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Communicated by Charles H. Townes, March 27, 1967

Using a laser light source, in conjunction with an optical ¢
eter'~? whose resolving power is of the order of 1014
distribution of light seattered by dilute solutions of several.

macromsolecules, namely polysiyrene latex spheres, bovine
albumin, Iysozyme, tobacen mosaie virug

PHYSICS DEPARTMENT AND CENTER FOR

] EE\'GINEERING,
MASSACHUSETTS 1

I a number of publications, 4—1¢

defined theoretical approaches to the ease of light seatte
meleenles, The first is a eontinuum theory which applies when
of the molecules does not affect the se

4 molecular theory of the scattering, m
the continuum theory,

attering; otherwise, the second &

m which the scatfering res
dielectric constant (e) about its average value. NMore exactly, b
the fluctuations in terms of plane waves, it can be shown?
at an angle 8 from the incident beam is the res
incident beam by a fluetuation in dielectrie eonstant [e(n,,
(A satisfies the Brage law - :

(o/n) = 21, sin (6/2),

ttered electrie field
is direetly proportiona] to the amplitude of the fluctuation [8e(Ar,2) ] which produced

it, while the time dependence of the scattered field® has the form of the incident field
modulated by the time dependence of

the fluctuation in dieleetric constant, That
is, the scattered field EsRO]ata point R and time ¢ s proportional to ¢ e\ pt),
where »y is the freyuency of the incident field. Nuw, g In turn is produced foa

high degree of appruxinmtiluu by the torresponding fluctuation in the concentration
[BCL0] through the relaiion - ' -

b\l = (2e/2C)5C (0. ,_
The intensity of the scattered light is proportional to (3¢, and once (0e/2C) is
measuved, the Hght intensity is 4 known constant multiple of (|5C13. Byt according

to the theory of fluctuations s © {hig latter guantity is simply proportional to
H(CY where }/ is the molecular weight and {C) is the average concentration. - Thus
the intensity of the scattered light i

molecular weight, of the
solute.* 5 : 7 -
In the present experiment the speetrum of the seattered light is studied. Debyes
has caleulated the spectrum under the presumptio

u that the concentration fluetya-
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tions obey the diffusion equation {a/ ot[sC ()] = DV"’{EC’(r,t)]}. Solving this
equation for a fluctuation in concentration having wavelength A s and which appears
. att =0, we see that this fluctuation will deeay exponentially {o zero at 4 rate (Tp)

given by ' '

Tp = D@r/)\)* = DK, @)

where D is the diffusion constant and K == (2w /7, the wave vector of the scattering
- fluctuation. If we employ the Bragg reflection condition feq. (1)], we may express

. the decay rate (I'y) as a function of the seattering angle (0} by

4z o 1
I'p = D[m sin {9/2)] . | | {4

The exponential decay implies a Lorentzian spectrum.  T'o be precise, if §(»,T',)
is the power spectrum of the scattered light, then & 1.

(I'n/ 2n) -
S(»Tp) [M(? oL (T /QW)QJ. | ("),

The half width at half height of this spectrum is Tp/2x. Thus measurements of
the half width, the seattering angle, and the index of refraction permit the deter-
mination of the diffusion constant of the macromolecule.
* Since D for macromolecules ranges® from ahout 10-* cm?/sec t6 about 10-¢
- em?/sec, we expect that the half widths of the spectra observed in the backward
direction {6 = 180°] will fall in the range 100 Hz < (I's/27) < 10 kHz. The ex-
treme narrowness of these lines necessitates the use of a laser light source and the .
“self-beat” spectrometer described below., - ) o -
Before proceeding, we must discuss the molecular theory for the spectrum of the
scattered light. Such a theory has been presented by Pecora!?~" in which the
speetral distribution given above arises from the isotropie diffusional motion of the
center of mass of each of the molecules. In addition to this motion the m

10lecules
undergo rotational motion relative to their center of mass. This rotation modulates

_ the seattered light and thus affects the angular dependence and the shape of the

spectrum.®  We gan therefore expect that for nonspherieal molecules with dimen-
sion comparable with the wavelength of light, the spectrum of the scattered light
will contain information regarding hoth the rotational and translational diffusion
of the macromolecules,

