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ABSTRACT: Quasielastic light-scattering measurements are made for dilute solutions of semiflexible polymers,
poly(y-benzyl L-glutamate), of molecular weights 3 X 10° and 3.7 X 10° in dimethylformamide, with particular
emphasis on the internal bending motion. Experimental intensity autocorrelation functions are analyzed by
a modified two-exponential fit and by a cumulant expansion. The translational and rotational diffusion
coefficients thus obtained are compared with predicted values from recent theories, and fairly good agreement
is obtained. The observed I'/K? vs. K? relationship is analyzed by use of a theoretical formulation including
anisotropy in translational diffusion, chain flexibility, and the hydrodynamic interaction (Maeda, T'; Fujime,
S. Macromolecules 1984, 17, 2381), where T is the first cumulant of the field correlation function and K is
the length of the scattering vector. Results suggest the important contributions to I'/K? from anisotropy
in translational diffusion and from chain flexibility, and the above theory with a recently reevaluated value
of the persistence length of this polymer in a helicogenic solvent can account for the behavior of I'/ K? against

K? quantitatively.

Introduction

Quasielastic light scattering has been extensively applied
to the study of dynamic properties of macromolecules in
solutions and has been proven to be a useful tool for such
study.l? Recently, it has been applied to much more
complicated systems such as entangled, semidilute, and
concentrated solutions or melt systems.® Not only syn-
thetic macromolecular systems but also micellar and bio-
logical systems have been studied, and very useful infor-
mation about dynamical characterization is extracted.*

In most cases up to now, however, the objective polymers
have been flexible coils, polystyrene, for example, and only
a few studies of rodlike and semiflexible polymer systems
have been carried out. To understand the experimental
spectrum (or the time correlation function) of light scat-
tered from solutions of long and semiflexible polymers,
theoretical models for rigid rods undergoing translational
and rotational Brownian motions are usually applied as
a first-order approximation. Because a geometrically an-
isotropic particle such as a long rod undergoes anisotropic
translation, a coupling between translational and rotational
modes of diffusive motions is expected.® This effect has
been studied experimentally in detail with special reference
to tobacco mosaic virus, and the strong effect of anisotropic
translg;cion on the the field correlation function has become
clear.®

Even if rods seem (or are believed) to be rigid, they
might be semiflexible when they are very long. Even in
the static light-scattering experiments, the profile of the
scattering intensity reveals clearly a deviation from rigid-
rod behavior, and an explicit inclusion of flexibility into
the theoretical formulation is essential.® The flexion
motion of long rods contributes to the spectrum of light.?
The characterization, then, of the flexion motion is quite
important. Maeda and Fujime examined this problem
theoretically'®!! and experimentally by using monodisperse
suspensions of fd virus.'? In their study, a reasonable value
of yL (=0.23) is obtained, where v is the flexibility pa-
rameter of the filament. This L value is very close to that
obtained from a statistical analysis of virus images on
electron micrographs. This suggests that the formulation
for the field correlation function, including anisotropy in
translation, filament flexibility, and the hydrodynamic
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interaction, is reasonable and provides a practical proce-
dure to estimate the filament flexibility.

Some polypeptides take an a-helical structure under
certain conditions and behave as rodlike molecules.
Among them, poly(y-benzyl L-glutamate) (PBLG) is one
of the most frequently investigated polymers. PBLG
molecules are usually studied as a model material of a rod.
But PBLG in helicogenic solvent begins to gain some de-
gree of flexibility as the molecular weight increases and
has been treated by a wormlike chain model of Kratky and
Porod.!? Previously, Kubota and Chu studied quasielastic
light scattering of PBLG in dimethylformamide (DMF),
which is one of typical helicogenic solvents of PBLG,
mainly focusing on the examination of the dynamical be-
havior in a semidilute region.!* They examined also the
K? dependence of I'/K? in terms of the Maeda and Fujime
theory,” where T is the first cumulant or the average decay
rate of the field correlation function. In that study, the
rotational diffusion coefficient was determined at one high
angle (135°) with a histogram analysis of the decay rate
distribution by imposing a bimodal distribution and by
ignoring higher modes. But, as was observed in the study
of tobacco mosaic virus,” higher order modes with even
smaller amplitudes contribute substantially to the corre-
lation function and cause to increase the magnitude of the
decay rate of the fast component. In such a case, the
analysis of the K? dependence of T'/K? is necessary, and
the large value of the rotational diffusion coefficient in that
study!* is opened for reevaluation. Furthermore, the as-
signment of the n = 1 mode of the flexion motion in the
Maeda and Fujime theory to the rotational Brownian
motion is not exactly correct, especially at relatively low
vL.2 The K? dependence of T'/K? should then be examined
in a more detailed manner based on more sophisticated
theoretical treatments. One of the purposes of the present
work is to study this point in detail.

Yamakawa is one of the pioneers who studied the
characterization of semiflexible polymers and has obtained
many valuable results on the basis of the wormlike chain
model.>!® Recently, he extended a wormlike chain model
to a helical wormlike chain model, including the torsional
rigidity, and obtained useful knowledge about static and
dynamic statistical properties of polymers.!™'®# For PBLG
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in DMF, he evaluated v = 313 nm or the persistence
length of 156.; nm by using the data of Fujita et al.!? and
others.2’ This value is quite larger than previously used.
It should be examined whether this value of the persistence
length predicts well the light-scattering spectrum.

