
Copyright 1974. All rights reseroed

LASER LIGHT SCATTERING
FROM LIQUIDS

B. J. Berne
Department of Chemistry, Columbia University, New York, New York 10027

R. Pecora
Department of Ch6mistry,. Stanford University, Stanford, California 94305

~2586

INTRODUCTION

Many detailed reviews of laser scattering from fluids (1-16) have appeared since
the comprehensive review by Chu (1) in this series. Among these, we would like
to call attention to those by Swinney (14) on critical phenomena, by Gelbart
(13) on collision-induced phenomena, by Pecora (7) on macromolecules in solu-
tion, and by Fleury & Boon (12) on the overall field of scattering from fluids.

Over the past ten years, laser light scattering has become a major tool for
studying the dynamical properties of gases, liquids, and solids. The literature has
grown so rapidly that in one of the reviews cited above (12) there are about 513
references covering the period from 1964 to the beginning of 1972, and these do
not even include Raman scattering or the scattering from solids (5). Obviously,
the field has become so vast as to be impossible to offer either a critical or
didactic review of all of its interesting applications in the limited space available.
In any case, much of this material is amply reviewed elsewhere (1-16). Con-
sequently, we limit ourselves to a description of some recent advances in subjects
of interest to us. Specific attention is paid to the application of light scattering to
the study of macromolecules, bacterial motion, gels, collision-induced anisotro-
pies, and rotational motion of small molecules in liquids. The important fields of
critical scattering (14), polarized (Rayleigh-Brillouin) scattering from liquids 
gases composed of small molecules (12), and scattering from solids (4, 5) 
liquid crystals (12) are not discussed in this review.
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234 BERNE & PECORA

SUMMARY OF PRINCIPLES

In a light scattering experiment a beam of light is focused onto a region of a
fluid and is scattered into a detector. Polarizers and analyzers are used to define
the polarizations of the incident and scattered light beams, respectively. Phy-
sically, the instantaneous scattered field can be regarded as the superposition of
waves scattered from the individual scattering cente, rs. This scattered field there-
fore fluctuates in response to the molecular motions of the scatterers. A variety
of detection schemes are used to analyze the time dependence of these fluctua-
tions. The detection method used in a particular experiment depends upon the
time scale of these fluctuations.

One such method called the "filter method" involves the spectral decomposi-
tion of the scattered fight by a diffraction grating or a Fabry-Perot interfer-
ometer (2, 12). These devices act as filters which pass a single frequency
component of the scattered light for a given setting. The filter output is then
incident upon the cathode of a photomultiplicr. The average de output of the
photomultiplier is proportional to the spectral density of the scattered electric
field at the filter frequency. The filter is then swept through a range of frequen-
cies. The spectral density can be related by theory to time correlation functions
of molecular properties (2). Because of the resolution limitations of currently
available gratings and interferometers this method can only be used to study
relatively rapid molecular dynamic processes, that is, those that occur on a time
scale faster than 10-6 sec.

For molecular dynamic processes that occur on time scales slower than
10 6 see, other methods must be used. The methods used are called "optical
mixing" techniques (4). Optical mixing techniques are the optical analogs 
beating techniques developed in radiofrequency spectroscopy. One such method
is the heterodyne beat method in which the scattered field is mixed with a "local
oscillator" field on the surface of a photomultiplier. If the amplitude of the local
oscillator field is sufficiently large compared to lhat of the scattered field, the
photocurrent output of the photomultiplier tube xvill, to a good approximation,
be a linear function of the scattered field amplitude. This current is then passed
into a hard wire computer called an autocorrelator, which computes the time
correlation function of the photocurrent. This correlation function is propor-
tional to the real part of the autocorrelation function of the scattered electric
field. Thus, optical heterodyne techniques can be used to measure the same kind
of properties measured by filter techniques albeit on a slower time scale.

Another optical mixing technique is the homodyne (or self beat) technique (4).
In this method only the scattered field impinges on the photocathode. No local
oscillator is used. Since the instantaneous photocurrent is proportional to the
intensity of the light impinging on the photocathode, the output of the photo-
multiplier is proportional to the square of the amplitude of the scattered field.
This signal is passed into an autocorrelator which then evaluates the time auto-
correlation function of the intensity of the scattered fight. This method is
sometimes also called "intensity fluctuation spectroscopy."
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LASER LIGHT SCATTERING FROM LIQUIDS 235

Thus, all these methods determine various time correlation functions of the
scattered electric field amplitude E~(t). In particular, the filter, heterodyne, and
homodyne techniques respectively give, (E*~(o)E~(t)), Re(E*~(o)Es(t)), and

< IE~(o)121 E~(t)12>.
In general the homodyne and heterodyne methods determine different time

correlation functions. In the event that there are flows in the scattering medium
(for instance, by virtue of convection, sedimentation, or electrophoresis), the
heterodyne method can be used to determine the velocities of the flows, whereas
the homodyne method is insensitive to these flows. These effects are discussed
more fully in the section on electrophoretic light scattering. However, in many
applications not involving flow, these two methods give almost the same infor-
mation (14). Exceptions to this are discussed below.

In order to analyze the results of light scattering experiments, it is first neces-
sary to relate Es(t) to the molecular properties of the fluid. The solution of
Maxwell’s equations in the Born approximation gives the well-kndwn result that
Es(t) is proportional to the quantity 6~s(q,t) = by. 6a(q,t). h~, where hi and 
are the polarization directions defined by the polarizer and analyzer, respec-
tively; 3a(q,t) is the Fourier transform of the local polarizability fluctuation
6a(r,t); and q is the scattering vector. For the small frequency shifts observed 
light scattering the length of q is related to the scattering angle O, the incident
light wavelength 2, and the index of refraction of the scattering medium n

4nn. 0
q = 2-sln.~ 1.

