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ABSTRACT: The applicability of various approximations used in the analysis of static and dynamic light 
scattering data from solutions of polydisperse rigid rodlike molecules is examined. Two length distributions 
were chosen for study: a version of the Flory-Stockmayer distribution which has been used to model fibrin 
polymerization, and an exponential number distribution which has been shown to represent the distribution 
of F-actin lengths at equilibrium. Calculations of the angular dependence of the scattered light intensity 
and the average decay rate constant, F, were made by using the complete Pecora formulation and compared 
to those using approximations for the particle form factor, the diffusion coefficient, and the normalized field 
autocorrelation function for a rigid rod. Equations are presented to allow rapid numerical calculation of the 
autocorrelation function for rigid rods of any length. We show that linearity of Casassa plots at large values 
of the scattering vector, q,  does not by itself (as is usually assumed) ensure the validity of the Casassa 
approximation for the form factor, nor does it ensure the accuracy of the derived mass-per-length. Also, a 
nearly linear plot of F vs. q2 can result from a highly polydisperse solution of rods and is not evidence for 
a monodisperse sample. 

Introduction 
Static and dynamic light scattering techniques have been 

used to study many rodlike macromolecules. These have 
included various biopolymers, such as collagen) 
 microtubule^,^ actin,w myosin,1° native muscle thin fila- 
ments,l' and fibrin,12-" as well as many synthetic polymers, 
e.g., poly(y-benzyl L-glutamate) (PBLG).l* In nearly all 
of these studies an analysis was performed that treated the 
molecule as a rigid rod. This was a useful analysis to 
perform even though other models that allowed for rod 
flexibility were also used. The theories for light scattering 
from monodisperse isotropic solutions of randomly or- 
iented thin rigid rods were developed by Neugeba~er '~ and 
Zimmm for the static case and by Pecora21 for the dynamic 
case of isotropic diffusion. Pecora and Tagami22i23 have 
considered the effects of length polydispersity in rigid rods 
on both the integrated and fluctuating scattered light in- 
tensity terms arising from the pure translational diffusion. 
Using a two-parameter, unimodal (Schultz) distribution 
of rigid rods they have shown that the shape of this dis- 
tribution function has significant effects on both the in- 
tegrated and fluctuating intensity terms. 

Various approximations are often used for the particle 
form factor, P(6), and for the full formulation of the field 
autocorrelation function, g@)(T), for rigid rods. When these 
approximations are used in analyzing data from polydis- 
.perse systems, care must be taken to ensure that the length 
distribution of rods does not invalidate the approximations 
used. In this paper, we consider several generally useful 
approximations for P(6) and g(l)(T) for rigid rods and il- 
lustrate their application to polydisperse systems. Dis- 
tributions were chosen to simulate samples of (1) proto- 
fibrils early in the polymerization of fibrin and (2) actin 
filaments after reaching their equilibrium distribution. 
Casassa12 pioneered static light scattering work on the 
fibrinogen-fibrin system in the mid-1950s. Wiltzius and 
c o - ~ o r k e r s ' ~ ' ~  have recently analyzed, in some detail, both 
static and dynamic light scattering data on the fibrin 
system using the Flory-Stockmayer distribution. The 
second sample system studied, an exponential number 
distribution of actin filament lengths, was first investigated 
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by Oosawa and c o - w ~ r k e r s ~ ~ , ~ ~  and more recently by 
WegnergJo using static light scattering to provide details 
of the nucleation-elongation kinetics. Our considerations 
of these two contrasting distributions will illustrate some 
pitfalls in modeling and some general guidelines for the 
analysis of data for rigid rod systems. 

