g~(T), (5)
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Fig. 1. The spherical particle model. See discussion in the text.

with gt(T) and g~(T) being the translational and rotational diffusion term and g~(T), the

electrorotation induced term of the ACF of the scattered electric field.

The ACF of the light scattered by suspended particles undergoing translational Brownian

motion is well known (see for example Refs. [17-19]). It is given by a single exponential
function:

gt(~l
"

~~~'~~~, (6)

with Dt as the translational diffusion constant. For a spherical particle with radius, Ro,
suspended in a medium of viscosity ~, Dt is given by the Stokes-Einstein relation:

~~ ~(~o ~~~

kB and TK denote Boltzmann's constant and absolute temperature, respectively.
To theoretically deduce the electrorotational and rotation diffusion terms of the ACF an

appropriate optical particle model which must include an optical inhomogeneity is required.
Otherwise the ACF will not be sensitive to particle rotation [20, 21].

At present electrorotation experiments are restricted to particles with cylindrical symmetry.

Neither the polarization nor the hydrodynamics of non-symmetric particles are available in

analytical terms. Yet, this limited applicability is not very restrictive since a wide variety of

colloidal and biological particles can be regarded as having a cylindrical axis of symmetry (e.g.
spherical particles). This is a consequence of the increasing importance of interfacial energy

in determining the particle shape in the pm- and nm-range. Furthermore, in electrorotation

experiments relatively high field strengths of the order of10 ki'/m
are employed. Under such

conditions the particles are strongly oriented pointing with their cylindrical axis of sj-mmetry
along the rotation axis. Let us therefore, as a first approximation assume only a weak optical
anisotropy described by a scattering site at position rs relative to the rotational axis [see

Fig. i).
Regarding the rotational diffusion, it is noteworthy that neglecting the diffusion around

the azimuthal angle is a good approximation because the electric orientational forces minimize

diffusion around this angle. Since, on the contrary, in the literature almost exclusively diffusion
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around the azimuthal angle was considered, it became additionally necessary to reconsider this

special type of restricted rotational diffusion in parallel with the deterministic electrorotation

of the particle.
A Cartesian coordinate system orientated in such a way that the z-direction coincides with

the axis of rotation is employed. The sample is illuminated by a laser beam along the z-axis

and the scattered light is detected under a certain scattering angle, d, in the y z-plane.

For ki and ks we have

ki
=

~~~ land ks
=

~~~ silld) (8)
'

i
'

c°8(iY)

and the scattering vector q therefore is

q =
kj ks

= ~)~ ~- sin(d) (9)
s(d)

The scattering sites move on circular trajectories in a plane perpendicular to the z-axis. The

speed of rotation is characterized by its period of revolution, T. Rotational diffusion takes

place in parallel. Considering the deterministic part of the trajectory it is obvious that the

position of the scattering site at a time t and an in8tant T
later can be de8cribed by:

~~ ~°~

~
~~ ~°~ ~~ ~

~

~~ ~~~
rs Sin

~

it ~~~ ~~ ~~ + ~~
rs Sin

I
(t + T)

~~°~

z

rs(t) is the position of the scatter site at time t relative to the axis of rotation. Inserting
equations (10) in equation (4), we get:

g~(~)
=

e
~~~~~ (~ ~) ~°~

(~ ~~~ ~ ~~)
,

(11)

with P
=

-~j~r~ sin(di

Executing the time averaging procedure equation (11) finally is reduced to

Here and in the following Jn denotes the n-th order Bessel function.

If the scattering site motion is of stochastic nature instead of explicitly describing the tra-

jectory (refer to Eqs. (10)) the probabilities have to be considered. The probability, p(T, ~),
that the scattering site located at time t

=
0 at the angle ~ =

0 will find itself at ~ at time

t
= T can be expressed by:

~~~'~~ /~ ~
~ ~

~
~~* cos(m~

m=1

~ ~ (13)
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Here D~ is the rotational diffusion coefficient around the particle's axis of rotation. It is

related to the rotational mobility, ur, according to Einstein's equation

D~
=

kBTKur. [14)

For spherical particles u~ is

~~

7r~R(
~~~

Now the average which must be computed in equation (4) can be simply obtained b; the

integration:
2«

9w(T)
"

/
d~ e~~~~~'l~~~~°~°~~Q(T, PI- (16)

o

After some mathematics the ACF, g~(T), can be expressed as:

m

g~(T)
=

Jo(fl) + 2 ~ e~~~~~~~*~J2m(fl). (li)

m=1

Finally, with equation (5 ), the ACF of the scattered light from a suspension of particles rotating
in an electric field with simultaneous translational and longitudinal Brownian motion is gi,,en
by:

oz

g(T)
#

e~~'~~~ j0(~) + 2 ~j e~~~~~~~*~j2m(~) j0 (3Sin ~T) (18)
T

m=1

Because of the Siegert-relation (i), the ACF of the scattered light intensity is essentiall; de-

scribed by the squared modulus of g(T).

