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Electric birefringence is useful for measuring electric, 
optical, and hydrodynamic properties of macro- 
molecular suspensions. In this technique the par- 
ticles of the dispersed phase are oriented to an 
aligned state by an applied electric field and thus 
form a system which is optically birefringent. 
Measurement of the time dependence of the bire- 
fringence for an applied square wave pulse leads 
to the determination of optical and electric sus- 
ceptibilities and the rotatory diffusion constant of 
the suspended particles. This technique alsq gives 
a test of monodispersity and presents a means of 

studying the distribution and interaction of polymeric 
species that might be present. Benoit of Strasbourg 
and O’Konski of Berkeley have worked out the 
mathematics of electric birefringence for suspended 
rigid particles by extending the diffusion equation 
to achieve a relation between birefringence and the 
applied electric field. Application of electric bire- 
fringence to dissolved collagen determines its hydro- 
dynamic parameters, gives information on the 
distribution of aggregates, and measures its per- 
manent and induced dipole moments. 

lectric birefringence as applied to macromolecules in 
suspension takes advantage of their electric dipolar E nature through their tendency to become aligned 

with an electric field to form a birefringent uniaxial crystal. 
A square wave pulsed field is generally employed, and after 
it is created the rotatory diffusion of each macromolecule is 
in accordance with its overall dipole moment, the geometry 
of the particle, and its coefficient of friction. This orienta- 
tion process is carried out in a polarized light beam whose 
intensity at the exit of the optical path will vary with the rate 
of alignment of the suspended macromolecules. By means 
of a photomultiplier and cathode ray oscilloscope, the time 
dependence of the macromolecular alignment can be ob- 
served. The birefringence is expressed as the difference 
between the indices of refraction of the macromolecular 
suspension parallel to and perpendicular to the electric field. 
This value can therefore be either positive or negative. 

A schematic diagram of the apparatus has already been 
published by Kahn and Witnauer (1969). To minimize 
heating, electrolysis, and electrophoresis of the sample, it is 
customary to work with single pulses or short bursts rather 
than with pulse trsins of indefinite length. From these con- 
siderations it becomes obvious that the oscilloscope must be 
able to display two traces simultaneously and must also 
incorporate a data storage system so that a single pulse 
can be held on display for long periods of time. All electronic 
circuits used in this type of work must be adequately com- 
pensated for high- and low-frequency losses and also for 
phase shift so that good fidelity of the trace will be achieved. 

At the time of writing, no ready-made complete apparatus 
for electric birefringence measurements is available on the 
market, and both optical path and much of the electronic 
circuitry must be designed and constructed before a research 
program can be started. 

The result of a typical observation on calfskin corium 
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collagen dissolved in citrate buffer in the acid pH range and 
held below the gelatinization temperature is shown in Figure 
1. (Throughout this paper, this type of collagen preparation 
will be used as a model macromolecular system.) The upper 
trace of the oscillogram is the square wave field applied to 
the suspension, and the lower trace is its birefringent re- 
sponse as it varies with time. After generation of the electric 
field, there occurs a brief induction period followed by a 
logarithmic buildup of birefringence to a steady state. When 
the field is quenched, there is a rapid exponential decay of 
birefringence as the aligned particles return to random 
spatial orientations. From these data it is possible to de- 
termine the rotatory diffusion constant, dipole moment, and 
electric and optic susceptibilities of the suspended particles, 
and to study polydispersity. 

Electric birefringence was first observed by Kerr (1 875, 
1880), who worked with pure liquids and solutions of low 
molecular weight compounds. This phenomenon was given 
the name of Kerr effect. Kerr further noted that when 
magnitude of electric birefringence is plotted us. the square 
of the electric field, the graph is linear for low field strength. 
This is known as the Kerr law, and the range over which it 
is valid is the Kerr region. These considerations led to a 
characteristic value called the Kerr constant, which is given by 

where An is the observed birefringence given as the difference 
in the indices of refraction of the material parallel to  and 
perpendicular to the electric field, X is the wavelength of the 
light employed, and E is the electric field. In the right-hand 
term, the birefringence is expressed in .angular terms by 6, 
and 1 is the length of the light path through the material 
under study. 

An alternate cheracteristic constant, K, has been proposed 
by Debye (1925) and is given by 

An BX 
nE2 n 

K = - = -  
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Figure 1. Electric birefringence pattern for calfskin corium col- 
lagen dissolved in citrate buffer at 0.10% concentration, pH 4.25, 
and ionic strength of 0.04; the field strength is 3660 V/cm and the 
sweep is 0.500 msec/cm 

where n is the index of refraction of the system when no 
electric field is present. Specific constants can be obtained 
by dividing B or K by the concentration of the macromolecular 
suspension. 