Substitution of these results into the time correlation functions of the electric
field amplitude that are measured by the techniques described above shows that
the filter and heterodyne experiment is determined by

I!}l(q,t) ( 6cq*j,(q,o)6~ij.(q,t)} 2.

and the homodyne experiment is determined by

In a filter experiment the spectral density of I~})(q,t) is the quantity that 
directly measured

/~}’(q,~) = ~ [ ~dte-"°’t}I’(q,t) 4.

where ~ is the difference between the frequencies of the incident and scattered
beams. In optical mixing experiments a spectrum analyzer is sometimes used
instead of an autocorrelator. In this eventuality, the spectral densities of Ia)iy ano- ’

iy are the quantities directly measured.
Theoretical treatments of light scattering can be divided into two classes:

phenomenol0gical and molecular. In the phenomenological theories the polariz-
ability fluctuation is expanded in terms of local fluctuations of hydrodynamic
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236 BERNE & PECORA

variables and the correlation functions are determined using the theory of
irreversible thermodynamics (see for example 2). In the molecular theories ga 
expressed as a superposition of contributions from each molecule and the calf-
relation functions are evaluated using models or:. in some cases, more com-
plicated many-body techniques (see for example 7 and 13). Unfortunately there
is as yet no molecular theory of light scattering that reduces to the results of the
phenomenological theories. For a detailed discussion of these attempts see the
review by Gelbart (13) and the recent work of Harris (17) and Pasmanter et 
(18).

DIFFUSION OF MACROMOLECULES

In dilute macromolecular solutions where the dimensions of the macromolecule
are small compared to q-1 (so that intramolecular interference effects can be
ignored), the fully polarized scattering will consist of several terms, a rapidly
decaying part due to local pressure and temperature fluctuations at constant
concentration and a slowly decaying part due to fluctuations of concentration at
constant temperature and pressure (19) and, in the event that the molecules are
nonspherical, rapidly decaying parts due to molecular tumbling (20). The slowly
decaying concentration fluctuations are temporally separable from the remain-
ing rapidly decaying fluctuations and give rise to a term (19) which decays
exponentially with time constant

1
zq- 5.

q2D

where D is the diffusion coefficient of the macromolecules in a volume-fixed
frame of reference (11). The quantity zq is roughly the time it takes a particle 
diffuse a distance q- 1. This time is typically of the order 10- ~ to 10- 3 sec and,
thus, in the experiments to be discussed below optical mixing techniques are
used. It is important to note that D may be concentration dependent and only in
the limit of infinite dilution can it be unambiguously related to the self-diffusion
coefficient at infinite dilution, Ds. The main object of much of the light scatter-
ing work on diffusion is to determine the dimensions and molecular weight of a
macromolecule. For this purpose it is necessary to determine Ds, since it is this
quantity which is relatively easily related to the dimensions and molecular
weight of the macromolecule. For example for a sphere of radius a, Ds is given
by the. well-known Stokes-Einstein result, Ds = kT/6r~qa, where q is the solution
viscosity. In the event that Ds can be determined it can be combined with
sedimentation velocity and specific volume measurements to give the molecular
weight (21)

RTS
M- 6.

O~(1 - p~)

where S is the sedimentation coefficient at infinite dilution, p is the mass density
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LASER LIGHT SCATTERING FROM LIQUIDS 237

of solvent, and ~ is the partial specific volume of the macromolecule. The com-
bination of these techniques provides a rapid and precise method for determin-
ing molecular weights of large macromolecules and viruses (22-24).

The concentration dependence of the diffusion coefficient, D, in the volume-
fixed frame of reference has been the subject of several experimental studies
(25-27). First it should be noted that hydrodynamic and molecular calculations
usually determine diffusion coefficients, Dts), in a reference frame in which
macromolecules move relative to the solvent. The relationship between D~ and D
is given by the well-known formula (27)

D = D~)(1 re) 7.

where ~ is the specific volume and c the mass concentration of the macro-
molecule. D(s) is itself a function of concentration (24-26).

Measurements of macromolecular diffusion coefficients are now common.
Many groups are engaged in using these diffusion coefficient measurements to
study problems of chemical and biological interest (28-32). We mention here
some of the more novel recent studies. Earlier studies are referenced in the
review articles by Pecora (7) and Ford (11).

Koppel has combined the light scattering method with zonal sedimentation in
a sucrose gradient to study the ribosomes of Escherichia coli (33). During centri-
fugation in a sucrose gradient, the macromolecules separate into physically dis-
tinct bands according to their sedimentation properties. The light scattering
analysis is then carried out immediately after centrifugation directly on the
different bands and thus on different macromolecular components. By using the
sedimentation coefficient, the tabulated partial specific volume and the diffusion
coefficient in Equation 5, Koppel obtained the molecular weight of the E. coil.
70S ribosomes and the 50S and 30S ribosome subunits.

Thus, in a single experiment Koppel was able to determine the diffusion
coefficients, sedimentation coefficients, molecular weights, and relative concen-
trations of each of the components of a complex system.

In a dilute polydisperse macromolecular solution, the total scattered fight
time correlation function is a superposition of those of each of the species in the
mixture. Unless the decay constants for each of these time correlation functions
are very different from each other, one can measure only an "average" diffusion
coefficient from the light scattering experiment (34-38). Koppel (39) 
developed a cumulant method for obtaining a well-defined average D as well as
a measure of the spread of the polymer distribution by analyzing the logarithm
of the normalized light scattering time correlation function at small times. He
shows how to obtain the "z-average" diffusion coefficient and the mean square
value of the fluctuation of D from the z-average value.

Other authors have used the light scattering method to study aggregation
(40-43). Since the diffusion coefficient of a molecular aggregate is smaller than
.that of the monomer and the aggregate should in fact contribute more to the
total time correlation function because of its higher molecular weight, we expect
light scattering to be very sensitive to small amounts of aggregate in a system.
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. 238 BERNE & PECORA

Wilson et al (43) have used this fact to detect the onset of aggregation 
hemoglobin S molecules. The erythrocyte sickling phenomenon of sickle cell
anemia is caused by this aggregation.