3. Illustration of Theoretical Results and Comparison to Experimental Data

The superposition of the three statistically independent types uf particle motion provides a

rather complicated ACF (18). Therefore it is useful to consider its components separately
(Eqs. 16), (12) and (ii))-

The ACF of the deterministic motion of electrorotation (g,[T)(~ basically reflect; the qual-
itative behaviour of the square of the zero-th order of the Bessel function, yet with a more

complex argument. As a function of the distance of the scattering site to the rotation axis,

r~, an ACF can be found with an infinite number of maxima of different height (see Fig. 2).
Characteristically, repeated main maxima of the height of i are observed at correlation depths
corresponding to the complete particle revolutions. As a rule, if rs increases, the ACF becom+

more and more structured. The number of minor maxima decreases with decreasing distance

of the scattering site from the rotation axis. In the limiting case of the scattering site being
located on the rotation axis, I-e- r~ =

0, (g~(T)(~ approaches unity for all times T.

The picture of the ACF, (g~(T)(~, of the longitudinal rotational diffusion is not trivial either

(see Fig. 3). First, the initial characteristic decay is effectively much faster than predicted by
D~ alone. This is explained by the well pronounced influence of the higher terms in the sum

in equation (17) which does not converge too fast. At very large correlation depths, the ACF

does not approach zero since there is always
a

finite probability to find the scattering site at

the initial angle. This is simply a consequence of the diffusion space being restricted to a plane
perpendicular to the rotation axis. As expected, for decreasing r~ the ACF tends to I)ecome

unity because an optical relevant displacement can no longer be seen. A weakly pronounced
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Fig. 2. ACF of the deterministic rotational motion (gr(r)(~ plotted for different values of rs. The

speed of rotation was T
=

2 s the scattering angle
was

fixed at ~
=

10°.
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Fig. 3. Plot of the ACF of the rotational diffusion (g~ jr)
(~ for various values of rs and Rc. The

dashed
curves correspond to a particle radius Ro

=
3 pm; the solid

curve is for Ro
#

1 pm. The

diffusion coefficients were D~
=

0.005 s~~ and D~
=

0.135 s~~ for Ro
=

3 ~m and Ro
=

1pm,
respectively. The detection angle

was
fixed at ~

=
10°.
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and the scattering angle ~vas

fi
=

10°. The particle radius
was Ro

=
3 pm and the diffusion

coefficients were given as Dt
=

0.06 x
10~~~ m~s~~ and D~

=
0.005 s~~

nonmonotonous behaviour can also be seen in the range of intermediate correlation depths for

some particle radii Ro depending on the respective scattering vector. The physical reason of

the latter effect is not fully understood at present.

Let us now discuss the dependence of the total ACF (Eq. (18)) on rs and Ro. Apart from

the period of i-evolution, T, in the framework of our model these parameters are of practical
relevance for the interpretation of experiments.

All three phenomena contributing to the total ACF, electrorotation, rotational diffusion, and

translational diffusion have a qualitatively different dependence on particle radius and location

of the scattering site. The translational diffusion coefficient is proportional to Rj~ while the

rotational diffusion coefficient increases with Rj~ towards smaller radii. While the contribution

of the translational diffusion does not depend on rs, it is clear that the rotational diffusion

shows such a dependence. As shown in Figure 2 the contribution of the electrorotational term

decreases with decreasing r~ ~vithout further analysis it is clear that for the detection of

electrorotation a lower limit of the particle radius exists.

