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Asymmetric particles suspended in an isotropic medium are apt to undergo com-
plete ordering, leading to their alignment in the oscillation direction of the electric
vector of a linearly polarized laser beam or in the propagation direction of a circularly
polarized one. The resulting state of ‘‘optical saturation’ causes the suspension to
become strongly birefringent and, simultaneously, electrically anisotropic. Measure-
ments of these two effects are proposed as a method permitting direct determinations
of the electric and optical anisotropies of rigid particles. Simple formulas are de-
rived and lead to numerical evaluations proving such measurements to be readily
feasible in suspensions of particles smaller than 1000 & if one uses light from a high-
power pulse ruby laser, whereas total optical orientation of large biomacromolecules
in suspension can be achieved with light from a high-power continuously operating
gas laser. Optical saturation of the low-frequency dielectric constant can moreover
serve for determining the anisotropy of electric dipole polarizability of particles and

their relaxation times.

INTRODUCTION

In recent years, more and more attention
is being given to the electric and optical
properties of particles, especially biomacro-
molecules, when in suspension in other media.
The optical and electric anisotropies of
various rigid biomolecules were successfully
determined by methods involving their ori-
entation in external electric fields (1, 2),
such as measurements of Kerr’s electrooptic
effect (3-6) and measurements of light scat-
tering in the presence of an electric field
(7-9). Moreover, the optical anisotropy of
particles is accessible to determination by
purely optical methods, involving orienta-
tion in the electric field of an intense laser
beam (10) and, particularly, by the study of
optical saturation in laser light scattering
(11).

It is our aim to propose another method

1Now with the University of Bordeaux, 33,
Talence, France.
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of determining the sign and value of the
electric and optical anisotropy of a particle
by employing the optical saturation of ani-
sotropy of the dielectric constant and the
saturation of optical birefringence. Owing to
the laser technique now generally available
in laboratories, this method based on optical
saturation and permitting the electrode-less
application of very strong electric fields to
the solution under investigation will present
certain advantages over the hitherto used
method of electric saturation (4-6, 9). In
this way, undesirable phenomena such as
electrostriction, linear eleetrophoretic ef-
fect, and dielectric breakdown which in
general accompany the application of strong
d-c electric fields are eliminated. The earliest
investigations by a laser technique, carried
out by this department (12), have already
revealed a high degree of optical orientation
of gold particles suspended in water as a re-
sult of the optical anisotropy of these par-
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ticles (10, 13). Allin all, the method of optical
orientation of particles promises to prove
easy and convenient in experimental work
and to be a lavish source of information con-
cerning their electrooptical properties.

THEORETICAL

We consider rigid ellipsoidal particles,
their geometrical axes coinciding with the
principal 1, 2, 3-axes, along which the per-
manent electric dipole moment components
w1, M2, uy lie. The a-c electric field® F, =
Foe™' (oscillating at circular frequency w)
acting upon the medium causes a deforma-
tion of the electric charge distribution of the
particles and a reorientation of their per-
manent electric dipoles. Provided the elec-
tric field F, is not excessive, the deforma-
tional polarization induced in the medium
at frequency w can be written in the well-
known linear form (2, 3):

Py = —];—r(af + " + a“)F.,

(1]
with N the number of particles per unit
volume and o, a2, @z’ the three principal
electric polarizabilities of the particle (in
general, complex quantities depending on
w).

For the electric polarization due to re-
orientation of permanent dipoles, the Lange-
vin-Debye theory yields (14)
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71, T2, 73 denoting relaxation times of di-
poles along the principal axes 1, 2, 3 of a

particle.
We now consider the situation when the

(2]

2 Since this paper deals with dilute solutions of
particles which are much larger than the molecules
of the solvent, the mean macroscopic field existing
within the medium does not differ from the field
really acting on the particle, shape-dependent
depolarization factors of the field being comprised
in the quantities as and us .
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particles are in suspension in a different,
isotropic medium. The suspension is assumed
to be so dilute as to rule out direct interac-
tions between the particles, and the solvent
is assumed to leave unaffected their electric
properties. In a weak a-c electric field F, by
formulas [1] and [2], the dielectric permit-
tivity e” of the suspension as a whole is an
isotropic quantity and does not depend on
the field strength Fo but rather on the osecil-
lation frequency w of the field. If, however,
the suspension is subjected to illumination
with an intense laser beam, its electric
permittivity undergoes nonlinear variations
which are anisotropic (15): Aer = € —
€8, , € being the tensor of electric per-
mittivity of the suspension measured with a
weak a-c electric field at frequency w in the
presence of the laser light. In order to sim-
plify our calculations, we assume the par-
ticles to have the shape of rotational ellip-
soids, so that the polarizability and dipole
moment components now are a3 = a; and
us = u; along the symmetry axis, whereas
ay, = ay = azand p. = w = pp are perpen-
dicular thereto. Restricting further consider-
ations to variations due to orientation of the
ellipsoids of electronic polarizability of the
particles in the electric field E* = E’ cos wst
of the laser beam (frequency w.), we have
(see Appendix):