Most macromolecules, when dissolved in salt solutions, acquire charges which
are shielded by an atmosphere of counterions. This ion atmosphere affects the
diffusion coefficient of the macromolecule and hence the light scattering time
correlation function. Stephen (44) has presented a simple model of this effect 
the limit where the Debye shielding length is very much larger than the interpar-
ticle spacing. Lee & Schurr (45) have studied the light scattering from poly-L-
lysine-HBR in the presence of added salt. They find that they cannot reproduce
the previously obtained results of Jamieson, Mack & Walton (46) on the same
system, and in a future work they promise to present a detailed experimental
and theoretical study of charge effects on diffusion in this system. Schleich &
Yeh (47) have performed similar studies on poly-L-proline.

In an interesting study Pusey et al (24) have observed an angularly dependent
diffusion coefficient and an angular dependence in the integrated scattering from
a dilute solution consisting of highly charged R17 viruses and their counterions.
When additional salt is added the angle dependence mentioned above disap-
pears. These results cannot be explained by the Stephen theory (44) and await 
full theoretical explanation. Nevertheless, in a recent note, Schaefer & Berne (48)
have suggested that this angular dependence is due to the long range repulsive
interaction between the highly charged virus particles. They derive a relationship
between the observed diffusion coefficient and the integrated intensity.

ROTATIONAL AND INTRAMOLECULAR
RELAXATION OF MACROMOLECULES

When the macromolecules are not small compared to q- ~ intramolecular inter-
ference is important in determining the scattered light intensities. Furthermore if
the fluctuations in intramolecular segmental distances are of the order q-1 the
time constants for these motions are important in determining the form of the
polarized scattered field-time correlation functions. The theory of these effects is
reviewed by Pecora (7).

Huang & Frederick (4.9) and King, Knox & McAdam (50) have investigated
intramolecular motions in polystyrenes of molecular weights > 106. Both
groups report values for the longest intramolecular relaxation times that are in
qualitative agreement with the results of the Rouse-Zimm theory. Fujime has
continued his theoretical and experimental work on scattering from large
semiflexible macromolecules and biological structures (51-55). Most of this
work has been recently reviewed by Fujime (8). Schmidt reports having ob-
served the translational diffusion coefficient and internal bending mode in
N1-DNA (56).

Recent theories (57-59) have focused on the limit of very large molecules
where qR~ ~> 1 (R~ = radius of gyration). Most ofthese theories predict that the
half width at half height of the scattered spectrum varies as q", where v varies
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LASER LIGHT SCATTERING FROM LIQUIDS 239

from 3 to 4. Huang & Frederick (60) have measured homodyne spectral half
widths of the light scattered from dilute solutions of polystyrenes having molecu-
lar weight 4.4 x l0T in tetrahydrofuran. They find that the power v is highly
concentration dependent and could not reliably extrapolate the data to infinite
dilution to make quantitative comparisons with the various theories.

Since the original article by Cummins et al (61) several groups have stud]ed
the polarized dynamic light scattering from tobacco mosaic virus (TMV) solu-
tions (62-65). Fujime (62) and Schaefer et al (64) have attempted to detect 
in the TMV scattering spectrum dependent on the" anisotropy of the transla-
tional diffusion coefficient of this rod-like molecule. The interpretation of
Fijume’s results (62) was complicated by his use of polydisperse samples.
Schaefer et al (64) used monodisperse samples but obtained essentially a zero
value for the translational diffusion coefficient anisotropy--a result in dis-
agreement with the usual simple hydrodynamic models.

Rotational diffusion coefficients and intramolecular relaxation times may also
be studied by observing the dynamic depolarized light scattering from macro-
molecular solutions (66-68). These quantities may affect the depo!arized time
correlation function even if there is no structural change comparable to q- ’. The
only criterion is that there be a change in optical anisotropy associated with the
rotation or intramolecular motion.

Schurr & Schmitz (69) and King et al (65) have repeated the original experi-
ment of Wada et al (67) on the low angle depolarized TMV scattering. Schmitz
& Schurr criticize the experiment of Wada et al but they, along with King et al,
find agreement of their rotational diffusion coefficients with those of Wada et al
(67).

Maeda & Saito (70) have calculated the spectrum of light scattered from
optically anisotropic rods which are not small compared to q-1. They include
the coupling between rotational and translational motion and provide computed
spectra for a rod with the TMV parameters.

Schmitz & Schurr (71) have applied the depolarized scattering technique 
examine intramolecular relaxation times of calf thymus DNA. They report
finding three relaxation times in the depolarized spectrum. The longest of these
(r ,~ 18 msec) is close to what one would predict on the basis of flow-dichroism
results. The temperature profile of the longest relaxation time was investigated
and found to exhibit a spike near the helix-coil denaturation temperature. This
spike was interpreted as resulting from an increase in the molecular weight of
the DNA in the denaturation temperature region.

DYNAMICS OF GELS

Light scattering is a promising technique for the study of gels. Prins, Rimai &
Chompff (72) have observed oscillatory correlation functions in the scattering
from agarose and polyvinyl alcohol gels. Tanaka, Hocker & Benedek (73), in the
most thorough work to date, have studied the dynamic polarized scattering of 5
and 2.5 ~ polyacrylamide gels as a fl~nction of scattering angle and temperature.
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240 BERNE & PECORA

Thcy present a theory for thermal displacements of the gel fiber network and
analyze their experimental results in terms of this theory. The predicted light
scattering electric field time correlation function is a single exponential with
relaxation time

f 8.z,~ -- q2G~

where f is the frictional force per unit volume on the fiber network as it moves
with unit velocity relative to the gel liquid, and G1 is the longitudinal compres-
sional modules for longitudinal displacements of the fiber network. Tanaka et al
(73) obtained r~ from light scattering and also performed macroscopic measure-
ments to independently measure G1 and f They find good agreement between
theory and experiment if their light scattering data are fit to a single exponential,
although cumulant analysis of the experimental data indicated nonexponential
decay.