Curves of electric birefringence at the steady state as a 
function of the square of the electric field and of collagen 
concentration are shown in Figure 2. At low values of field 
there is evidence of a Kerr region which increases in extent 
as the collagen concentration is increased. 

O'Konski et al. (1959) applied these concepts to the 
saturated birefringent state. Under this condition, the 
angular distribution function can be expressed in terms of 
efiergy by 

where k is the Boltzmann constant. The potential energy 
of dipole interaction, U, is due to  the sum of the permanent 
and induced dipole moments whose respective energies are 
given by 

u, = - p ~  cos e 
ut = -l/z(al - f f z ) ~ 2 ~ ~ ~ 2  e 

(9) 

(10) 

Here al, az are the excess polarizabilities of the suspended 
particles over the solvent in directions parallel to and per- 
pendicular to the principal hydrodynamic axis, and p is the 
permanent dipole moment, assuming that the field within 
each particle is identical with the field immediately external 
to it. When this assumption does not hold, the value of p, 
as used here, can be obtained by multiplying the actual 
dipole moment by a suitable correction factor. Combining 
these equations led to an expression for the orientation 
distribution based on two-dimensionless numbers, P and y, 
which are related to  the permanent and induced dipole 
moments, respectively. The orientation distribution at 
saturation is then given by 

The basic development of the mathematical relations 
between electric birefringence and the characteristics of 
macromolecules in suspension was done by Peterlin and 
Stuart (1939), who considered a suspension of ellipsoids 
of revolution having a net dipole moment parallel to the 
principal hydrodynamic axis. They started with the funda- 
mental relations 

(3) 1 + 4 a G / E  = n2 = E 

and 

G ] E  = x ( 4 )  

where G is polarization, E is dielectric constant, and x is 
polarizability. Applying these fundamentals to the angular 
distribution function of suspended particles in an electric 
field as given by 

( 5 )  

where N is the number of particles whose principal hydro- 
dynamic axis is oriented at an angle of 0 with the electric 
field, and t is the time the electric field has been active, yielded 
the equation 

dN = Nf(0,t) 2 a  sin e dB 

An = 2aC (g1 - gz) Qj/n (6) 

where Cis concentration and (gl - gz) is the optical anisotropy 
of the suspended particles. The orientation factor, Q j ,  is a 
function of the angular distribution function, 8, as given by 

4, = (3 ( ~ 0 ~ 2  e> -1) (7) 

with 

= pE/kT 

and 

This leads to the relationships 

and 

15@(P,Y) = (P' + 2Y)E-0 (1 5 )  

and a method for determining (3 and y. Equations 14 and 
15 can be made numerically identical with the relation between 
(An/E2)/(An/E2)E,o and E2 by using the proper scale factor 
which, at this stage, is unknown. A method for overcoming 
this difficulty has been proposed by Yoshioka and O'Konski 
(1966) and Yoshioka and Watanabe (1969). A family of 
curves of values of 15Qj (P, y)/@z + 2y) as ordinates and values 
of In (02 + 2 7 )  as abscissae is plotted for a series of values of 
P2/2y to form a reference base. The experimental data are 
plotted on transparent paper as (An/E2)/(An/EZ)E-r0 us. In E2,  
using the same vertical scale as in the previous plot. The two 
graphs are superimposed and moved horizontally relative to 
each other until the experimental curve coincides with one 
of the theoretical traces. This matching technique is anal- 
ogous to multiplying one set of abscissae by a constant and 
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Figure 2. Graph of electric birefringence of calfskin corium collagen 
VS. the square of the field strength at pH 4.22 and ionic strength of 
0.04 

gives the proper relation between experimental and theo- 
retical parameters. There is thus available sufficient data to 
calculate /3 and y for the experimental case, and from these 
values 1.1 and (a1 - aq) can be obtained via eq 12 and 13. 
The induced dipole, IC., is given by 

J. = (a, - a2)E (16) 

Figure 3 illustrates an example of this application of the 
O'Konski et al. (1959) mathematical development. A 
family of curves obtained by plotting 15~D@,y)/(/3~ + 27) 
us. (B2 + 27) has superimposed on it a set of points cor- 
responding to the values of (An/E2)/(An/E2)E,o us. In E2 ob- 
tained for collagen at 0.38 concentration, pH 4.22, and ionic 
strength of approximately 0.05. The scale of In E2 values has 
been shifted horizontally until the experimental points have 
shown coincidence with one of the theoretical curves, in this 
case at p2 = 167. Carrying out the calculations shows that 
collagen in solution under these conditions has a dipole 

Et ,,~, 2:105 I , , , I , ;x118 , , I , I , , lye' 

P 2 +  2 7  

Figure 3. Experimental points plotted as - $/(g)B+o us. E2 
and superimposed on a family of curves of 15@(B,y)/(Pz + 2y) us. 
(@* + 27) with the scales of abscissae offset 

moment of 31,000 D and a polarizability of 3.1 X lO-'5 

cm3. 
Working with solutions of rat tail tendon collagen in 

dilute acetic acid, Yoshioka and O'Konski (1966) observed 
corresponding values of 15,000 D and 2.7 X cm3, 
respectively. 