Schmidt and Stockmayer examined the quasielastic
light-scattering spectrum at low K? theoretically for several
models for a semiflexible chain?! and discussed the C pa-
rameter? in the K? dependence of I'/K? Schmidt exam-
ined the effect of polydispersity on the spectrum of PBLG
in DMF by combining static and quasielastic light-scat-
tering experiments®® and showed that the neglect of po-
lydispersity led to an underestimation of chain flexibility.
He obtained quite a low value of v

In the present work, the K? dependence of the first
cumulant of the field correlation function for PBLG, of
molecular weights 3 X 10° and 3.7 X 10° in DMF at a dilute
solution region, is investigated to examine the effect of
flexibility on the light-scattering spectrum, and comparison
of experimental results with predictions of a theory in-
cluding filament flexibility, anisotropy in translation, and
the hydrodynamic interaction is carried out mainly with
the aid of a recent theory of Fujime and Maeda.'!!

Theoretical Background

1. Quasielastic Light Scattering. a. Rigid Rods.
The position vector r(s,t), relative to the laboratory-fixed
coordinate origin, of the line element ds at s on the rod
with length L is defined by

r(s,t) = R(t) + st(t) )

where R(t) is the position vector, relative to the labora-
tory-fixed origin, of the center of resistance of the rod, t(t)
is the unit vector parallel to the rod axis, and ¢ is time.?*
The field correlation function of polarized scattered light
is given by

GYr) = (1/L2)f ﬁj//:J(s,s’,‘r) ds ds’ 2
J(s,s,7) = (exp{iK(r(s,t) — r(s,t")}]) (3)

where 7 = |t — t’| and (...) denotes the statistical average.
The Brownian motion of R(t) and t(¢) can be described
by the translational/rotational diffusion equation. G-
(&,&;7) = Gp(r)gk(&,£;7) denotes the Fourier space trans-
form of the Green function to the diffusion equation, where

Gp(7) = exp[+D, - (1/3)(D; — Dy)}K?7] 4)

In eq 4, D, is the overall, D, is the lengthways, and D, is
the sideways translational diffusion coefficient. Then, we
have from eq 1 and 3

Jas'r) = Gon)(1/2) [ [ Rettgy(rin) de e’ (5)

where £ = cos 6(t) and & = cos 6(t’), 0(t) being the in-
stantaneous angle between t(t) and K, the scattering vector
in the laboratory-fixed coordinate system. The explicit
form of gx(£,£";7) has been given elsewhere? By definition,
the first cumulant T of G!(7) is given by T' = -lim (8/67)
In G(r), where “lim” means to take the limiting value at
7 = 0 of its operand. Then, from eq 2, 4, and 5, we have

T/K? =
[Dy - (1/3)(D; - D] + (L2/12)6f,(k) + (Dy - Dfz(k)
)

where O is the end-over-end rotational diffusion coefficient
of the rod and f,(k) and f,(R) are functions depending only
on k = KL/2 (see the last part in 1b). This formulation
was discussed previously and thoroughly examined ex-
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perimentally by use of suspensions of tobacco mosaic vi-
rus.®” The validity of eq 6 was ascertained, and the im-
portance of the coupling between translational and rota-
tional diffusion, due to anisotropy in translation, has be-
come clear.

b. Semiflexible Filaments. A simple extension of eq
1 gives

r(s,t) = R(t) + st(t) + qu(n,t)Q(n,S) (7

where terms q(n,t)Q(n,s) come from the flexion motion of
the filament. From eq 3 and 7, we have (cf. eq 5)

Jis,8'7) = Gp(r)(1/2) f f K 6Es8)g, (£ £7) X
’_:L[>I2 exp[—@(n,s,s’,i,.f’,f)] dE df’ (8)

where the internal factor ®(...) is given elsewhere.!® The
above expression of G'(7) is quite complicated, but the first
cumulant has a simple form (cf. eq 6)

T/K? = [D, - (1/3)(D; - Dy)] + (L?/12)6f*(k) +
(D3 = Dy)fy*(k) + (kT/SL) X (1 + fr)an(k) (9)

where { (=4wn) is the friction constant per unit length,*
L is the contour length of the semiflexible filament, kg is
the Boltzmann constant, T is the absolute temperature,
and f,, is given later. By defining

‘I/(S,S /,E’E/,T) = eiK(sE—s’E’) H e—@(n,s,s’,&,f’,r) (10)

nz2
we have!®
fi¥(R) = 3/RHZn(n + 1)(2n + 1)In,n/G1(0) (1D

f2*(k) = Z[(zn + l)LO(n)In,n + (2n - 3)L1(n)ln,n—2 +
(2n + 5)Ly(n)1, 491/ GHO) (12)

a,(k) = [1/2LGY(0)] f dg f f ds ds’ (1 -
£%)Q(n,s)Q(n,s" ) ¥(s,s'¢,¢,0) (13)

L= /4§  dedg f f dsds'x

P (§)P,(&)¥(s,5'£,¢,0) (14)
GY(0) = (1/2L?) j‘ dg f f V(s,s'&,8,0) ds ds’  (15)

where L;(n) (i =0, 1, and 2) are simple functions of integer
n (ref 24) and P,(¢) is the nth-order Legendre polynomial.
Equations 11~15 are functions of not only & but also L
through vL dependence of ®(n,s, ...).