McAdam, King & Knox (74) have performed light scattering measurements
on chemically crosslinked polystyrene-tetralin gels where the number of mon-
omers between chemical crosslinks was varied. Linewidth studies on uncross-
linked polymer solutions of similar concentrations differed considerably. This
implies that molecular motion in the chemically crosslinked network is different
from that in a simple concentrated polymer solution. The results on the gels
were interpreted using the model of Brownian motion in a harmonic well. The
size of the well depends on the number of effective crosslinks and physical
entanglements. Neither the physical model nor the experimental results gives
exponential light scattering time correlation functions.

Lee & Schurr (75) have proposed a simple "mean force" model of a large
polymer or gel which exhibits a qZ dependence of the decay constant at large
qRo.

CHEMICAL REACTIONS

Much of the early enthusiasm for using light scattering as a probe of macro-
molecular reaction kinetics has waned (see, for example, the review in 7). 
appears that the polarizability changes that occur in chemical processes are
probably too small in most cases to have substantial effects on the light scatter-
ing time correlation functions. Bloomfield & Benbasat (76) have, however, exten-
sively analyzed theoretical light scattering spectra for reactions of the form
A ~ B and 2A ~ A2. They conclude that for many macromolecular reactions of
this type, the changes in diffusion coefficient should be sufficient to render the
reaction rates visible to light scattering.

Jamieson, Mack & Walton (46) report having measured the rate of the helix
to extended coil transition in poly-L-lysine HBR. Lee & Schurr (45) have studied
the same system but have seen no evidence of the reaction component in the
scattering time correlation function. Jamieson, Downs & Walton (77) report 
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LASER LIGHT SCATTERING FROM LIQUIDS 241

rate constant for a conformation change of elastin aggregates. This rate constant
was, however, obtained from a three Lorentzian fit to an experimental spectrum.

Alms et al (78) have repeated the previous experiment of Yeh and Keeler 
dilute ZnSO4 solutions and find no evidence for reactive broadening.

Uzgiris & Golibersuch (79) investigated the light scattered from hemoglobin
solutions. The heterodyne time correlation function was measured and fit to a
single exponential. The decay constant of this exponential contained a diffusion
part proportional to q2 and a q-independent part. The q-independent part was
found to depend on hemoglobin concentration and solvent condition in the
same way as the reciprocal relaxation time of the hemoglobin tetramerodimer
reaction. The authors thus concluded that the q-independent part of the heter-
odyne decay constant is due to the hemoglobin tetramer-dimer reaction rate.
The results are, however, not in accord with the Bloomfield & Benbasat model
light scattering calculations (76).

ELECTROPHORETIC LIGHT SCATTERING (ELS)

Ware & Flygare (80) have developed a method for studying solutions 
macroions that combines standard electrophoretic techniques with heterodyne
beat laser light scattering. They have demonstrated that under certain condi-
tions, electrophoretic mobilities and diffusion coefficients of macromolecules can
be measured simultaneously and rapidly by this technique. This method is based
on the fact that macroions are accelerated by an applied electric field E to a
terminal velocity v = #E, where/z is the electrophoretic mobility. Light scattered
by such a moving body should cxperience a Doppler shift co(q) ~ q- v =/~(q - 
which increases with E. [co-l(q) can be regarded as the time it takes a particle to
drift the distance q-1.] When the correlation function measured in the heter-
odyne method is time Fourier transformed, or when the experiment is done with
a spectrum analyzer, the spectral density is a pair of Lorentzian bands at the
Doppler frequencies + co(q) each of half width at half-maximum q2D. Measure-
ment of the positions of the peaks gives co(q) and thereby #. Measurement of the
width gives D.

Ware & Flygare (80) have measured the electrophoretic spectrum of 
aqueous solution of bovine serum albumin (BSA) using an adaptation of the
Tiselius electrophoresis cell and have verified the results of their theoretical
predictions. According to theory (81) /~/D= (Ze/kBT)f’Qc), where Ze is the
magnitude of the charge on BSA in esu, ~ is the inverse debyc screening length
(which is a function of 14 where I is the ionic strength), and f’(tc) is a 
plicated decreasing function of rc and thereby 14 which arises because the coun-
terions screen the macroion, which consequently feels a reduced electric field.
The charge Ze on BSA is an increasing function of the pH. Ware & Flygare (80)
report that measurements of # are consistent with these considerations; that is,
the mobility increases with ionic strength and increases with pH. More experi-
ments of this type should increase our understanding of colloidal solutions.
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242 BERNE & PECORA

The full force of this method becomes apparent when we consider a dilute
solution containing several species of macroions. Each species of macroion /3
will be accelerated to a different terminal velocity va =/ta E and will thereby
Doppler shift the scattered light by different amounts co¢(q)=/~a(q- E). 
resulting spectrum is then a superposition of syrnmetric Lorentzian doublets,
one doublet for each species. The doublet corresponding to species fl is located
at ___ ~oa(q) with half width q2Da and area proportional to ~Ca, where ~a and Ca
are the polarizability and concentration of species /3, respectively. Thus if the
differences between the shifts {coa(q)} are large compared to the diffusion widths
(q2D/~) it should be possible to resolve the bands and thus determine the electro-
phoretic mobilities, the diffusion coefficients, and the relative concentrations of
the various species. Because the widths (q2Da) are quadratic functions of q and
the shifts {~o~(q) = #a(q" E)} are linear functions of q, the resolving power 
up as q is decreased (correspondingly as the scattering angle is decreased). The
resolving power also increases with increasing E.

Ware & Flygare (82) have reported the observation of a resolved spectrum 
mixtures of BSA monomers and BSA dimers and fibrinogen.