(8a” 4+ 8N easers — Y48ert”,  [3]

¢q3 and ¢; denoting cosines of angles between
the axes ¢ and 7 of laboratory coordinates
and the symmetry 3-axis of the particle;
.- is Kronecker’s unit tensor. The constants
S.” and 8., defining the electric properties
of the suspension and its thermodynamical
state, are of the following form in the case of
axially symmetric particles:

w
Aegr =

S = 4”% () = a.®); [4]
© cN 4 Mu2
S = Am g (1 + dwry

. [5]
SN
1+ 'L.(UTJ.>,
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with ¢ the concentration in grams per cubie
centimeter, M the molecular weight of the
substance in suspension, and N 4 Avogadro’s
number.

Statistical averaging in the expression [3]
indicated by the symbol ( )z is performed
with Boltzmann’s distribution function in
the presence of laser light of intensity 1 b

o - 452

f(Q, IL) = L 5
fexp{— ?‘(%TI )} dQ

where w(Q, I"), the potential energy in the
electric field of the laser wave, depends on
the orientation @ of the axially symmetric
particle and is given as follows (10):

w(Q, I")
= up — Y(af” — ai®)eame(B"E: ), [7)

the symbol { ), standing for time-averaging
over the period of oscillations of the electric
field of the laser wave. Summation over recur-
ring indices ¢ and 7 is implicit.

We chose the linearly polarized laser beam
to propagate through the suspension along
the laboratory z-axis with electric vector
E” oscillating along the z-axis. With the
symmetry 3-axis of the particle subtending
the angle 6 with the laboratory z-axis, we
write the directional cosines as follows:

(6]

C:3 = €08 &,
¢z = sin 9 cos ¢, [8]
c,3 = sin ¢ sin ¢,

¢ being the azimuth of the symmetry axis.

With [6]-[8], Eq. [3] yields the following
nonvanishing components of the change in
electric permittivity tensor:

Aez (1)

= 25(8." + 8.7)2(E£q);
Aepy(I,")

= Al (I7)

= —15(8." + 8.°)®(£q1).
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Above, the reorientation function is of the
form (4, 5, 11):
Seti

Bl q) = £ — e
4\/af "
0

where g; , the reorientation parameter of the
particle in the linearly polarized laser wave
of intensity I,” = (E,"E."),, is:

— &S| I /26T, 111]

o= |aj*

The sign “+” refers to the case of cigar-
shaped or rodlike particles, i.e., to positive
optical anisotropy when af* > ai”, whereas
the sign “—" is for dise-shaped particles,
where the optical anisotropy is negative,
o ¥ < ai”. The function [10] has been tabu-
lated for either case (4, 5) and is plotted in
Fig. 1.

Let us moreover consider the situation
which arises when the laser wave propagat-
ing along the z-axis is circularly polarized
with electric vector amplitudes

B = (B % 1B,)/V/3

for right and left circularly polarized waves,
respectively. In order that the potential
energy [7] shall not depend on the azimuth
®, 1t is now convenient to use, instead of the
transformation [8], one in which the angle

1.0
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$(+q)
06|-
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0 I i i
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04k

Fia. 1. Graph showing the reorientation func-
tion {10] versus the parameter ¢ for cigar-shaped
particles, ®(+¢), and dise-shaped particles,
@ (—q).
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¢ is subtended by the symmetry 3-axis of the
particle and the laboratory z-axis (the prop-
agation direction of the laser beam). By
Egs. [2], [6], and [7] we now have:

Aem (1)

= Aep,(1.")

= —14(8.% 4+ 8,.°)(Fq.),
Aes(1")

[12]

= 25(8." + S8.°)®(Fq.),

where the reorientation funection ®(Fgq,) is
of the form [10] on inverting the signs &= to
F and on replacing the reorientation param-
eter [11] by

g = |aft —alP | (1" 4+ 1,")/4 kT, [13]

a reorientation parameter of the particle in
the circularly polarized laser field of intensity
I = 1.7 + I.", with 1" denoting the in-
tensities for the two senses of eircular polari-
zation.