Benoit (1951) studied the buildup phase of the electric 
birefringence curve by combining the rotatory diffusion 
equation with an orientation distribution function for the 
suspended macromolecules expressed as a series of Legendre 
polynomials. His result, which gives the electric birefringence 
at any point on the buildup curve for low values of field 
(say, within the Kerr region), is 

where Anm is the birefringence at saturation, and 

with 

P = p2/k2T2 

Q = (ai - az)/kT (20) 

and D is the rotatory diffusion constant, which can be de- 
termined from the electric birefringence decay curve. 

It is seen from these relations that P is a measure of per- 
manent dipole moment, and Q relates to the induced dipole 
moment. Also, it is seen by combining eq 12 and 13 with 
18,19, and 20 that r = p2/2y. 

The decay portion of the electric birefringence pattern 
has been treated by O'Konski and Zimm (1950) and Benoit 
(1951). This is simpler than the buildup phase because, 
with the electric field terminated, only hydrodynamic con- 
siderations affect the motion of the suspended particles. 
Under this condition the expression for birefringence is 

b = A n @ - 6 D t  (21) 

where Ano is the electric birefringence at the time the square 
wave field drops to zero, and t is the decay time beyond this 
point. 

If the macromolecular suspension under study is mono- 
disperse, it becomes apparent that a plot of In n/no U S .  t will 
be a straight line with a negative slope of 6 0 .  If the macro- 
molecular suspension, however, is polydisperse, each species 
present will act in accordance with its rotatory diffusion 
constant and its concentration to give a composite curve 
expressed by 

b = ZAnoie-6D'1 (22) 

where the subscript i identifies each macromolecular species 
present, and the semi-log plot will be the sum of a number of 
straight lines and will appear as a curved line. This, there- 
fore, becomes a test for monodispersity and a means of 
determining the rotatory diffusion constant of a mono- 
disperse system. The rotatory diffusion constant leads to 
the dimensions of an ellipsoid of revolution via Perrin's 
equation (1934,1936) and to the dimensions of a rigid cylinder 
via Burgers' equation (1938). 

Figure 4 shows a semi-logarithmic plot of electric bire- 
fringence decay curves for collagen at pH 3.4, ionic strength 
0.04, and a series of concentrations by Kahn and Witnauer 
(1969). It is seen that at collagen concentrations above 
0.233 %, the lines are curved, indicating either polydispersity 
or interaction between the suspended particles. From this 
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Figure 4. Graph of relative birefringence os. electric birefringence 
decay time for collagen at pH 3.4 and ionic strength of 0.04. Re- 
printed with permission of: Kahn and Witnauer, J .  Amer. Leather 
Chem. Ass. 64,12 (1969) 

concentration down to the lowest of 0.058 %, the data appear 
to give straight lines whose slopes increase as collagen con- 
centration decreases. Determining the rotatory diffusion 
constants from the curves at the lower concentrations and 
plotting these values us. collagen concentration gives a graph 
which, when extrapolated to  zero collagen concentration, 
yields a limiting rotatory diffusion constant of 1000 sec-l. 
The collagen molecule in solution is known to be a rigid rod 
3000 A long and 14 A in diameter, and this value of rotatory 
diffusion constant is in agreement with these dimensions 
when it is applied to Burgers’ formula. 

The techniques described here can be extended so as to 
study the aggregation and electric charge patterns of macro- 
molecules in suspension and also interactions between them 
by observing their electric birefringence behavior under a 
variety of solution environments obtained by varying pa- 

rameters such as solute concentration, pH, ionic strength, and 
dielectric constant of the solvent. 

In addition to  collagen reported by Kahn and Witnauer 
(1969) and Yoshioka and O’Konski (1966), protein systems 
that have been studied by electric birefringence include: 
fibrinogen, investigated by Haschemeyer and Tinoco (1962), 
Holcomb and Tinoco (1963), and Tinoco (1955); actin by 
Kobayasi et al. (1964); tropomyosin by Asai (1961); bovine 
serum albumin by Moser et al. (1966) and Riddiford and 
Jennings (1966). Gamma globulin, ovalbumin, and p- 
lactoglobulin were also investigated by Riddiford and 
Jennings (1967). 
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