In addition to the foregoing, Flygare & Ware (83) have reported preliminary
data on ELS analysis of human blood plasma. Their spectra show resolution
equal to or better than the best available from moving boundary electropho-
resis; nevertheless, a positive assignment of the many bands has not yet been
made. The ELS data must be combined with standard biochemical analyses for
positive identification. These spectra are promising because only a few minutes
are required for the determination, compared to the slow times of moving boun-
dary electrophoresis. The clinical possibilities of the method should be obvious,

Uzgiris and his co-workers (84, 85), using a cell of a different design than
Ware & Flygare, have performed the first ELS experiments on micron-sized
particles (84), namely polystyrene latex spheres (PLS), the bacterium staphylo-
coccus epidermidis, and human erythrocytes. The accuracy of the method was
confirmed by comparing the results on erythrocytes with their well-known mobil-
ities. The mobility of PLS was found to be proportional to I --~ for low ionic
strengths (in agreement with Ware & Flygare on BSA). However at ionic
strengths of less than 0.001 N KC1, the mobility ceased to increase as 1-3 but
rather leveled off. This is the first experimental observation of such an effect
because ordinary electrophoresis cannot be applied at such low ionic strengths.
This effect has yet to be explained. This work demonstrates the utility of ELS in
determining the mobilities of very large particles in a matter of minutes. By
comparison, conventional electrophoresis is a painstaking method.

Uzgiris & Costaschuk (85) have studied by ELS the mobility of PLS as 
function of the concentration of the cationic polymer, polyethyleneimine. Since
the PLS are negatively charged over a wide range of pH, the cationic polymer
binds to the surface of the spheres, thus reducing their charge and concomitantly
their mobility. At high concentrations, the charge becomes positive with an
attendant change in sign of the mobility. This was the observed behavior.
Uzgiris & Costaschuk present a simple method for determining the sign of the
charge.
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Electrophoretic light scattering has been subjected to an exhaustive critique
and review by Ware (86). This review should be very valuable to anyone in-
terested in these experiments. The design of scattering cells and electrodes is
discussed. Estimates of heating due to high field strengths are given, and convec-
tive instabilities and electro-osmosis are discussed. The method is compared
with conventional electrophoresis and possible future applications are mentioned.

Recently Bennett & Uzgiris (87) have devised a scheme for pulsing the applied
field which differs from the scheme used by Ware & Flygare. These alathors
claim that their method involves relatively simple electronics and "perfect" data
collection efficiency.

Uzgiris & Kaplan (88, 89) have used ELS to measure the mobility of lym-
phocytes and erythrocytes, and have found that by coating Pt electrodes with
BSA, irreversible electrode effects are eliminated. De Blois et al (90) have applied
the technique to the study of human plasma low density lipoproteins. Uzgiris
(91) has given a detailed review of the methods used in his laboratory and
considers the details of cell and electrode design.

Berne & Gininger (92) have proposed a method for determining chemical rate
constants using ELS. Each macroionie species in a solution has a characteristic
Doppler shift and a corresponding band. If the macroions undergo chemical
reactions, the bands can be broadened and shifted. Berne & Gininger have

k£
computed the expected spectrum for a dimerization reaction 2A ~ A2 and for

the simple reaction involving a conformation change A-------,k~ B. They show how

the line shape--the shifts and widths--can be used to determine the reaction
rates, and they present a simulated spectrum for a typical globular protein. This
method is very similar in spirit to NMR determinations of exchange rates. It
does not suffer from the same weaknesses discussed in connection with attempts
to measure rate constants by ordinary light scattering. There is considerable
hope that the experiment will succeed and several groups are now attempting to
measure these rate coefficients.

ELS is now an active field. It offers the possibility of studying ionic solutions
rapidly, economically, and at ionic strengths too low for previous study. ELS
has, as discussed above, potential applications to chemical kinetics, bio-
chemistry, and clinical medicine.

INTENSITY FLUCTUATION SPECTROSCOPY

In a light scattering experiment the intersection between the focused incident
beam and the beam visible to the detector defines the scattering volume, V. In
most cases the average number of molecules, (N), in this volume is sufficiently
large that the scattered field (which results only from these molecules) is the
superposition of a large number Of terms, N(~ (N)). Then it is usually assumed
that the central limit theorem applies, so that Es can be regarded as a Gaussian
random process, in which case homodyne and heterodyne techniques are both
determined by the same correlation function (E*~(o)Es(t)). When (N) < 100,
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however, there are too few terms in the superposition, Es, and the central limit
theorem should not apply. This is sometimes the case for very dilute solutions of
large scatterers (e.g. particles with characteristic dimension > 1/2). In such
dilute solutions these particles move independently.of each other. Schaefer &
Berne (93) have shown that in this case the correlation function of the fluctua-
tions in the scattered intensity arriving at the detector is

I~Z~(q,t) = (N)2[1 IF,(q,t)l~] ÷ (6N(o)6N(t)>
interference nulllbe[

where 6N(t) = N(t) - N(o) is the fluctuation in the number of particles in the
scattering volume. Thus the intensity of the scattered light from such a solution
fluctuates on two widely different time scales. The slow fluctuations arise be-
cause of changes in the total number of scatterers in the scattering volume
(number fluctuations), and the fast fluctuations result from the superposition (at
the detector) of the randomly fluctuating phases of the light scattered from each
particle in the scattering volume (interference fluctuations). The time scale of the
number fluctuations, rN, is determined by the time that it takes the scatterer to
cross V, whereas the time scale of the interference fluctuations, rq, is determined
by the time it takes the scatterer to traverse the much shorter distance q-1.
Number fluctuations can be studied in the absence of the interference fluctua-
tions by making the sampling interval large compared to rq but short compared
to rN. Alternatively, the interference fluctuations could be averaged spatially by
using a detector that is large compared to the coherence solid angle of the
scattered field.