Theory 
Approximations for P(6).  The Rayleigh ratio, Rg, of 

the light scattered by a dilute monodisperse solution of 
optically isotropic particles a t  an angle 0 isz6 

where K equals 2 ~ ~ n ~ ( d n / d c ) ~ / N J ; ,  c is the weight 
concentration of solute, M is the molecular weight, and P(6) 
is the particle form factor. For a polydisperse solution, 
assuming dnldc, the specific refractive index increment, 
is identical for all species, the generalization of eq 1 is 

RB = KcMP(6) (1) 

RB = KcCM,f,,iPi(O) (2) 
i 

where fw,i is the weight fraction of the ith species. 
The form factor, P(6), for randomly oriented, optically 

isotropic thin rigid rods of length L and diameter d can 
be calculated by using the Rayleigh-Debye approxima- 
t i 0 1 - 1 ~ ~ ~ ~ ~  to be 

where q equals 4an sin (6/2)/X,. The assumptions of the 
Rayleigh-Debye formulation are that m - 1 << 1 and 2L(m 
- 1) << 1, where m is the relative refractive index of the 
scatterer and K equals 2 a n l h .  A thin rod is one in which 
d << Xo/n. Casassa12 expanded eq 3 in a Taylor series in 
terms of (qL)-l to obtain the approximation 

(4) 
which is valid for long thin rods (large qL). As qL increases 
further, the first term is sufficient, giving 

Pc(@ = a/qL - 2/(qLI2 

PI,(@ = a/& (5) 
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Figure 1. Form fador for rods, P(O), and various approximations 
as functions of qL. The solid curve is the exact calculation (eq 
3), the dashed curve is the Casassa approximation (eq 4), seen 
here to be valid for qL k 3, the dot-dash curve is the u/qL 
approximation (eq 5) which, even at qL = 8 is 9% too large, and 
the dotted curve at small qL is the radius of gyration approxi- 
mation (eq 6), valid for qL S 3. 

Another approximation for P(B), valid for any size or 
shape of particle in the limit of small scattering angles, is 
P(B) = 1 - q2R,2/3, where Rg is the radius of gyration of 
the particle.2e Substituting R,2 = L2/12 for a thin rigid 
rod yields 

PR(8) = 1 - (qL)2/36 (6)  
Figure 1 shows plots of eq 3-6. Equation 6 will not be 
treated further in this paper but has been included to 
provide an analytical approximation to P(B) that is valid 
in the range of qL where the other approximations fail. 

Approximations for g(')( 7) .  The normalized field 
autocorrelation function for a rigid rod is21v28 

g(1)(7) = e-Dwa[ 5 B ~ ( ~ L ) ~ - ~ ( ~ + ~ ) ~ R T I  / ~ ( e )  (7) 

where Bl(qL) equals (21 + 1)(2 /qL)21Jf /2 j , (x)  dxI2. The 
form factor can be writtena as P(B) = xr-o,evenB1(qL), and 
DT and DR are the translational and rotational diffusion 
coefficients, respectively. This formulation assumes that 
the rods are optically isotropic and negleds the anisotropy 
of the translational and rotational diffusion coefficients. 
In the limit of small qL, Bo(qL) = 1,  the rotational terms 
are negligible, and 

g(U(7) e-Dw2+ (8) 
For a polydisperse sample, one can define a mean decay 
constant, F(q), to be2* 

1=0 
even 

where, in the case of rods, 

ri (q)  = [ Bl(qLi)(&,iq2 + 1(1 + 1)&,i]]/pi(e) (10) 
1 

even 

F(q) and the corresponding effective diffusion coefficient, 
b = F/q2, can be readily extracted from experimental data 
by an analysis using the method of c u m ~ l a n t s . ~ ~  

Specific Scattered Intensity.w The intensity of light 
scattered by a particle a t  a given angle increases propor- 
tionately with its mass but is modulated by intraparticle 
interference, as expressed in the particle form factor in eq 
1. If a solution of such particles associates to form larger 
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Figure 2. Normalized specific scattered intensity, Iep(qL)/Isp,m, 
for thin rods (solid curve). A similar plot has been presented in 
the specific context of a study on fibrin.18 Also shown are the 
cumulative weight distributions, F(L), for fibrin (0) and actin 
(---) plotted w. a scaled length axis (corresponding to A,, = 514.5 
nm and 0 = 90°). Both distribution curves are discrete; however, 
because of the small monomer size, the distribution curve for actin 
is drawn continuously. (The correspondence of the fibrin curve 
to the Isp/Isp,.. curve is coincidental.) 