The spherically averaged hydrodynamic interaction
tensor is given by H(s,s’) = (s —s’) + ({/6xn)f(|s - s7|),
where { (=3mn) is the spherically averaged friction con-
stant!! and the function f(|Js - s’|) has been discussed by
Hearst and Stockmayer.?? From this form of H(s,s"), f,
in eq 9 is given by!!

fo=1/2) f fQrs)flls - s'D@ns’) ds ds’ (16)

Eigenfunctions Q(n,s) and eigenvalues A, are given else-
where, " so that explicit computation of f;*(k), fo*(&), a,(k),
and f, is possible. However, the machine computation of
I, in eq 14 is very time consuming because of 4-fold
integration and is not practical. As previously shown,!?
however, £ in ®(...) can be replaced with ¢ with very high
accuracy. Then, eq 14 can be approximated as

L= (/20 [ § { ds s’ jo(Ks)Pp(8)e*e
PIIZ exp[—@(l,s,s’,‘;”,g’,O)] (14,)

where j,(Ks) is the nth-order spherical Bessel function.
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Figure 1. Graphic representation of f,*(k), f,*(k), f1(k), and f,(k)
as functions of K? for L = 255 nm (PBLG-B). f,*(k) and f,*(k)
are for a semiflexible chain with v = 313 nm, and f,(k) and fo(k)
are for a rigid rod.

For a rigid rod (L = 0), we have I, = ()*(~i)™b,-
(k)b,(k) and GX(0) = 3,(2n + 1)b,(k)?, where b, (k) is the
dynamic form factor for a rigid rod. Then, we have fi*(R)
— fi(k) and fo*(E) — f5(k). In this limit, a,(k) should be
zero, but g, (k) in eq 13 has a finite value. This comes from
the fact that (g(n,t)?) — 0 and 7, (the relaxation time of
the nth mode) — 0, but (g(n,t)?)/, — finite as yL — 0.%%
As shown later, however, this trouble is not serious for at
least a;(k). The computed f,*(k) and f,*(k) for v = 313
nm and L = 255 nm are shown in Figure 1 with f,(k) and
f2(k) for a rigid rod with L = 255 nm,

2. Diffusion Coefficients. a. Rigid Rods. For a rigid
rod with length L and diameter d, diffusion coefficients
Dy, Ds, Dy = (2D, + D3)/3 and © can be computed by use
of Broersma’s?"? or Tirado and Garcia de la Torre’s®
formulas.

b. Semiflexible Filaments. Diffusion coefficients of
the semiflexible filaments with the contour length L and
diameter d should be functions of vL; Yamakawa and
Fujii'® gave a formula for Dy and Yoshizaki and Yama-
kawa!” and Hagerman and Zimm?® gave formulas for ©.
The latter two theories gave © values very close to each
other, although the basic starting ideas are quite different
from each other. No detailed theory for D, and D, is
presented up to now. Schmidt and Stockmayer gave an
approximate formula®

(D3 - Dy) /Dy = (3/4)[1 - 0.5(yL)'/4] 17

where the factor (3/4) is the value in the long-rod limit.
An alternative value may be given by use of Broersma’s
or Garcia de la Torre’s formulas.

3. l“‘/K2 vs. K?in the Low K? Limit. Atlow K% I'/K?
can be given by I'/K? = Dg[1 + C(r,2)K*? + ...], where C
is a constant dependmg on chain stlffness, polydlspersn;y,
and chain structure,? and (r 2) is the mean square radius
of gyration. If we use experlmental values of T'(¢c), Dy(c),
and (r, (c)?), at concentration ¢, we have

T(c)/K? = Dylc)[1 + C(rg(c)),K* + ...] (18)

The parameter C determined from eq 18 would be less
dependent on c.

Experimental Section

1. Sample Preparation. The PBLG sample was kindly
provided by Professor K. Ogino of the University of Tokyo. The
original PBLG sample was fractionated by successive precipitation
fractionation by using DMF as a solvent and methanol as a
precipitant. Seven fractions were obtained, and two of them
(PBLG-A and -B) were used in the experiments. PBLG samples
were vacuum-dried just before they were dissolved in DMF. DMF
was dried over molecular sieves and fractionally distilled before
use. The concentration of the solution was determined gravi-
metrically. The solution was filtered through a Teflon filter with
1-um pore size directly into a 10-mm-o.d. polished cylindrical glass
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cell, which had been washed thoroughly with filtered benzene (with
0.2-um pore size) and dried under dust-free circumstances. The
solution in the sample cell was centrifuged at ca. 10000g for 1 h
just before measurements in order to keep the remaining dust
particles off the scattering volume.

2, Light-Scattering Spectrometer. The light-scattering
measurements were carried out with a homemade spectrometer
and a 252-channel real-time correlator. The details of this system
are described elsewhere.” One thing to be added is that calibration
was done by taking the Rayleigh ratio R, of benzene at 25 °C
and 488.0 nm to be 32.0 X 10° cm™1.3!

The correlator equipped two types of circuits to independently
determine the base line of the correlation function.” The base
lines determined by use of these two circuits agreed with each
other within 0.1%, verifying the optical purification of the
scattering sample.