Brperimental M ethods.—I1f wo are to resvlve the narrow lines w
above, the resolving power (R = »/A¥) of the
to 3 X I8 (rating specirometers have ® <
etalous have ® < 5 X 147, Thus, the resolutio

hose widths have been predicted -
spectrometer must fall into ghe range 5 X 161
8 X 185, while the Lest spherical Wabry-Perot
1 reqirived in the present experiment is o factor

- of 1% to 105 higher than that available with the hest conventional spectroscopic methods, The

required resolution ¢an be achieved using the newly developed techniques of optical heterodyne
and “self-beat™ spectroscopy’s % % % 17 iy eonjunetion with laser light sources. These new tech-
niques have already heen nxed to study the spectrum of Light seattered by concentration fluctua-~
tions in suspensions of polystyrene molecules, and in binary mixtures near their critical mixing
temperature, 2 In addition, they have been successfully employed in recent experiments to
study the speetrum of Heht which is scattered by pure fluids near their eritieal pointd 3 21 gnd
the spectrum of light seattered by eutropy fluctuations in a nowmal Auig. o

The essential feature of these technigies is to Lransfer the spectral inform

ation initlally centered
at the optical frequeney 1o a much lower frequency where

colrventional cleetrical filters mny
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conveniently be used to anzlyze the spectrum. This trausfer is accomplished in the “self-beat”
Spectrometer® ? by allowing the seattered light to fall on the surface of a photomultiplier tube.
The output current of this device is proportional to the sguare of the incident clectric feld. Asa
result the photocurrent contains beat notes between each of the spectral components of the light,
falling on the photomultiptier. The spectral information which was initially present in the seat-
tered electric field now appears in a slightly modified form in the spectrum of the photocurrent
which is centered at zero frequency. To be quite specific, if the power spectrum of the light is
Lorentzian, centered at » = vy, with half width (Tn/2x), the “self-beat” power spectrum of the
photocurrent iz also Lorentzian, but its center frequency is at » = 0 and its half width ¢ half
height® 7ig 2Fp/27). Inaddition to this, the spectrum of the photocurrent contains » frequency-
independent shot nojse part propertional to the magnitude of the d-c photocurrent, The Spec-
trum of the photocurrent is measured using a conventional audio spectrum analyzer. Thig
analyzer is a narrow band tuned filter whose cenier frequency may be swept. The analyzer output
is a d-¢ signal proportional to the amplitude of the frequency components of the photoelzrent
which fall within the passband of the analyzer, By definition the spectrum of the photocurrent

"is the square of thess amplitzdes. Thus in order to obtain the spectrium directly, the analvzer

output is passed through an analogue squarer prior to recording,

The block diagram is given in Figure 1. The incident light s provided by a Spectra-Physies
model 123 helium-neon laser (M = 6328 .ﬁ). Parallel rays of light scattered % an angle 6 are
collected by a spherical lens and focused onto the surface of an RCA 7265 photomultiplier tube.
The scaitering angle 8 is influence
medium into the air. Thus the indes
8, as well as K. The range of angles A6 which are accepled is determined by the size of a pinhole
placed before the phototube, "The phototube output was analyzed with either a General Radio

. 19004 wave analyzer (for lines up to 5 kHz wide} or with 2 Hewleit Packard 3104 speetrum

analyzer (for lines wider than 5 kHz). The time needed to record a typleal frace was about 11/
hours.” The temperature at which our data was taken was that of the room. .