particles, the scattered intensity of the resulting particle 
is again a function of its mass, size, and shape. To quantify 
this scattered intensity, it is useful to introduce the notion 
of the relative scattered intensity per unit mass. We can 
define the specific scattered intensity, Isp, to be the ratio 
of the intensity of light scattered by a solution to the 
intensity that would result from a solution of point scat- 
terers with the same mass. For a thin rod, one can con- 
ceptually dissect the rod into cross-sectional elements of 
mass Mo and length Lo small enough such that P(qLo) = 
1. (For a rodlike polymer, the monomers can be equated 
to these elements only if the monomers are Rayleigh 
scatterers.) For this case, from eq 1,  Isp can be written as 

1 , d q L )  Kc [ (L  /Lo)MoIP(qL) LP(qL) 
I,,(qL) = - = =- 

IRa yleigh KcMO LO 
( 1 1 )  

Using eq 5, one finds that for very long rods, Isp approaches 
a/qLo,  which is independent of filament length. 

In Figure 2, the smooth curve is a plot of Isp normalized 
by the specific scattered intensity for very long rods, Isp(m), 
as a function of qL. At a fixed value of q,  this shows the 
length dependence of Isp. The plateau in this curve above 
qL - 5 is due to the inverse proportionality of P(8) on 
mass for rods. The fact that this curve plateaus is the basis 
for the wide use of total scattered intensity to follow the 
actin filament weight concentration in a polymerizing actin 
s o l u t i ~ n . ~ ~ ~ ~  

Methodology of Model Calculations 
For large values of qL, calculation of F to any reasonable 

precision requires retention of many B1 terms. For exam- 
ple, when qL = 46, corresponding to a 2-pm rod a t  90° with 
A,, = 5145 A, 15 terms are necessary before the increment 
in the total sum in eq 10 due to the last term is less than 
1%. An increment of 1% or less was our criterion for 
truncating a series calculation. We found that as qL in- 
creased, an additional BI term was required for every qL 
increment of about 4-5. 

To allow calculation of Bl(qL) for large values of 1 and 
qL, we have used iterative equations for the integrals of 
spherical Bessel functions31 
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weight- and number-averaged filament length, ( L ) ,  and 
(L),,,  respectively. Using these expressions and average 
lengths taken from the l i t e r a t ~ r e , ~ ~ ~ ~ ~  we obtain values of 
P clustered tightly around 0.998. 

Qualitatively the nature of these two weight distributions 
is very different. For all values of A, the predominant 
species in the Flory-Stockmayer distribution is the mo- 
nomer. In comparison, the most probable species in the 
exponential distribution is the 500-mer. Cumulative 
weight distributions, Fn = CTfw,i for these two cases are 
shown in Figure 2. 

Results and Discussion 
We now consider various approximations for the analysis 

of static light scattering data obtained from polydisperse 
solutions using the model systems discussed above. The 
results presented below apply only to systems of rigid rods. 
Consequently, a direct comparison with experimental re- 
sults may be complicated by flexibility of these macro- 
molecules. For F-actin, persistence length estimates range 
upward from 6.5 pm.41 From eq 15 with P = 0.998, it can 
be determined that less than 5% by weight (0.8% by 
number) of the F-actin has lengths greater than one per- 
sistence length. This implies that any contribution to the 
light scattering from rod flexibility is probably small. 

For our model of the fibrin system the monomer is the 
predominant species, even a t  high degrees of polymeriza- 
tion, constituting about 55%, 41%, and 37% by weight at 
X = 0.6,0.9, and 1.0, respectively. The fibrinogen monomer 
is a rodlike macromolecule itself with a length of 75 nm.15 
From this length and a DT value of 1.95 X cm2/s for 
fibrinogen,13 eq 12A yields an effective hydrodynamic 
diameter of 2.5 nm. In Figure 3A, we show the dependence 
of the inverse scattered intensity, I-l, on the magnitude 
of the scattering vector, q,  for different values of X. This 
type of plot has been called a Casassa or Holtzer plot 
although one must distinguish this plotting procedure from 
the Casassa approximation discussed above. As X in- 
creases, the plots become more linear and the Casassa 
approximation improves. From Figure 1 it can be seen that 
a t  qL = 1.7, the value for the monomer at an angle of go", 
the Casassa approximation for P(6) is about 20% too high. 
Since at all values of X the monomer is by far the dominant 
species by weight and, as Figure 2 indicates, the scattering 
per unit mass from long rods (those with qL k 5) does not 
increase significantly, the failure of the Casassa approxi- 
mation for qL 5 3 is the essential cause of the deviation 
of the approximation curves from the corresponding cor- 
rect results in Figure 3A. The Casassa approximation 
deviates from the correct result not only at low angles 
(where it would fail even in the absence of monomer) but 
a t  higher angles as well because the weight distribution 
is heavily skewed toward the monomer. 