In this connection it is important to note that the study of number fluctua-
tions does not require a coherent source of radiation. Very simple devices can be
used for its study. It should also be noted that the interference scattering is
proportional to (N)2 whereas the number fluctuations are proportional to

(0N2) = (N) so that the relative contributions of the number fluctuations,
1/[(N) 1], is significant onl y for (N) smal

It is important to recognize that the number fluctuations give a slowly varying
background term. Thus, if this background is ignored when it makes important
contributions to I ~z), inaccurate values for diffusion coefficients may result.

Koppel & Schaefer (94) have shown that when the number of photocounts 
an interval is prescaled, a clipped autocorrelator can be used to determine the
intensity autocorrelation function in the case where the Gaussian approximation
breaks down. This is important because without prescaling a clipped autocor-
relator gives very complicated information. In addition, Schaefer & Pusey
(95, 96) have shown how the distribution of photocounts reflects the non-
Gaussian nature of the scattered fight. Schaefer (97) has recently reviewed some
of this material.

Number fluctuations can in principle be used to study velocity fields in con-
vective and turbulent flow, electrophoresis, sedimentation, and any other phe-
nomenon in which there is an average flux of particles. The interference term in
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Equation 9 provides no such information about flows, so that except in very
dilute solutions homodyne scattering cannot be used for such studies. In the
following section we show how number fluctuations have been used to study
swimming speeds and mean free paths of motile microorganisms.

Another exception to the Gaussian approximation involves systems in which
there are long range correlations in the structure such as occur near critical
points. The range of the correlations may be characterized by a "correlation
length" ~. If we divide the scattering volume into N(~) subregions of volume 43,
the scattered field amplitude can be loosely regarded as the superposition of
scattered amplitudes from these N(ff)"independent" regions. Then if N(~) 
small enogh a straightforward application of Equation 9 shows that a term
like (6N¢(o)6N¢(t)) should appear in the homodyne correlation function. This
term is of order (N). For the conditions under which critical scattering has been
observed, this is a negligible contribution. In a recent article Tartaglia & Chen
(98) have considered this problem and have also shown by an application of ,the
hydrodynamic fluctuation theory of Fox & Uhlenbeck (99) that the Gaussian
approximation applies to hydrodynamic fluctuations away from the critical
point.

There are techniques other than light scattering which also probe number
fluctuations. Magde et al (100) have shown how fluctuations in the fluorescence
intensity of certain species are directly related to number fluctuations and thus
to dynamic processes.

In this technique a continuous wave (cw) beam of laser light is focused on 
system containing molecules that absorb this radiation. When the molecules are
in a certain "state" they fluoresce. The fluorescent light is viewed at right angles
through a lens which accepts only light from a very small region in the incident
beam. The experimental arrangement therefore defines a scattering volume. The
light falls on a photocathode which puts out a current proportional to the
instantaneous fluorescence intensity. This current is then autocorrelated. This
gives the autocorrelation function of the fluctuations in fluorescence intensity,
:3I:. Since 6I:(t) is proportional to ~N:(t), the number fluctuation of fluorescent
species in V, what is determined is the number fluctuation (~N:(o)6N:(t)). This
can be used to determine diffusion coefficients, flow velocities, motilities, etc of
labeled species. It can also be used to study chemical reaction rates.

Magde et al (100) have studied the intercalation of ethydium bromide, Et, into
DNA by this method

kf

DNA +Et ~ (DNA-Et)
kb

In this case unbound Et absorbs the incident light but only intercalated DNA
fluoresces. Thus the fluctuations in the fluorescence reflect two processes, the
diffusion processes that takes DNA - Et into and out of V and the chemical
rate processes for the binding and unbinding of the complex. Magde et al (100)
have analyzed the results using the same theory applied in light scattering to
chemically reacting systems (7) and have determined the rate constants for these
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reactions. This method is described in great detail by Elson et al (101, 102).
Because of the specificity of the labeling process, fluorescence correlation spec-
troscopy should be very useful in future studies of transport through mem-
branes, motility, electrophoresis, chemical kinetics, and turbulence.

Nonoptical techniques can also be used to study number fluctuations. Feher
(103) and Feber & Weissman (104) have determined the relhxation time of 
ionization reaction of berylium sulfate by observing electrical conductivity
fluctuations.

Fluctuation spectroscopy will undoubtedly experience much development in
the next several years.

STUDIES OF MOTILE MICROORGANISMS

The spectrum of light scattered from motile microorganisms is quite different
from the spectrum of particles executing Brownian motion. Berg6 et al (105)
were the first to perform such experiments. They studied the spectrum of motile
spermatozoa and observed that as the motility decreased, the spectrum
narrowed. Combescot (106) calculated the spectrum on the basis of a model 
spermatozoa motility. Although spermatozoa have dimensions which are not
negligible compared to the wavelength, this calculation ignores intramolecular
scattering and computes the spectrum associated with an isotropic ensemble of
point particles, each of which traverses a helix of given pitch and diameter with
constant speed. Combescot finds that the spectrum probes the translational and
rotational motion of the particles, and that for the experimental conditions only
the translations are easy to observe.