Ezxperimental Results —Using the experimental methods deseribed above, we have
studied the speetrum of light scattered by aqueous solutions of the following macro-

SCATTERING ' SPEGTRA  PHYSICS
" GELL ' MODEL 125 He~Ne LASER

RCA 7265
PHOTOMULTIPLIER  TUBE

'SPECTRUM . RECORDER -
ANALYZER | . ANALOG ____/
G.R._ 19C0A SQUARER '

H.P. 3I0A ———

Fie. 1.—The experimental apparatus,
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molecules: polystyrene latex spheres, e ———
bovine serum albumin, ovalbumin, Tv=- '
‘sozyme, tobaceo mosaic virus, and de- ;
oxyribonucleie acid.?? Our results are 200~

summarized in Table 1, which lists the z
concentration of the macromolecule in - x
-mg/ce, the pH, the salt content of the -+ oo

solution, and our determination of the

translational diffusion econstant (D). o ; .
For eomparison we list values of D de- / ' ,
termired by more conventional meth- % Ty Ty ey ey
ods.® Since the concentrations used i o unars. o 10% cu®
in the other measurements were gener- Fi6. 2 (Tp/2m) s Ko 1 _ .
ally different from ours, we list in the solution of po%*sg'l'eizrslniex spl?(i‘iaasncai{'i %geceici’gs
comparison column their concentra- g20 A, :
tions. * To facilitate comparison we
have adjusted all the data on D to apply to 25°C. This was done by using the
Stokes-Einstein relation feq. (6) below] and the known temperature dependence of
the viscosity of water. In no case did this correction exceed 5 per eent. ‘
Polystyrene latex spheres: We studied in considerable detail the spectrum of
light scattered by three aqueous solutions of polystyrene latex spheres of known
radius (r = 440 = 40 fi, 630 + 30 ‘i, and 1830 = 30 éok). This system is most, usefu]
as a test of the theory and the experimental method since the scattering from each
molecule is independent of the molecular orientation and because the diffusion
constant (D) can be predicted g priort from the Stokes-Einstein relation 22

S pa kel (6)
. Gnr

where kz is Boltzmann’s constant, T is the temperature in °K, 7 is the soluts vis-
cosity, and r is the macromolecular radius. The spectrum of the seattered light
was studied as a function of angle for seattering angles between 0 and 110° for the
630- spheres, and for a single angle for the 440-A spheres {17°] and the 1830-A
spheres {90°]. ‘The line shapes were accurately Lorentzian. In Figure 2, (I'p/2%)
versus K* is plotted for the 630-1 spheres. The line width varied from 10 Hz to .
270 Hz in accordance with the X? dependence predicted in equation (3). The
value of D deduced from the slope of this graph is in excellent agreement with the
value determined from the Stokes-Einstein relation (Table 1). Similatly, the
values of D deduced for the 440-3 and 1830-A spheres from the single measurements
agree with the theoretical values. The uncertainty in the theoretical values is
determined solely by the uncertainty in the knowledge of the sphere radii. We may
conclude that the concentration fluctuations in suspensions of these polystyrene
spheres accurately obey the diffusion equation even over dimensiong comparable
to the wavelength of light. :

Bovine serum albumin (BSA): The spectrum of light seattered by two solutions
of this protein (characteristic dimension 100 A) was studied as a function of scatter-
ing angle from 17 to 151°.- The solvent in the first solution was water with negligible
salt content, while the second solvent was s 0.5 M KCI solution. Tigure 3 shows
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TABLE
Dirryusion ConsranTs oF SEVERAL
Concéntmbion

Sample {miz/ec) ’ rH

. . : 30 . . 6.91
Bovine serum albumin {30 6.8
Ovalbumin B0 ) . 6.80
Lysozyme 60 : . 5.60
obaces mosaie virs 0.1 : 7.20
DNA (calf thymug) 4.5 - T.00
r=440 %40} 0.03 740

Polystyrene latex spheres {r =630 A=+30 A : 0.03 7.40
. r=1830 A =30 A 0.03 7.40

¢ The prabable accu.racy of the valy

es of D cited in the Lterature is only about 5% (ref. 5, p. 360).
O comparison value is available,

¢ Wagner, M. L., and H, A Scheraga, J. Phys, Chem., 60, 1066 (1936).
Lamm, 0., and A, Polson, Biochem. J., 34,