3. Data Analysis. The angular dependence of the absolute
static intensity as a function of the polymer concentration ¢
(g/cm?) is related to the weight-average molecular weight M, the
scattering function P(K) and the second virial coefficient A,
{(mol-cm®/g? = cm?/(g-daltons)) (g/mol = daltons) as

He/R(K) = 1/[M P(K)] + 245 + ... (19)

where H = 47n%(6n/dc) 152/ NaA* in usual notations. The specific
refractive index increment of PBLG in DMF was taken to be 0.120

em®/g.®® P(K) is expanded as P(K)™! = 1 + (1/3)(r2),K* + .
at sufficiently small K. We used Berry’s method,? the plot of
P(K)™\/? against K®. At a finite concentration the slope and the
intercept of [Hc/R(K)]"/2 against K2 give (ry(c)?),.

The measured intensity autocorrelation function in the hom-
odyne mode has the form of G*(7) = A[1 + B|g'(7)|?], where g'(7)
is the normalized field correlation function, 4 is the base line,
and g is a machine constant, which is determined in the data-
fitting procedure. For g(r), we adopted two forms. One is the
cumulant expansion®

g(r) = exp[-I7 + (up/2)7? - (ug/6)° + .. (20)

where T is the average decay rate or the first cumulant and u,
is the second cumulant. u,/I'? gives the normalized dispersion
of the decay rate distribution. The other is the two-exponential
fit. In the presence of polydispersity, however, a simple two-
exponential fit does not give sufficiently precise results, and a
modified equation can be used to retrieve the effect of polydis-
persity

gl(r) = Ay exp[-Tor + (M2,0/2)7'2] + Ay exp[-Tor + (Mz,z/z)TZ]
(21)

where T, (slow) and T', (fast) are the decay rates of components
with amplitudes A, and A,, respectively. ugg and u,s are the
corresponding second cumulants. At not very large K2, Ty cor-
responds essentially to the contribution from translational dif-
fusion and T', from internal motions, such as rotational diffusion.
In the case of rodlike polymers, as was discussed previously,” T'o/K?
has a weak K? dependence relating to the diffusion amsotropy

So, it is not unreasonable to assume Ty = (D), K? and g/ T

= u,/ T2, which are obtained by the cumulant method at small
K2, By this, the number of unknowns to be determined can be
reduced. At large K? T, has the contribution of not only the first
rotational diffusion mode but also higher rotational modes® and
flexion modes. In order to obtain the rotational diffusion coef-
ficient, the extrapolation of (I'; — T'y)/6 to K? = 0 is necessary.
From the analogy to a rod case,’ this extrapolation is expected
to give the rotational diffusion coefficient.

In the above methods of data analysis, goodness of the data
fitting is monitored in several points. The reduced sum of squares
of residuals to the fit, x%, should be reasonably small enough, the
standard deviation of parameters determined should be less than
10%, and the deviation of the fitted correlation function from
the measured one should be reasonably random over the entire
delay time.

In all measurements, the sampling time (A7), or the channel
delay time, is chosen so that the total delay time, 240A~, is about
3/T in order to ensure a high quality of data analysis. At small
K? it was confirmed that the decrease of Ar to, for example,
one-third of the above value gave essentially the same I" value.
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Table I
Molecular Parameters of PBLG in DMF at 25 °C
parameter PBLG-A PBLG-B
10*M,, 29.9 37.2
104A,;, cm®/(g.daltons) 3.1 3.3
L,, nm 205 255
(r2),/2, nm 57.5 (52.5) 72.0 (63.6)°
107(Dy),, cmz/s 1.36 (1.34)° 1.11 (1.13)?
kp, cm3/g 17 18
0,51 ~ 3000 (3000)¢ ~1800 (1800)°
(3060)¢ (1840)¢
yLg, 0.655 0.815
g/ T2 ~0.20 ~0.25
ct 0.10 0.11
o 2.88 2.94

sBy use of eq 24. ®By use of Yamakawa-Fujii theory.!® By use
of Yoshizaki-Yamakawa theory.'” ¢By use of Hagerman-Zimm
theory.® ¢The C parameter defined in eq 18. fp = (r,2), Y%
{Dy),/(ksT/6mn). For calculation of theoretical values (a-d) L =
L,,d =22nm, and ! = 3138 nm were used.

At large K? the so chosen value of Ar was so small, for example,
Ar = 0.5 us at the scattering angle of 150°, that the decrease of
A7 caused an accelerated after-pulse effect and a poor signal-
to-noise ratio, and the accuracy of the data analysis became
increasingly worse. Thus, the criterion of 240A7' ~ 3 was
maintained throughout.

By using I" obtained as above, we can obtain another parameter
characterizing the concentration dependence of the translational
diffusion coefficient, Dy(c) = Dy[1 + kpc + ...}, where kp is directly
related to A, and k; in f(c) = fo[1 + ke + ...] (concentration
dependent friction factor), as

kD + kf = 2A2Mw + 52 (22)

where 0, is the partial specific volume of the polymer and is equal
to 0.791 cm®/g for PBLG in DMF at 25 °C.® According to Itou
et al.,%® k; in ref 36 is expressed with D, for a cylindrical rod as

ke = (kgT/3n)(384,N,1/2 /2m)2/3(M V3 / Dy) (23)

As k¢ of a semiflexible chain has not been given, this equation
provides a first-order approximation for PBLG in DMF.