The Casassa approximation for P(0) leads to an ex- 
pression for F ( q )  that allows the weight-averaged mass- 
per-length to be determined from the slope of a plot of 
I-'(q) vs. q at large values of q. In Figure 3A, all the curves 
can be reasonably well approximated by straight lines at 
high q .  The r / q L  approximation (used by previous 
~ o r k e r s ~ ~ J ~ 1 ~ ~ )  is a very poor approximation to P(0) for this 
system. Even though the P(0) curves at high q are linear, 
they underestimate the actual weight-averaged mass- 
per-length by 62%, 23%, and 12% at X = 0, 0.6, and 0.9, 
respectively. Thus if experimental data (solid curves in 
Figure 3A) which are correctly modeled by the Flory- 
Stockmayer distribution were analyzed and interpreted 
with the Casassa or the r / q L  approximation, the mass- 
per-length values obtained from the linear portion of the 
curve would be systematically in error. 

Thus, starting with a simple numerical evaluation of in- 
tegrals of j ,  and jl, one can easily evaluate all higher or- 
demW 

In order to evaluate eq 10, analytical expressions are 
needed for DT and DR. We have used the Broersma re- 
l a t i o n ~ : ~ , ~ ~ - ~ ~  

DR = (3)(6 - f )  

with 6 = In ( L / r ) ,  yll = 1.27 - 7.4(1/6 - 0.34)2, y1 = 0.19 
- 4.2(1/6 - 0.39)2, and f = 1.45 - 7.5(1/6 - 0.27)?-. In the 
staggered overlap rod model an equal volume equivalent 
radius of 2% was used, where r is the subunit radius. The 
differences between calculations of DT and DR based on 
the above equations and those based on the equations of 
Tirado and de la T ~ r r e ~ ~ v ~  are negligible for the range of 
rod axial ratios of interest here. 

For certain particle shapes, over a limited range of 
molecular weights,28 DT = CM-0. In the case of a homo- 
polymer this can be written as 

DT,i = Dl(i)-B (13) 

where D1 is the translational diffusion coefficient of the 
monomer. For a linear polymer i = Li /L l ,  where L1 is the 
monomer length. For the staggered overlap case that we 
will examine here, i = L i / L 1  - 1. We have used a value 
of p = 1, as did Wiltzius et al.13J4 This choice neglects the 
term in square brackets in eq 12A but, for a narrow size 
distribution, this correction is small. 

Polydisperse Distributions. For the purpose of 
modeling polydisperse solutions of rods, two distributions 
were chosen that have been used to describe biological 
macromolecules. In both of these cases, the macromole- 
cules have also been extensively studied by light scattering 
techniques. Wiltzius and co-workers13 have used the 
Flory-Stockmayer distribution in the form 

e-A(iX)i-l 

fw,i  = - (14) 

to describe the pregelation stages of fibrin polymerization. 
The parameter X varies from 0, only monomer present, to 
1, and i is the number of subunits in the polymer. Wiltzius 
et al.I9 modeled their data with 0 I X I 0.9. We have used 
the staggered overlap model that Wiltzius et al. found to 
be appropriate for fibrin. We have chosen two values of 
X in this range, 0.6 and 0.9, to present for comparison with 
their results. The results presented below are qualitatively 
unchanged even a t  values of X approaching 1. 