528 (1936).
the spectrum of the photocurrent for light scattered at © = 151° for the 0.5 RCI
solution. This trace took 80 minutes 4o record. © The frequency-independent

spectral power density which is clear at 300 kHz represents the shot noise contriby.
tion. The spectrum above this shot noise

half width at half height (21 o/2m) = 13.9 kHgz The form of this Lorentzian fit is
shown by the open eircles, which indieates that, the spectrum is aceurately Lorenty-
‘ian, as were. all the spectra observed in the study of BSA. The display of (Tp/27)
versus K2 is given in Figure 4 and shows that the line width varies accurately with
K for both solutions as predieted by equation {3). However, the values of D given
in Table 1 are markedly different in the two cases. Itis interesting to observe that
the diffusion constant in distilled water is over 50 per cent larger than in the 0.5 M
KCI solution, even though the solvent, Vviscosities as measured macroscopically are
nearly identical for the two solutions. gests that the effective size of the

rin the absence of salts. It was

This sug

: a period
of 2448 hours, the diffusion constant increased
all obtained within two hours after sample preparation.

Our value of 6.7 = 0.1] X 11— em?/sec for D in

the salt solution is in 'good
agreement with the result obtained by

conventional means. It might be mentioned
that the precision of the present determination ig quite high (.« 1.59%), and the

relative speed with which the measurement can be made has made it possible for
us to detect the increase of D with time in the salt-free solution.  While the con-

centration of the solution Wwas sgveral times higher thap that used in the conventional
method, we could reduce the concentration needed to

Fia. 3.—The speetrum of the photo-
ewrrent for light scattered at e = 151°

r : Y bovine serum albumin ina 0.5 M

; KCl solution. The open ecircles re
t i resent a Lorentzian line of 139 kilg
T“ ; half width. . o
Lo+ e 6 - L

8

FREQUENCY N Khz

level was fitted with a Lorentzian of )

_ Lorentzian,

about 1 mg/ee if we eonfined -

Yor. 57,

1
NarTuran

0.0 AF 8
0.15 M N
0.035 mr

€ Colvin,
J Sehachm
2 Hef. 5, p
2 Computs

OUr mensy
‘width is ¥
Ovalbu:
and 50 A,
trum of I:
solution of
were aceu;
Table 1 a
Tobaceo
3000 & x
apply. Ti
length of I3
center of
for severa] .

with a Lorg
the “tails” 4
2x), but th
proached ze
Lorentzian
of the trace.
ftypically a (
half widths,
seattering a,
6/2) for k.
In Table 1
tained from
taken at a sey
results in the
to the import;
of scattering!
effects of me
anisotropic di




we. N, AL 8.
TABLE
OF SEVER AL,

»H
6.91
6.80
6.80
5.60
7.20
7.00

7.40
7.40
7.40

I Q|
spendent
‘'ontribu-
itzian of
ian fit ig
Lorentz-
{(Tp/2m)
2ly with
D given
ve that
e 0.5 4f
ally are
: of the
It was
period
e were

1 good
tioned
1d the
e for
2 eon-
tiohal
fined

. Vou. 57, 1967

» | -
NATGRAL AxD Svy

Salt content

. € Colvin, I. R., Can. J. Chem.; 30, 831 (1952),
[ Behachman, H. K., J.
g Ref. 5, p. 361,
A Computed directly from equation (B),

Our measurements to small se
width is high,

Ovalbumin and lysozyme:

trum of light scattered by

Tabgzcco mosaic virus (TMV);

3000 A x 150 A, one would not
apply. ~ This arises becayse the

center of mass of each molecule
for several scattering angles between 0
Lorentzian, except for 90° scattering,
with a Lorentzian eurve jf a width 2(
" the “tails’ of the trace, ie for p > 2r/
. 2x), but this it became POOr 25 » ap-
proached zero, In fact, at » = 0, the
Lorentzian which fit wel] m the “tails”
of the trace was substantially too low
ftypically a factor of 2 ormore]. These
half widths, however, did vary with
scattering angle approximately as sin?
(6/2) for the range of angles studied.
In Table 1 we give the value of D gh-
tained from Loreutzian—shaped traces
takenata scattering angle of 90°. The
results in the present case clearly point
to the importanee of 2 moleeular theory
of scattering’2~14 which includes the
effects of molecular reorientation and
anisotropic diffusion on the spectra.