Results and Discussion

1. Characterization of PBLG. The molecular pa-
rameters of PBLG samples determined by static and
quasielastic light-scattering measurements are tabulated
in Table I. The scattered intensity Hc/R(0), the trans-
lational diffusion coefficient (Dg(c)),, and the radius of
gyration (r,(c)?),/2 as functions of the concentration of
PBLG-B are shown in Figure 2. The scattering function
of PBLG-B is also shown in Figure 2¢ in P(K)™1/2 vs. K2
(Dy), was determined by the extrapolation of I'/K? to ¢
= 0 and K% = 0. The rotational diffusion coefficient, ©,
was estimated from (T'y — T'j)/6 of the two-exponential
analysis of the correlation functions (for extrapolation to
K? = 0, see discussion given below). The values of u,/T?
determined at small K? are ~0.2 for PBLG-A and ~0.25
for PBLG-B.

By assuming 0.15 nm for the helical pitch per monomer
units,!®% the molecular weight per unit contour length M;
is obtained to be 1460 daltons/nm. Then, the weight-av-
erage length L, is calculated from M, /M;. The flexibility
parameter yL,, is calculated by use of y1 = 313 nm from
Yamakawa.!®3" The diameter d is set to be 2.2 nm.* This
d value is from sedimentation and dielectric studies and
is slightly larger than that from viscometric measurements.
This situation is observed in several other systems, for
example, in poly(hexyl isocyanate).?® Several previous
works adopted a ! value smaller than 313 nm.

By using these parameter values, we have calculated
theoretical predictions of the radius of gyration and
translational and rotational diffusion coefficients; these
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Figure 2. Concentration dependence of the static scattering
intensity, the translational diffusion coefficient, and the radius
of gyration of PBLG-B in DMF at 25 °C and the wavelength of
the incident beam of 488.0 nm in vacuum. (a) Plot of Hc/R(0)
(in units of daltons™) as a function of concentration c. From this
plot, M, = 3.72 X 10° and A4, = 3.3 X 107* cm?/ (g-daltons) were
obtained. (b) Plot of (Dy(c)), (in units of cm?/s) as a function
of ¢. (Dy(c)), was determined by an extrapolation of T'/K? at ¢
to K% = 0. From this plot, (Dy), = 1.11 X 107 cm?/s and &k =
18 cm?3/g were obtained. (c) Plot of (r&(c)2>,1/ 2 as a function of
¢. In this figure, the scattering function is also plotted in P(K) /2
vs. K?, the initial slope of which gives (rg(e)),.
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Figure 3. Double-logarithmic plot of (Dy), vs. L, for PBLG in
DMTF at 25 °C. Hollow circles show the Ipresent results, and the
filled circle is from the previous result.”* The solid line shows
the Yamakawa—Fujii theory!® with y™! = 313 nm and d = 2.2 nm.

are also listed in Table I. Here, the radius of gyration of
a wormlike chain is given by

rd) =

vHyL/6 - Y, + 1/(4vL) - [1 - exp(-2yL)]/[2(2vL)?]}
(24)

with L = L,; D, is given by Yamakawa~Fujii’s theory'® and
© by the theories of Yoshizaki-Yamakawa!” and Hager-
man-Zimm.* Though D, and 6 show a close agreement
with the measured ones, the radius of gyration shows a
relatively large discrepancy. This indicates the effect of
polydispersity. Since the radius of gyration is very sen-
sitive to polydispersity, an effect of polydispersity has to
be taken into account. This is discussed below together
with the K? dependence of T'/K?% On the other hand, since
the effect of polydispersity on transport coefficients is
expected to be less, the validity of adopted values of vy and
d are examined against D, and ©. For v! = 313 and 180
nm,'** and d = 1.5 nm,* 1.88 nm,? and 2.2 nm,% D, and
© are calculated and listed in Table II. Comparing these
values, we find that the combination of v = 313 nm and
d = 2.2 nm gives the best agreement between experimental
and computed values.

The theoretical prediction of D, by Yamakawa~Fujii’s
theory with ¥ = 313 nm and d = 2.2 nm is shown in
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Table 11
Comparison of Diffusion Coefficients for Different Values of v and d

107D,,° cm?/s R
Ly, nm ¥}, nm d = 1.5 nm d=188nm d=22nm d=15nm d =188 nm d=22nm

205 180 1.46 1.40 1.36 4270 4030 3860
4340 4090 3910

313 1.44 1.38 1.34 3310 3120 3000

3390 3190 3060

255 180 1.24 1.19 1.15 2690 2540 2440
2700 2550 2450

313 1.21 1.16 1.13 1980 1870 1800

2020 1910 1840

¢By use of Yamakawa-Fujii theory.!® ®Upper values by use of Yoshizaki-Yamakawa theory;” lower values by use of Hagerman-Zimm

theory.%

Figure 3, where the present experimental results are given
together with the previous one for M,, = 26.8 X 104 The
agreement is very good. However, the theoretical D, value
is insensitive to ¥! and d, and the present range of mo-
lecular weights is not wide enough to conclude that the
combination of ! = 318 nm and d = 2.2 nm is the most
probable. The theoretical © value, on the other hand, is
very sensitive to v and d, and our experimental 8 values
favor the combination of y! = 313 nm and d = 2.2 nm.
(Since the statistical uncertainties in 6 values determined
by the two-exponential analysis are not clear, the direct
comparison of experimental © values with theoretical ones
is a little hasty. As is discussed below, however, we have
two more pieces of evidence to support the above com-
bination of vt and d values.)