The appropriate distribution for a condensation polym- 
erization reaction is37 

f,,i = i(1 - P)2Pi-1 (15) 

where P represents the fraction of monomers that has 
reacted. We will refer to this distribution as an exponential 
distribution, since the number fraction is proportiond to 
exp(i In (P)). Actin polymerization is generally considered 
to be a condensation reaction, coupled to a nucleation step. 
This leads to a fixed concentration of monomers, the 
critical concentration, which is a function of solvent con- 
ditions, with the distribution of remaining molecules being 
described by an exponential d i s t r i b u t i ~ n . ~ ~  From the ex- 
ponential distribution, one can derive expressions for the 

i! 
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distribution, even at  X = 0.9, is less than 170. Because of 
the paucity of F-actin with qL S 3, the Casassa approxi- 
mation would be expected to hold quite well for actin. 
That this is the case is shown in Figure 3B, where the 
deviation of the Casassa approximation from the true P(0) 
is seen to be less than 3.5% at  a scattering angle of 5" (see 
insert in Figure 3B). The slope of I-' vs. q leads to the 
correct value of the weight-averaged mass-per-length. 

The analysis and interpretation of dynamic light scat- 
tering data obtained from polydisperse rodlike samples 
require consideration not only of the form factor but also 
of the relative contributions from decay constants involving 
both translational and rotational diffusive motion. We now 
consider the applicability of various approximations for 
g(l)(T) to our model systems. Figure 4A is a plot of D vs. 
q2 for the rigid rod model and the various approximations 
discussed above as applied to the fibrin model. The insert 
shows two of the curves redrawn as the corresponding 
decay rates, f = Dq2, which is a common but much less 
informative method of presenting this type of experimental 
data. Above 45" (q2 = 1.6 X 1O'O cm-*), all of the curves 
involving approximations are within 20% of the exact rigid 
rod model curve. 

For the complete rigid rod model of Pecora, the curve 
extrapolates a t  q = 0 to the z-averaged translational dif- 
fusion coefficient. For short rods, yL S 1, D is essentially 
independent of q. The curvature a t  higher q is due to two 
effects that result from longer rods. First, as q increases, 
the relative contribution to the total scattered intensity 
from the larger rods decreases due to intraparticle inter- 
ference. This effectively increases the contribution to D 
from shorter rods, which have larger diffusion coefficients. 
Second, for a given length rod, the effective rr increases 
as larger q values require contributions from rotational 
diffusion (see eq 10). 

If the rotational terms, those with 1 # 0 in eq 10, are 
omitted, a curve is obtained (A) that agrees with the exact 
rigid rod calculation at  low q as expected but that deviates 
increasingly from the correct curve as q increases. Thus 
it is apparent that the prominent slope in the correct curve 
at high q is due to contributions from rotational diffusion. 
The calculations that use the Casassa approximation with 
either the Broersma (0) or Dli-l (0) translational diffusion 
coefficients fail a t  the low angles (note points at q2 = 0.08 
x 1O1O cm-7 because of the failure of the form factor at 
low q (see Figure 1). For the approximation of Pl(0) = 
r / q L ,  and DT,l = D1i-l, not only is rotational diffusion 
neglected, but this particular form factor leads to a 
weighting function for rr values in eq 9 that is independent 
of q. 

Wiltzius et al.14 derive an approximation formula for the 
D for a polydisperse solution of rodlike scatterers with qL 
k 1.5. Our angle-independent approximation corresponds 
to their approximation, except that we have considered the 
rod in the staggered overlap model. Above 75", at which 
qL for the monomer is 1.5, all of the approximations are 
accurate to within - 10%. Similar results are obtained for 
X = 0.9. The neglect of the rotational diffusion contribu- 
tion to D has relatively little effect here because of the large 
weight fraction of short rods. For example, when X = 0.6, 
90% by weight of the polymer is due to rods shorter than 
hexamers, with a maximum qL of 8 at  an angle of 150". 
A calculation of the contribution from translational dif- 
fusion alone (1 = 0) to the partial sum up to hexamer in 
the numerator of eq 9 shows it to be more than 94%. 