Nossal (107) has also calculated the spectrum to be expected from living
microorganisms. He too ignores intramolecular scattering, but uses a model of
motility not applicable to spermatozoa but applicable to other kinds of microor-
ganisms. For example, motile strains of E. coil Klz bacteria, when viewed under
a microscope, appear to move at constant speed in straight lines. These motions
persist for distances much greater than q-1 (~1000 /~) before the microorga-
nism changes di~rection ; tha¢ is, the mean free path, A, of the bacteria is such that
qA >> 1, and from the point of view of light scattering, a microorganism can be
treated as a freely swimming particle of velocity V. Nossal (107) has computed
the spectr~rn of light scattered from an a~tueous dispersion of microorganisms,
implicitly assuming that these particles are spherical. He finds that the heter-
odyne correlation function is proportional to

sin (qVt)
l’l)(q,t) = f dVw(V) 10.

o (qVt)

where w(V) is the distribution of swimming speeds in the sample.
In a sequence of experiments, Nossal et al (108-110) have measured the

homodyne scattering from bacterial dispersions of motile E. coli Klz and from
this determined I ~1~ (q,t). Their experiments seem to confirm the theoretical
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expectation based on Equation 10 that ltl)(q,t) is a function of qt. This was
tested by showing that when the measured ltl~(q,t) are plotted versus qt for
different scattering angles (or q) the ~:esults fall on the same curve (see Figure 
of 108). Nossal et al then Fourier inverted their data and used the model
embodied in Equation 10 to determine a distribution of swimming speeds. Their
interpretation therefore depends on the adequacy of their theoretical model.

Nossal & Chen (109) have observed that when CuC12 is added to the disper-
sion, the microorganisms stop swimming and in effect become Brownian par-
ticles whose motion is determined by a diffusion coefficient which they measure.
They have also devised a method for determining what fraction of microorga-
nisms in the dispersion are motile. In a related study, Nossal & Ghen (110) have
studied the chemotactic response to oxygen E. coli by performing an optical
heterodyne experiment on the dispersion when an oxygen gradient was in-
troduced into their system. They detected a response of the bacteria to the
oxygen gradient.

An important parameter in sample~ of ~notile microorganislns is the "mean
free path" A. Because A >> q- 1 the optical mixing techniques used by Nossal &
Chen (108, 110) do not give values of A. Nevertheless it is possible to determine
values of A in the following way: Schaefer & Berne (93) have shown that for
particles as large as E. coli and for typical scattering volumes, V, involved in
these experiments, it is possible to work at concentrations for which the average
number of bacteria (N) in V is small. Then the homodyne correlation function
contains the additional term ((SN(o)6N(O) (see Equation 9). The number 
bacteria in V fluctuates on a time scale determined by the time it takes a
microorganism to swim through V. If the dimensions of V, say L, are small
compared to A, (6N(o)fiN(t)) should decay on a time scale determined only by
the swimming speed; whereas if L ~ A, the bacterium has a chance to turn
around before leaving V so that its residence time should be longer than if it
swims straight through. Then a measurement of (6N(o)dN(t)) gives A. We call
these cases a and b respectively. Schaeffer (111) has performed an experiment for
case b on E. coli and has determined A. Banks et al (112) have performed 
experiment on a strain of E. coli with very large A where case a applies and have
determined that the root mean square swimming speed of E. coli increases with
temperature for temperatures from 25° to 35°C.

It is important to note that in the absence of convection, when case a applies,
(6N(o)6N(t)) unambiguously gives information about translational swimming.
Unfortunately, this is not true of the methods used by Chen & Nossal as we now
discuss.

E. coli (and for that matter spermatozoa) are not spheres as implicitly
assumed in Nossal’s model but are rods about 1/~m long and 0.3 #m wide. For
the qs involved in the experiments of Nossal & Chen (108-110), it is not possible
to ignore intramolecular interference in such rods. Assuming that a given
microorganism always swims along its principal axis and does not rotate, Berne
& Nossal (113) have shown that an isotropic (randomly oriented) sample has 
correlation function that behaves quite differently from Equation 10 in that it
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does not scale with qt. The question immediately arises: Why does the exper-
imental result scale with qt? Several answers are possible. The one we find most
compelling is that the sample contains both motile and nonmotile microorga-
nisms. The correlation function is then a sum of two functions, one due to the
diffusion of the nonmotile microorganisms that scales as qZt and the other due
to the motile microorganism that does not scale as q2t or as qt. The superposi-
tion however can scale as qt under certain conditions. There are indeed many
experimental conditions under which scaling is not observed.

When E. coli are observed in a microscope they seem to wobble perhaps by
virtue of their ftagellar motion; this wobble is very likely a projection on the
microscope slide of helical motion about the axis of motion. Helical motion of
such large objects should lead to a modulation of the intramolecular scattering
[see for example, Pecora (114, 115)]. In some recent experiments, Schaefer et 
(116) find evidence based on the viscosity dependence of the measurements that
this helical motion effects the spectrum. (It should be pointed out that when
helical motion of the rod is present, there are no values of the rotational and
translational speed for which scaling with qt is possible.) These authors evaluate
a parameter they call the root mean square rotational speed, and compare it
with the translational root mean square velocity determined from number
fluctuations. These numbers turn out to be quite different. Banks et al (112)
show that their ratio is a constant as a function of temperature, leading to the
reasonable idea that these quantities should scale. Thus the measurement of one
quantity might provide a means of determining the other.

The use of light scattering to study motility is reviewed by Nossal et al (109)
and by Schaefer (117). This is a very promising application of light scattering
which should in the near future contribute to our understanding of chemotaxis
and phototaxis.

COLLISION-INDUCED LIGHT SCATTERING

Levine & Birnbaum (118) first pointed out that collisions distort the electronic
structure of the interacting particles and give rise to short lived anisotropies in
the polarizability so that even monatomic fluids should exhibit depolarized light
scattering. This paper was followed by the first experimental observation of the
spectral distribution of this collision-induced depolarized scattering (119, 120) 
the dilute rare gases argon and krypton. Thc dcpolarized spectra obtained in
these experiments have inverse widths which are of the order of the duration of a
collision in these gases. These initial experiments were interpreted on the basis of
simple models (121, 122). Since then there has been a great deal of activity 
three broad fronts: (a) the line shapes have been studied as a function of temper-
ature and density, from the dilute gas into the liquid state for argon and neon
(123) and more recently for molecular liquids (124); (b) microscopic theories 
depolarized scattering have been developed (17, 18, 125) and collision-induced
polarizabilities have been calculated (126) for helium and argon by ab initio
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methods; and (c) computer simulations have been carried out to delineate the
underlying atomic collective motions that contribute to the observed spectra
(127), and to see whether the simple dipole-induced-dipole approximation to the
pair polarizability suffices for a description of the density dependence of
the integrated depolarized intensity (128) and for the precise spectral frequency
dependence (129).