Schmidt gave y! = 140 nm by comparing the experi-
mental (r,?), with the predicted one for the assumed
Schulz-Zimm distribution function. But, his samples had
quite large values of M,,/M,, and it was not clear whether
the molecular weight distribution function was well ap-
proximated by the assumed function. Since the radius of
gyration is very sensitive to polydispersity, the v value
estimated in such a way is ambiguous, and it seems to be
dangerous to use such a low 4! value for the present
analysis.

The values of A, and kp, are quite comparable with other
data.?33541 When eq 22 is used, k; is calculated to be 169
cm?/g and 229 ecm?/g for PBLG-A and -B, respectively.
These are compared with the calculated values (by use of
eq 23 for a rigid rod) of 205 cm®/g and 265 cm?/g, re-
spectively. The difference should be attributed partly to
the contribution of flexibility, but since eq 23 is not suf-
ficiently examined yet, we do not discuss further.

The ratio, p, of the radius of gyration to the apparent
hydrodynamic radius defined by p = (r,2),'/%(Dy),/
(kgT/67n) is also listed in Table I. These are to be com-
pared with the values calculated for the wormlike chains
with L, = 205 nm and 255 nm, that is, 2.59 and 2.64,
respectively, from the values in parentheses in Table I.
Discrepancies should be attributed to polydispersity of
samples. Both experimental and computed values of the
ratio was substantially larger than those predicted for
Gaussian chains with the same contour lengths.

2. Two-Exponential Analysis. The two-exponential
analysis for PGLB-A and -B by use of eq 21 gives (T'; —
Ty)/6 in Figure 4 and the amplitude ratio 4,/(A, + A,)
in Figure 5. uy,/T',? is almost the same as py/I'¢? (=uy/T?
at low K?) at each K2 The average decay rates defined
by T' = (4,1 + 4,15 /(4 + A,) from the two-exponential
analysis give a good agreement with the results obtained
by the cumulant method given below (Figure 6). (T, -
T'p)/6 should give O at small K? where neither higher order
rotational modes nor flexion modes contribute. But, be-
cause of smallness of A,/(A, + A,) and remaining poly-
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Figure 4. (I'; - T'))/6 vs. K? relationships for PBLG-A (a) and
-B (b) at 25 °C. T, is from a modified two-exponential analysis
of correlation functions (eq 21). For I'y, see text. The solid line
in a shows the extrapolated value to K? = 0. The solid curve in
b shows the predicted K* dependence of (I'y - T';)/6 (eq 25) for
a rigid rod with Dy = 1.12 X 107 ¢cm?/s, © = 180057, (D, - D)/ D,
= 0.391, and L = 255 nm. Filled circles show the results for given
values of A/ (A4 + A) of the dashed line in Figure 5b for com-
parison.
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Figure 5. A,/(A, + Ay) vs. K2 relationships for PBLG-A (a) and
-B (b). Ayand A, are from a modified two-exponential analysis
of correlation functions {(eq 21). The solid and dashed lines denote
the predicted curves for a rigid rod in isotropic (D3 = D;) and
anisotropic (D3 = D,) translation, respectively.

dispersity effects, the two-exponential analysis did not give
definitive results at small K2 Although the data for K?
dependence of (T'y - T;) /6 for PBLG-B show some scatter,
(Ty — T'y) /6 seems to be an increasing function of K2 The
extrapolated values of (T, — T)/6 to K? = 0 seem to be
quite close to the values calculated by theories of Yoshi-
zaki—Yamakawa!” and Hagerman-Zimm.® The theoretical
expression for (T, — T'y)/6 for a rigid rod has been given’

(T, - Ty) /6 = © + (2/63)(Ds - DK? +
(1/6)[2A0(® ~ A,(u))(D5 - D,)2K* /6 (25)

where p? = (Dy - D)K?/0 and the explicit form of A,(x?)
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Figure 6. T'/K? vs. K? relationships for PBLG-A at 1.56 mg/mL
and -B at 1.18 mg/mL at 25 °C. Hollow circles show the ex-
perimental results. Filled circles show some of the average decay
rates for PBLG-B defined by T' = (4,T, + A,T9)/(4, + A,) from
the results in Figures 4 and 5. They show a little smaller but
reasonable values compared with those of the cumulant analysis
(hollow circles) if relatively large uncertainties in the two-expo-
nential fit are taken into account. A little better fitting is observed
for PBLG-A than PBLG-B (data not shown to avoid cluttering).
The dotted lines show the predicted curves for rigid rods (eq 6).
Dotted line a: anisotropic. Dotted line b: isotropic. Both are
for the same Dy and L as PBLG-B, and 6 and (D3 — D,)/D, are
evaluated by use of Broersma’s formulas. Dotted curve ¢: an-
isotropic and for an equivalent rod that gives the observed D, and
© values for PBLG-B, i.e., L = 212 nm, d = 3.0 nm, and (D, -
D,)/Dgy = 0.470. Dotted line without labels: anisotropic and for
parameter values for PBLG-A of Dy = 1.42 X 1077 cm?/s, © = 3000
s, (D3~ D;)/Dy = 0.413, 7. = 313 nm, d = 2.2 nm, and L = 205
nm, and for PBLG-B of D, = 1.12 X 107 cm?/s, © = 1800 s, (D,
- D.)/Dy = 0.391, ! = 313 nm, d = 2.2 nm, and L = 255 nm.
Dashed, dot—-dash, and solid lines show the predicted curves for
semiflexible filaments (eq 9) for the parameter values given above:
dashed lines, without a,(k) terms; dot—dash lines, and a,(k) only;
solid lines, with a,(k) and a,4(k).