The situation for distributions of F-actin is quite dif- 
ferent. Figure 4B shows analogous plots of D and for 
an exponential distribution of F-actin. The general shapes 
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Figure 3. (A) Casassa plot for the fibrin model. The solid curves 
are the full P(0) calculations (eq 3), the dashed curves are those 
for the Casassa approximation (eq 4), and the dot-dash curves 
are those for the r/qL approximation (eq 5), as applied to the 
fibrin system for X = 0 (unlabeled curves), h = 0.6 (e), and h = 
0.9 (m). (B) Similar plot for the actin model. The solid curve 
is the full P(6) calculation, the dashed curve is for the Casassa 
approximation and is coincident with the solid curve except in 
the insert, which is an enlargement of the low-q region, and the 
dot-dash curve is for the T f qL approximation. We have assumed 
a protein concentration of 1 mg/mL and a critical concentration 
of 5 pg/mL. 

Figure 3B shows a similar plot for the exponential 
number distribution of actin. This distribution differs 
from the Flory-Stockmayer distribution in several sig- 
nificant respects (see Figure 2). Less than 2% by weight 
of F-actin is shorter than 0.25 pm (with a qL value of 6.5 
a t  a scattering angle of 90'). This contrasts with the 
-95% by weight of fibrin rods with qL 5 6.5. The actin 
weight distribution peaks at  1.4 gm, with a corresponding 
value of qL equal to 30 at  90". Almost 40% of the weight 
concentration of actin is from filaments longer than 3 gm, 
while the corresponding fraction for the Flory-Stuckmayer 
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Figure 4. (A) q2 angle dependence of the average diffusion 
coefficient for the fibrin model with X = 0.6. The full rigid rod 
calculation (eq 9 with 10,12, and 3) is shown as the solid curve, 
the same calculation neglecting rotational diffusion (eq 9 with 
10 [ I  = 0 only], 12 and 3) is shown as the dotted curve (A), the 
Casassa and Broersma approximation (eq 9 with 10 [ I  = 0 only], 
12A, and 4) is dashed and labeled (e), and the Casassa and DT,i 
approximation (eq 9 with 10 [ I =  0 only], 13 and 4) is dashed and 
labeled (0). Note the displaced data points at q2 = 0.08 X 1O'O 
cm-2 resulting from the poor approximations at small q. The 
angle-independent r / q L  and DT,i approximation (eq 9 with 10 
[ I  = 0 only], 13, and 5) is shown aa the dot-dash line. The insert 
shows two of these sets of data plotted as decay rates. (B) Similar 
plot for the actin model. The full rigid rod calculation is shown 
as the solid curve, the Casassa and Broersma approximation is 
the dashed curve, and the ir/qL and Broersma approximation (eq 
9 with 10 [ I  = 0 only], 12A, and 5) is shown as the dot-dash line. 
The D T ,  approximation (not shown) for the translational diffusion 
coefficient is poor in this case, since the monomer is globular and 
not at all rodlike. The insert shows these data plotted as decay 
rates. Concentrations are as in Figure 3B. 
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of the curves are similar to the corresponding curves for 
the fibrin model. However, in this case the contribution 
to D from terms containing the rotational diffusion coef- 
ficient (those with 1 # 0 in eq 10) is quite large, leading 
to significant error in the approximations. For example, 
a t  a scattering angle of 90" about 87% of the total D value 
comes from terms with 1 # 0. From Figure 3B it is clear 
that the error is not due to the form factor approximation, 
which is quite good, but rather to the large neglected 
contribution from rotational diffusion. A t  90°, more than 
half of the contribution to D comes from the 27% by 
weight (63% by number) shortest rods, those with lengths 
L 5 1.4 pm or qL 5 32. The longest 10% by weight rods 
(2% by number), those with L 2 5.5 pm or qL 2 125, 
contribute only about 3% to D. This is surprising since 
the contribution of rods of a given length to the scattered 
intensity is proportional to their weight concentration for 
long rods. As a consequence of this, for the 98% of the 
filament mass with qL 2 5 the weighting function for rj 
in eq 9 is simply the weight fraction, f w , j .  The explanation 
for the disproportionately small contribution of the longest 
rods to D lies in the strong inverse dependence of ri on 
the length. 