APPLICATIONS AND DISCUSSION

Defining the electric anisotropy induced
optically in the medium as the difference be-
tween mutually perpendicular components
of the change in electric permittivity meas-
ured perpendicularly to the direction of
propagation of the laser wave, we obtain in
conformity with Eq. {9} for linearly polarized
light:

Aeni (1) — Aeyy(I1)
= (Saw + S#”)(I)(:[:ql)_

On the other hand, Egs. [12] show that
circularly polarized light does not induce in
the medium an electrie anisotropy of the
kind defined above. In the present case,
anisotropy is induced only between the
components Ae,, and Ae, measured per-
pendicularly to the propagation direction
and the component Ae;, measured parallel
to that direction.

Equations [9] and [12] lead to the signifi-

[14]
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cant relation

A e(sq)

Aer(ly) T (Fqo)
between the absolute changes in electric
permittivity of the medium caused, re-
speetively, by linearly and circularly polar-
ized laser light.

In the case g1 < 1 when reorientation of
the particles is not excessive, the reorienta-
tion function [10] can be replaced by the ex-
pansion:

[15)

4g:"
315

2
+ 24

B(+ q) = T5

[16]

Sqls 4+ o

4725

Conversely, in the limiting case of optical
saturation when all the particles are aligned
parallel to the electric oscillations of the
hght wave and the reorientation parameters
[11] and [13] become very large, ¢ > 1, we
have (4, 5)

®(+w)=1 and ®(—xo) = —14 [17]

If it is taken into account that by Eqs. [11]
and [13] ¢ = 2¢., the ratio {15] amounts to
4 for weak reorientation described by the
first term of the expansion [16], whereas by
Eq. [17] for optical saturation it still amounts
to 4 for cigar-shaped particles but falls to 1
for dise-shaped ones. Thus, whereas Eq. [14]
permits determinations of the value of the
anisotropy of polarizability, the relation
[15] can be useful in determining the sign of
the anisotropy and, consequently, the shape
of the particle.

If the experimental setup is modified in a
manner to use a probe light instead of the
measuring a-c electric field, wr tends to in-
finity and the dielectrie constant [5] vanishes
owing to the permanent dipoles’ being un-
able to follow the rapidly oscillating electric
field of the probe light. In this case, Eq. [14]
with regard to [4] goes over into:

¢Na
oM

=+

Amlw — An,l,y = 2
[18]

(o) — al)e(xaq).
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Equation [18] describes the optical bire-
fringence induced in the medium by intense
linearly polarized laser light, n being the
refractive index independent of the light
intensity. Obviously, Eq. [18] also accounts
for optical saturation of birefringence and
will permit determinations of the optical
anisotropy of particles by analogy to the
method of electric birefringence saturation
measurements due to O’Konski et al. (4-6).

In the optical case, the relation [15] be-
comes:

Ana _

- _9 &(+q)
An,

ﬁc) ) [19]

Any and An, denoting, respectively, the ab-
solute change in refractive index induced by
strong linearly polarized and circularly
polarized laser light.

The expressions [9] and [12] moreover yield
Havelock’s relations (16) for linearly and
circularly polarized laser light:

1
ANz,

1
Anyy

= g _ gy
Ang,

(20]

The relaxation times of molecules lying in
the 107°-10"" sec range permit use of the
pulse technique of giant lasers, making it
possible to observe the optical Kerr effect
in molecular liquids (17) where the experi-
mental birefringence depends on the in-
tensity I, of the laser beam (18) in aceord-
ance with Egs. [16] and [18].

Recent measurements of absolute changes
in refractive index by Paillette (19) by a
laser technique have confirmed Haveloek’s
relations [20] and thereby have served to cor-
roborate Langevin’s theory of optical orienta-
tion of molecules (1).

As yet, no observations of optical satura-
tion in molecular liquids are available. This
is quite obviously due to the fact that the
optical anisotropy of molecules is of the order
of 107, leading to a very small reorienta-
tion parameter [11] of ¢; = 107° I, . In such
circumstances, an extremely intense laser
beam conveying a field of 10° esu would be
required to induce optical saturation. Such

Journal of Collotd and Interface Science, Vol. 33, No. 1, May 1970

KIELICH

fields, though generally available nowadays
when giant lasers are used, cause optical
breakdown in the liquid (20) before com-
plete optical ordering of the molecules (i.e.,
optical saturation) is reached.