is found elsewhere.” The theoretical curve for a rigid rod -

with © = 1800 5! and (D3 — D,)/D, = 0.391 is shown in
Figure 4b, which gives the first-order estimation of (T, -
T'y)/6 for a semiflexible chain, and can be used as a good
guideline for the extrapolation to K? = 0. As is seen in
Figure 4b, the observed (', ~ T'y) /6 deviates, from the line,
upward with increasing K2 This tendency has been ob-
served for tobacco mosaic virus,” too, suggesting contri-
butions from higher order rotational modes. Similarly to
this, the upward deviation in the case of PBLG is inter-
preted to be due to the contribution from additional flexion
modes. Even small amplitudes of such modes fairly affect
the force-fitted values of T's.

In Figure 5, the fraction of the fast-decay component,
Ay/(Ay + A,), is shown as a function of K2 Theoretical
curves of the fraction for a rigid rod are also shown for
cases of isotropic (—) and anisotropic (---) translation. For
PBLG-A, experimental points of the fraction are between
the solid and dashed curves. This is interpreted as a result
of the decrease in anisotropy due to flexibility. For
PBLG-B, experimental points of the fraction lie near, or
a little lower than, the dashed curve. The lower values of
the fraction have also been observed for tobacco mosaic
virus,” when the force-fit to two exponentials was made
for cases that higher order rotational modes contribute
appreciably. As is shown below, the flexion modes con-
tribute clearly to the correlation functions for PBLG-B at
K? 2 4 X 10" ¢cm™2, and this causes such deviation in the
fraction.

3. Cumulant Analysis. The T'/K? vs. K? relationships
for PBLG-A and -B are shown in Figure 6, where T was
determined by the third-order-cumulant expansion of the
correlation functions. From the initial slopes of these
curves, the parameter C in eq 18 was determined to be 0.10
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and 0.11 for PBLG-A and -B, respectively. These values
are compared with the values reported by Schmidt.? Our
C values were obtained for finite concentrations of PBLG.
But, the difference of these values from those at the in-
finite dilution may be small; indeed, Schmidt observed no
concentration dependence of C.%

We now examine the I'/K? vs. K? relationship in terms
of flexibility with the aid of the formulation discussed in
the theoretical section. In order to clarify the effect of
flexibility on I'/K? we first study the behavior of theo-
retical I'/K? curves for a rigid rod with the same D, (=
T'/K? at K? = 0) and L as PBLG-B. In Figure 6 are shown
the theoretical T'/K? vs. K2 for the rod in the presence
(dotted curve a) and absence (dotted curve b) of anisotropy
in translation. In these cases, the 0 value was calculated
by use of Broersma’s formula, and (D; - D,)/ D, = 0.5 (from
Broersma’s formulas), which was larger than 0.391 from
eq 17 for a wormlike chain. Curve a underestimates I'/K?
very much. Even curve b predicts substantially smaller
T'/K® than the experimental one. This situation is quite
similar to that observed before.* If we determine effective
rod length and diameter so that D and © from Broersma’s
formulas give the same values as the observed ones for
PBLG-B, we obtain L = 212 nm, d = 3 nm, and (D, —-
D;)/Dy = 0.470. The theoretical I'/K? curve for these
parameter values is also shown in Figure 6 by dotted curve
¢, and this is even below curve a. These curves (a and c)
show large discrepancies from the experimental curve even
at small K2 This result implies that the light-scattering
spectrum for PBLG-B cannot be explained by an effective
equivalent rigid rod. As was considered above, the rigid-
rod model cannot explain experimental results even
qualitatively. This fact strongly suggests the importance
of flexibility in the present results.

Next, by using the experimental values of D, and 6 and
assuming (D3 — D)/ D, from eq 17, theoretical I'/ K? curves
for PBLG-A and -B are calculated with f,(k) and f,(k) for
a rod. They are shown in Figure 6 by the dotted curve
(without labels). The dotted curve (without label) for
PBLG-B gives much smaller discrepancy from the ex-
perimental curve than any of the labeled dotted curves.
But, systematic deviations are still observed, especially at
large K2, suggesting again the contribution from flexion
modes. This means that even if all the transport coeffi-
cients are taken to be the same as those for PBLG samples,
the scattering spectrum cannot be represented by the
formulation for a rigid rod (eq 6).