In the foregoing we have only sampled characteristic refei~ences. Our omis-
sions do not reflect any criticism of the remaining papers which the interested
reader can find discussed in the very comprehensive and detailed review of this
subject by Gelbart (13).

DEPOLARIZED LIGHT SCATTERING FROM LIQUIDS

The spectrum of light scattered from liquids containing optically anisotropic
molecules contains information about the rotational motion of the molecules
(130). Only some of the more recent work is reviewed here. Floury & Boon (12)
give an extensive list of references to earlier work.

The depolfirized component of several liquids (e.g. nitrobenzene, quinoline,
ethylene dibromide, aniline) has been shown to contain a doublet, symmetric
about zero frequency with a splitting of about 0.5 GHz (131-134). The existence
of this doublet had been predicted by Leontovich (135) using a hydrodynamic
model. Several investigators have reformulated theories of this doublet (and the
rest of the "reorientational Rayleigh wing") using phenomenological (136-139)
and statistical mechanical theories (140-146). The statistical mechanical theories
make use of the Mori formalism (147) for treating irreversible processes. These
theories are not all equivalent and there has been much discussion over which is
most appropriate to describe the experimental spectra (145, 146, 148).

Alms et al (148) conclude that the Mori-type theory most compatible with
physical intuition and the experimental spectra is a "two variable" theory of the
scattering in which one of the variables is a symmetric second rank tensor
associated with the reorientation of the molecule and the other is the transverse
velocity. Thus, the doublet may be viewed as the result of coupling a transverse
velocity fluctuation to the molecular reorientation. Alms et al (148) also have
experimentally studied the depolarized doublet in anisaldehyde as a function of
temperature and show that the two-variable theory fits the data quite well in a
range of theoretical parameters not previously investigated for any liquids.
Keyes & Kivelson (142, 144) obtain the same formal expression for the scatter-
ing spectrum as Alms et al (148), but when expressing a major parameter of the
theory in microscopic terms obtain incorrect results which, as Alms et al have
pointed out, predict no depolarized doublet.

The liquids in which the depolarized doublet has been observed are composed
of relatively large molecules. Enright & Stoicheff (149) thus set out to observe
such spectra in simple molecular liquids. They have observed the doublet in
liquid CS2 and have compared their spectra to the theoretical spectra predicted
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by Rytov (136) and Keyes & Kivelson (142, 144). Enright & Stoicheff 
agreement with both theories, although it should be pointed out that they
merely used the form of the Keyes & Kivelson result and not their detailed
molecular theory. This form is the same as that used by Alms et al (148) so that
Enright & Stoicheff’s conclusions are in agreement with those of Alms et al.

Measurements of the depolarized component have been used by Pecora and
co-workers (78, 150-152) to study molecular reorientation in liquids. These
authors studied both neat liquids and solutions where the solvent contributed
negligibly to the depolarized spectrum. They first showed (150) that for a series
of benzene derivatives in solution the reorientatJon times obtained from light
scattering depended only on the solution viscosity and not on the molecular
composition of the solvent as long as the solute concentration was not very high
and there were no strong solute-solvent interactions (e.g. hydrogen bonding).
They then investigated solutions of carboxylic acids (78) in water and in CCI,~
and showed that the strong hydrogen bonding in the water solutions strongly
affected the solute reorientation time. They also sludied (78) the reorientation 
the carboxylic acid dimers in the CCI,~ solutions by depolarized light scattering.

By combining depolarized light scattering with carbon 13 spin lattice relaxa-
tion measurements these authors were able to study both the different compo-
nents of the rotational diffusion tensor for a series of benzene derivatives (152)
and also to measure both the collective and single particle reorientation times
for CHC13 and nitrobenzene (151).

The viscosity dependences of the two single particle reorientation times of the
symmetric top molecules, benzene and mesitylene, and the three single particle
reorientation times for the asymmetric tops, toluene and nitrobenzene, were
found (152) to be linear in solvents which exhibited no strong solute-solvent
interactions. For CHC13 the single molecule reorientation time at constant
viscosity obtained from the C13 NMR measurements at 40 and 100~ CHC13
concentrations was shown to agree with the constant viscosity light scattering
relaxation time extrapolated to zero CHCI3 concentration (151). Light scattering
thus measures the collective reorientation time at high concentrations of solute
and the single molecule reorientation time at low concentrations. For CHCI3 the
collective reorientation time is larger than "the single molecule time. Similar
results (151) were obtained for the more complicated case of nitrobenzene
solutions.

Pecora and co-workers (78, 150-152) used a Fabry-Perot interferometer as the
filter in their experiments. They could not detect any deviation of the scattered
field time correlation from exponential shape. It is clear, however, that at short
enough times these correlation functions cannot be exponential (153). Van
Konynenburg & Steele (153) and Dardy et al (154), using diffraction gratings 
filters, have tried to observe the short time behavior of the time correlation
function by observing the scattered spectrum with inclusion of the far wings. The
complication arises in that collision-induced scattering (see the previous section)
also contributes to the far wings. Both groups (153, 154) thus assumed func-
tional forms for the collision-induced contributions to the spectra and devised

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 1

97
4.

25
:2

33
-2

53
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 C

ol
um

bi
a 

U
ni

ve
rs

ity
 o

n 
05

/0
1/

07
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


LASER LIGHT SCATTERING FROM LIQUIDS 251

techniques for subtracting them from the experimental spectra. They obtained
rotational correlation functions for short times.

These studies illustrate the important information about molecular reorienta-
tion in liquids that may be obtained from depolarized light scattering.
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