A considerable degree of ordering (align-
ment) can be achieved in dilute solutions of
rigid macromolecules where electric satura-
tion of optical birefringence appears easily
(4-6). Obviously, when applying pulse laser
technique instead of a d-¢ electric field for
the study of polymers and colloids, one has
to choose the experimental conditions such as
to allow these macromolecules or particles
to orient themselves during the time interval
of a single light pulse. The relaxation times
of proteins in water lie in the 107°-107° sec
range (21, 22), and consequently high-power
ruby lasers with a pulse duration of 107
1077 sec at wavelength 6943 A and an elec-
tric field strength of at least 100 esu in the
beam (or even 10° esu in the focused beam)
will still be applicable. Assuming the optical
anisotropy of proteins as being of the order
of 107 em®, one finds an orientation param-
eter ¢, = 107° I, and optical saturation can
be achieved with pulse laser light of intensity
I, of the order 10°-10° esu. Effects of the
same order of magnitude have also been ob-
tained in colloid solutions of gold and silver
particles, where strong optical orientation
takes place for particles not exceeding 500 A
in size (10-13).

As the relaxation times of large biomacro-
molecules such as collagen, DNA, and TMV
are by no means short, amounting to 107~
10 sec (6, 8), their solutions can be investi-
gated only with continuously operating lasers
of high power. The optical anisotropy of
collagen is 3 X 107" em® (6), that of TMV
3 X 107 em® (4), and that of DNA of the
order 107 em® (23), whence their orienta-
tion parameter is correspondingly very large;
@i = (0.1 + 0.01) I.. In solutions like
these, full optical saturation can be arrived
at when using an argon laser of high power
generating continuously light of wavelengths
4880 and 5145 10{, conveying an electric field
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the strength of which can amount to as much
as 10 esu or, at the focus, 100 esu.

The preceding discussion shows that, in
colloidal suspensions, optical saturation of
the dielectric constant as well as optical
saturation of optical birefringence can be
observed by means of existing laser tech-
niques. We thus are in possession of a new
method of determining the sign and size of
the optical and electrical anisotropies of
macromolecules and colloid particles. In-
vestigations of these new effects, combined
with our knowledge of electric saturation,
will make it possible not only to determine
the anisotropy of particles but moreover to
measure separately their optical polariza-
bilities parallel to the symmetry axis and
perpendicular thereto, as already done for
the majority of molecules (24). It may also
be worth noting that, if the anisotropy of
electronic polarizability implicit in the con-
stant [4] is known, investigation of optical
saturation of the low-frequency dielectric
constant in accordance with Eq. [5] will per-
mit determinations of the anisotropy of
polarizability of permanent electric dipole
moments of particles or their times of relaxa-
tion.

APPENDIX

Since the measuring a-c electric field F is
not very strong, the reorientation of dipolar
particles caused by it is not very consider-
able. We thus are justified in writing the
distribution function in a linear approxima-
tion as follows (14):

twt
MSCVSFOUe,Lw

f = fo{l + m} [Al]

with u, and 7, denoting, respectively, the
dipole moment component and its relaxation
time along the prineipal axis s = 1, 2, 3 of
the particle which subtends the angle ¢,, with
the laboratory ¢-axis.

With regard to Eq. [Al] and the well-
known relations between the electric per-
mittivity and electric polarization, we ob-
tain the change in electric permittivity
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tensor measured at frequency w in the form:

81FCNA w @
RS [(51 — B Wer

NN
where we have denoted by 6%, 82", 8:" the

total electric polarizabilities along the
principal axes of the particle:

w
Aegr =

(A2]

N82

Bsw = asw + [A3]
consisting of the distortional-electronic po-
larizabilities a,” and the dipolar-orientational
polarizabilities defined by the second term
of [A3].

The tensors appearing in Eq. [A2]:

[A4]
[A5]

‘pd‘f = §i<cvlc-rl - ca2cf2>,
®,, = }é<3cv3cr3 e 5w>,

define the reorientation of particles as due
to other external factors, such as an intense
d-c electric or magnetic field or the light
vector of a laser beam.

In the absence of intense external fields
when the orientation of particles in the sus-
pension is quite random, unweighted averag-
ing over all possible orientations of particles
yields:

<Ctrlcrl> = (Cazcrz> = <CasCr3> = %607'

and, quite obviously, the orientation tensors
[A4] and [A5] vanish and the electric permit-
tivity exhibits no variation.