PHYSICS: DUBIN,

TEETIC MacroMoLECULES

Prasent method Co
{in units of 10-7

Concentration
ecm?/gec) em?/sec) (mg/ce)
— 10.2 £ 0.2 & —_
0.5 M Kl 6.7+0.1 6.7 12.3
0.5 M K(Cl 7.1+0.2 8.54 14
—_ ’ 11.540.3 11,6 8
0.01 M Sodium phosphate baffer 0.40 £+ g.02 0.3/ 2.2
0.15 M Na(l 0.2+0.1 0.13¢ 0.5
(.015 M Trisodivm eitrate B ’
. : - . 0.59 -+ 0.02 0.56 2= 0, —
_— : . =+ 0.006 0.38 == g.02x -
— 0.134 + 0.0m 0.134 = g2k —

Am. Chem. Soe., 73, 1808 (1951),

attering angles w

s Thesge macromelecule
and 50 A, respectively), small compared with the

an aqueous solution of lysozyme and a 0.5 M Kl
solution of ovalbumin wag studied for =
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Since TMYV is rod-shaped with dimensions about
expect the continuum theory presented above tg
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I'/27) was determined by fitting the datsa in
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T i o Comparison@——
D (in units of 10

here the speetral power per unit band-
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wavelength of light, The spec-~
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ous determinations,

anisotropie diffusion of the

and 80°, and the spectra were nof generally
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Mo
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1RI7 1N unerrs oF 167 ope2

Fig, 4.—(T0/27) versus K2 for light scattered
by solutions of bovine serum alburin, The
solid cireles refer to a 30 mg/ee coneentration of
bovine serum albumin in distilled water, while

the open circles refer to the same concentration
n .5 37 KCL
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Deoxyribonucleic acid (calf thyimuys DNAY: The preparation of DNA ysed coi-
tained molecules ranging in moleeglar weight between 4,000,000 and 6,000,000,
The DNA molecule has & somewhat flexible form and hag dimeunsion comparable to
the wavelength of light; asa result, we have here another ease in which Lorentzian
lines eannot be expected. We recorded the “self-beat” spectrum of the light
seattered at O = 90°. Sinee jt was found that this trace could not be fit to 5 single
Lorentzian, the value of p which is listed in Table 1 was determined by equating
2(T»/27) to the half width at halr height of the trace. The uncerfainty listed in
Table 1 represents the range of widths one obtains by choosing a Lorentzian which
fits in the “tails* but not in the center, or vice versa, Again, in the ease of this
molecule a more detajled molecular theory ig required for speetral analysis. :

Conclusions—The results presented above demonstrate that for molecules whose
characteristio dimensions are small compared to the wavelength of light, the spee-
trum of the scattered light provides reliable information on the translational diffy-
stonal motion of the molecule. The diffusion equation that describes the space and
time dependence of the coneentration fluctuation is shown to be accurately obeyed
even over dimensions eomparable o the wavelength of light. . On the other hand,
the spectrum of the light scattered by molecules whose dimensions are comparahle
with the wavelength of light cannot be completely described on the basis of isotropic
translational diffusion. We expect that the analysis of later data wij] yield infor-

mation on both rotationa] and anisotropic translational diffusion of these large
macromoleeules, : '
The method of spectral analysis presented here, employing a laser light souree
and a “self-beat” Spectrometer, has the following attractive features: (g) The
method is accurate. The data in Table 1 show that D can be determined ith g .
Drecision of 3 per cent or better. (b} The method uses only spontaneous concentra- .
tion fluctuations—ng macroseopic concentration gradient need be established,
(¢} The concentration required to obtain usefy] spectra is quite low (about 1 mg/ee)
if one studies the spectra for small scattering angles (6 about 30° orless). (d) The. _
“self-beat” spectrometer does not detect any uniform motion of the solution over =
the region from which the light is collected. As a result, to first order, convection

sary to establish a very uniform temperature throughout the sample. All data
were taken at room temperature without temperature controls, () The method is
fast. It enables g determination of within one hour or so after sample prepara-
tion. - We believe that this technique for the study of macromolecular diffusion
can be of considerable uge in the observation and interpretation of structural changes. -
in biological maeromolecules, ' - ' '
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