Figure 4 shows a plot for the total ACF from light scattered from a suspension of electroro-

tating particles. In analogy to Figures 2 and 3, r~ was varied. The particle radius o,as chosen

as Ro
"

3 ~tm, the typical dimension of human red blood cells, the object of our previous

paper [15]. The period of revolution, T, of 2 s i-effects the typical experimental situation. The

diffusion coefficients are given by the spherical approximation provided in equations Iii and

(14). For r~ in the order of the particle radius~ Ro, the translational diffusion is sloe. and

does not contribute significantly to the decay of the ACF. The theoretical structure resulting
from the deterministic motion of electrorotation shown in Figure 2 is basically destroyed bj,
the rotational diffusion term leaving at best a small peak at T =

T. Few small intermediate

peaks can still be seen at small correlation depths. For r~ < Ro. the situation changes and the

translational diffusion term becomes dominant in decorrelating the scattered light signal.
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T/10. The magnitude of scattering wave

vector is q =
2.3 x
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The following analysis focuses on the range of particle sizes appropriate for detection of

electrorotation by light scattering. As shown in Figures 2 and 3 both, the deterministic and

the rotational diffusion part of the ACF tend to become unity if the particle radius becomes too

small. This is also true regarding translational diffusion (Eq. (6)). This, in principle, prevents
the possibility of detecting electrorotation of very small particles. Even for particles, which are

not too small, the destructive influence of the stochastic terms overwhelms the deterministic

part of the ACF. This is particularly true because in practice the applicable electric field

strength and in turn the induced rotation speed is limited by Joule's heat which induces

an uncontrolled convective liquid flow. To consider these relations we plotted the difference

between the ACF'S, (gt(T)g~ (T)(~ g(T)(~, in presence and absence of electrorotation (Fig. 5).
For the plot, each difference was calculated at a correlation depth of1/10 particle revolution,
I-e- T =

0.I T for various particle radii and rotation speeds. The base plane in Figure 5

corresponds to a difference of 0.I. Above this 10% difference, an additionally induced particle
rotation can be easily detected.

Clearly, with decreasing particle radius detecting electrorotation becomes increasingly dif-

ficult. Even when the rotation speed is increased, I-e- T decreases, and the scattering angle
is varied, the rotational contribution finally vanishes and cannot be seen on the background
of translational diffusion. In our experimental situation of using a HeNe laser (1

=
633 nm)

and a scattering angle of d
=

10° we concluded that experiments with particles smaller than

Ro
"

0.4 ~tm are not meaningful even when the rotational speed is sufficiently large.

Let us finish with a short qualitative comparison of first experimental ACF'S from electro-

rotation of human red blood cells (Fig. 6). To this purpose, we calculated theoretical ACF'S

for the known experimental parameters. No fitting was attempted. Although the oblate geom-

etry of red blood cells does not fully correspond to the above proposed particle model, the

qualitative coincidence of the experimentally observed ACF'S with theoretically predicted
shapes of the ACF'S is fairly good.
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Assuming a typical cell radius of Ro
"

3 ~tm in the absence of field induced rotation the

theoretical curve for diffusion shows the same time scale of decay as the experimental curve in

Figure 6a. However, the experimental shape is slightly different which is certainly due to the

fact that in the absence of the external field azimuthal diffusion was present. The two curves

with the electrorotation present in Figure 6a were measured at different frequencies of the

rotating electric field in isotonic sucrose solution of a conductivity of I mS/m. At i MHz, the

speed of rotation is slower than at 200 kHz. This is well known from microscopic observations

[13] and is explained by the frequency dependent polarizability of the blood cells. The time

scale of decay of the i lvIHz and the 200 kHz curve were nicely reproduced when plotting the

theoretical curves according to equation (18). Even the experimentally observed intermediate

maximum was in coincidence with the experiment. Due to the small electrorotation chamber

sizes used in both microscopic as well as light scattering measurements it is, at present, difficult

to determine the electric field strength exactly. The region of homogeneous field is fairly small

thus leading to a distribution of rotational speeds in the population of particles. Given the

fact that the speed of rotation depends on the square of the field strengths imprm.ements of

the measuring chambers are necessary.

From our comparison, we concluded that the developed model of a single site particle provides

an appropriate description of the major qualitative and quantitative properties of the ACF'S

of weakly asymmetric particles undergoing electrorotation. In particular. it became possible
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for the first time to deduce the speed of rotation from the ACF. In our recent paper [15] only

a qualitative interpretation of the experimental ACF'S could be given.

Experimental studies are currently in progress to further develop the experimental procedures
of recording scattered light from electrorotating particles. Different colloidal systems are under

investigation. To further improve the theoretical description, the azimuthal diffusion has to be

considered by means of introducing the tumbling of the particles in an orienting force field. For

the sake of completeness it may be also worthwhile to allow for multiple scattering sites. There

may be some applications where a dumpbell or a triangular distribution of scattering sites are

necessary. In this case we expect a more complicated structure of the ACF at intermediate

correlation depths but a mainly preserved initial decay. Due to the inevitable scatter in rotation

speed of the individual particles it will, however, become increasingly difficult to resolve the

details of the ACF.
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