In the presence of orientation-producing
external fields, the tensors [A4] and [A5] have
in general nonvanishing components (25),
causing an induced anisotropy of the sus-
pension. We are interested here in the limit-
ing case when the agent externally applied to
the suspension is so intense as to cause all
the particles to align totally in the direction
of the field. Assuming the particles to possess
symmetry with respect to their principal
3-axis, the first term containing the orienta-
tional tensor [A4] in Eq. [A2] vanishes (this
tensor vanishes any way at saturation) and

[A6]
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we obtain the expression [3] in the form:

@ 87I'CNA

qur = 37
since now B5° = 8,° and 6,° = B° = B.°
If the field causing saturation of orientation
acts, say, along the z-axis, the orientational
tensor [A5] becomes:

q):r = (360251,2 - 601 )/2

(BH ¢ - BJ.M)(Pa-ry [A7]

[A8]

for prolate particles with their long 3-axis
lying in the z-direction, or

B2 = (38500r0 + 300ydry — 26,:)/4  [A9]

for oblate particles with their short sym-
metry axis directed parallel to the z-axis and
their long axis lying in the zy-plane.

By [AS8] and [A9], we have the following
nonzero components:

q’fz = 1) q’fx = q’:y = —12) [Alo]
CI):x = (D;y = }47 q)gz = _}67 [All]

leading to the following anisotropy values at
saturation:

CIsz - bex = q)zpz - q>:51/ = §§7 [A12]
d;, — &, =P;, — P, = [A13]
With regard to these results, the ratio of

saturation anisotropy for prolate and oblate
particles amounts to:

-84,

7, — 7.

o, — B,
irrespective of the nature of the agent in-
ducing the anisotropy.

Let us now consider the case when re-
orientation of particles is due to the electric
field of a laser wave. We assume that the
beam is propagating along the z-axis. If the
wave is plane polarized with electric oseil-
lations along the z-axis, the distribution
function [6] with regard to [7] and [8] re-
duces to:

f(8, 1"

= =2 [A14]

exp (£ q1 cos? &) (A15]

T

2 f exp (& q1 cos” &) sin & d@
0
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By [8] the principal components of the re-
orientation tensor [A5] are now:

¥, = L5(3css — Lirf
= 14(3 cos’ 9 — Dif s

®y, = Ls(3cys — 1)F [A16]
= 14(3 sin’ & cos’o — Drfs

8L, = 153k, — 1)t

N

= 15(3sin’dsin’p — 1),F.

Since the distribution function [A15] does not
depend on the azimuth ¢, it is permissible
first to average the components &, and
®,., over all possible values of ¢, thus {cos’ ¢)
= (sin’ ) = 14, yielding finally:

d(+q) = &, = —28,, = —28;,, [AlT]

where the reorientation function ®(4q) is
defined by Eq. [10].

In the case of a circularly polarized laser
wave propagating along the z-axis, it is well
to assume (as usual ) that the symmetry axis
of the particle forms an angle ¢ with the
z-axis. In place of [8], we now obtain:

Ce3 = sin & cos ¢,

¢y = sin 9 sin ¢, [A18]

C.z = COS &,

permitting us to express the energy [7] as a
function of the angle only:

w(d, 1) = uo F kT ¢, sin’ &, [A19]

since <E1LEZL>t = <EyLE1/L>t = (] E+L |2
+ESP) = 351" + L") and (B,"E,"),
= 0. The reorientation parameter ¢, is given
by [13].

Inserting the energy [A19] into the dis-
tribution funection [6] and resorting to [A18],
we obtain the following principal compo-
nents of the reorientation tensor [A5]:

B(Fq.) = &o. = =2, = —28,, . [A20]

At this point one has to keep in mind that
for particles with positive anisotropy we
have to take the upper “minus” sign, whereas
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particles with negative anisotropy require
the lower ‘“plus” sign. This inversion of the
signs is due to the fact that in the case of
circularly polarized light the particles tend
to orient themselves with their symmetry
axis in the direction of propagation of the
light beam, which defines the optical axis of
induced anisotropy of the medium.

For particles having the rotational ellips-
oid symmetry, Egs. [A2], [A17], and [A20]
lead to the following relations:

Al (L") _ Aep (1)
As:z<lcb) Agw (ICL)
“’ (A2
_ A6 (nY)
Ag:,z(IcL) ’

which are extensions of Eq. [15].
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