Conclusions 
A study of various approximations for the static and 

dynamic light scattering from two contrasting model 
systems of rods has been presented. The results show that 
for the actin model, even the simplest approximation, 
r /qL ,  for the form factor is extremely accurate to below 
an angle of 10". On the other hand, even at angles as small 
as lo", the neglect of rotational diffusion would result in 
a 40% overestimate of the assumed z-averaged transla- 
tional diffusion coefficient. In contrast, the neglect of 
rotational terms in the analysis of the fibrin model leads 
to at most a 10% error even at high angles. For this model, 
however, approximation for P(0) leads to significant error 
in the interpretation of static light scattering data, which 
are a strong function of scattering angle and degree of 
polymerization. This is a general finding; that is, for 
rodlike systems where qL is large enough to justify the use 
of the Casassa or r / q L  approximations for P(0), significant 
contributions to the autocorrelation function result from 
rotational motions. Conversely, for systems in which qL 
is small enough so that rotational diffusion can be ne- 
glected, the Casassa and r / q L  approximations for P(0) fail. 

A plot of the specific scattered intensity vs. qL has been 
very useful in determining the contributions of different 
length fractions to both the static and dynamic light 
scattering results presented above. The specific scattered 
intensity, as defined here, incorporates both the particle 
mass and the intraparticle interference effects on the 
scattered intensity. The fact that, for rigid rods, this pa- 
rameter becomes independent of qL above qL - 5 is 
graphic justification for the use of total scattered light 
intensity for the measurement of weight concentrations 
of long filaments. This type of analysis is easily extended 
to other particle shapes and could prove useful in corre- 
sponding light scattering studies. 

Analysis of the fibrin model shows that although Casassa 
plots may be linear a t  high q ,  a weight-averaged mass- 
per-length derived from the slope may have significant 
error. Thus, linearity of Casassa plots a t  high q does not 
ensure validity of the Casassa approximation. 

Both of these models result in nearly linear plots of f' 
vs. q2. This result is often interpreted to imply that the 
sample under study is monodisperse. In our examples, this 
is obviously an incorrect interpretation. For polydisperse 
samples we strongly suggest that, since most of the vari- 
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ation of D occurs a t  small q and is obscured in a T vs. q’ 
plot, such data be plotted as T / q L  vs. q?. 

The dynamic light scattering calculations in this paper 
are based on the theory of Pecora, which neglects the 
anisotropy of the translational and rotational diffusion 
coefficients. Although this problem has been addressed 
by several a ~ t h o r s , ~ . ~ ~ - ~ j  there is, as yet, no complete 
treatment that includes these terms. Wilcoxon and 
Schurr43 have considered the dependence of the first cu- 
mulant of the dynamic scattering factor (which corre- 
sponds to D (and F in this work)) on the anisotropy of the 
translational diffusion coefficient (5. = D - D,) for a 
monodisperse solution of rods of length L. They show that 
for qL >> 1, I? becomes independent of D , .  The error in 
neglecting this is small for the fibrin system, but due to 
the much larger actin filaments (cf. Figure 2 ) ,  a systematic 
error is introduced into the calculations for actin. The 
magnitude of this error is a t  most A / 3 .  At the largest 
values of qL that are considered here, the longest rods 
would have a D (and I?) overestimated by 15%. The effect 
on D and f for polydisperse distributions is less than 15% 
since the correction for anisotropy decreases for shorter 
rod lengths and, as we have shown, longer rods contribute 
disproportionately less to L)  and 

An unusual feature of the analysis of the dynamic light 
scattering from the actin model is the need to include a 
large number of Bl(qL) terms. To this end a useful re- 
cursion relation was developed. Modeling experimental 
data with an insufficient number of such terms will lead 
to a calculation of I? that is systematically below the ex- 
perimental value determined by the method of cumulants, 
even for a monodisperse solution of long rods. In consid- 
ering the q2 dependence of such data, one might mistakenly 
attribute this deviation to flexibility of the rod. 

This study reinforces the point that a knowledge of the 
length distribution of rodlike systems is required before 
assuming the validity of any approximation scheme. Al- 
though length distributions can be determined by other 
physical techniques, such as electron microscopy, new 
methods of analysis of light scattering data have been and 
are being developed for this purpose.46 Kuboto and Chu47 
have recently performed the first such analysis for rodlike 
particles. One of us (C.E.M.) has developed a technique 
based on the exponential sampling method48 for direct 
extraction of the length distribution from polydisperse 
actin solutions,*~ 

than shorter rods. 
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