Finally, eq 9 for a semiflexible filament is applied in
order to analyze the I'/K? vs. K? relationship including the
contribution of flexion modes. Both f;*(k) and f,*(k) are
calculated for molecular parameters in Table I (see Figure
1 for PBLG-B). The theoretical I'/K? curves by use of eq
9 with a,(k) = 0 are shown by dashed curves in Figure 6.
These curves are not so different from the dotted curves
(without labels) in each case, but a clear difference appears
at large K* for PBLG-B. In these curves, the effect of
flexibility is retrieved only through I, , terms. The as-
sumption of a,(k) = 0 corresponds to the case that the
amplitudes (the relaxation times) of flexion modes are too
small (too short) to be detected in the experimental range
of K2 This can be checked by a criterion whether or not
(8,2)1/2 (,) is much smaller (shorter) than 1/K (A7), where
(8,2)1/2 (7,,) is the mean-square amplitude (the relaxation
time) of the nth flexion mode.!* (35,2)'/2 (r,) is calculated
to be 12.7 nm and 16.7 nm (10.2 and 20.0 us) for PBLG-A
and -B, respectively, and 1/K (A7) is ~32 nm (0.8 us), for
example at the scattering angle of 120°. Then, the neglect
of the flexion modes of at least n = 2 is not valid.
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Therefore, the theoretical I'/ K? values including a,(k) are
calculated and shown in Figure 6 by the dot-dahsed curves.
The agreement of these curves with the experimental re-
sults becomes much better, and theoretical curves predict
almost quantitatively the K? dependence of I'/ K? over all
K?, indicating the important contribution of the n = 2
mode. Especially for PBLG-B, the contribution of the n
= 2 mode is noticeable even at relatively small K2, K2 ~
4 X 10'° cm™2 Moreover, the theoretical I'/K? curves
including a,(k) and a;(k) are also shown in Figure 6 by the
solid curves. The contribution of the n = 3 mode is quite
small for PBLG-A and only a little greater at large K* for
PBLG-B. When the contribution of flexion motion is
explicitly included, the behavior of the experimental T'/ K?
as a function of K2 is well described, and it is clear that
flexibility plays an important role in the light-scattering
spectrum of PBLG-A and -B.

The effect of hydrodynamic interaction on T'/K* was
previously examined for fd virus for which yL was 0.23.
Even for this small value of vL, the hydrodynamic inter-
action definitely affected the theoretical results, and the
explicit inclusion of this interaction was important for a
quantitative determination of the yL values. For PBLG,
f.. is not small; f, = 2.56 for PBLG-A, and f, = 2.98 for
PBLG-B. The hydrodynamic interaction is important in
estimating the contribution of flexion modes to T'/K? for
PBLG samples, too.

4. Some Remarks. a. On Dilute Regime. For PBLG
samples used in this experiment, ¢cL® (c: the number
concentration) for 1 mg/mL is ~17 (PBLG-A) and ~27
(PBLG-B). When the concentration of PBLG is lowered
to access the condition ¢L® < 1 for dilute regime, the
scattered intensity is too weak to be detected and analyzed
properly, and it is almost impossible to obtain definitive
results. Zero and Pecora, however, reported that the ro-
tational diffusion coefficient started to decrease at cL? ~
50, where the actual onset of the semidilute region ap-
peared to occur.*? Thus, our concentrations of PBLG, 1.56
mg/mL for PBLG-A and 1.18 mg/mL for PBLG-B (both
in Figure 6), are considered to be within the dilute regime,
and our discussion given in section 3 based on the for-
mulation for dilute regime is approved.

b. On Transport Coefficients. Theoretical calcula-
tions presented here premise many points and are ap-
proximate. It is necessary to examine the validity of each
term in eq 9 in more detail. Yamakawa-Fujii’s theory for
D, predicted experimental results for PBLG very well if
v = 313 nm and d = 2.2 nm were assumed (Figure 3).
Although d = 2.2 nm is much larger than the geometric
diameter of 1.5 nm in the crystalline state, the former value
should be regarded as a hydrodynamically effective one.
For the same ! and d values as above, theories by both
Yoshizaki-Yamakawa and Hagerman-Zimm gave 0 values
very close to each other and to our experimental results.
Furthermore, we observed that these theories could predict
very well the experimental © values for DNA by Elias and
Eden® if the rise per base pair and the diameter were set
to be 0.34 nm and 2.7 nm, respectively. These values are
quite reasonable. Although an experimental examination
of the validity is very difficult, it is probable that eq 17
is highly approximate and will underestimate (D3~ D,)/D,
for yvL of the present interest. If this is the case, the
dashed curves in Figure 6 overestimate I'/K? It should
be mentioned that if anisotropy in translation is ignored,
the dashed curves in Figure 6 shift upward largely beyond
the experimental points for both PBLG-A and -B. This
suggests the important contribution to '/K? from an-
isotropy in translation.
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c. Effect of Polydispersity. The present PBLG
samples have some degree of polydispersity, though it is
expected to be relatively narrow. We try to estimate the
effect of the length distribution on the spectrum for an
assumed distribution function, i.e., a Schulz-Zimm dis-
tribution function. The weight fraction of the chain with
contour length L, W(L), is given by*

W(L) dL = [(m + ™1 /T(m + 1)] X
(L/L,)™ exp[-(m + 1)L/L,] d(L/L,) (26)

where m is the distribution parameter and I'(m + 1) =

mI(m) is the I’ function, which equals m! for integers m.

The monodisperse distribution is given by m = .
From eq 24 and 26, we have?

+ 2 7Ly, +
<rg2>z=7_2m L_l 1 _m 1 1-
m+1 4  4+L, m
Yiw

2vLy, \™ R
1+ =5 ) |/2eL)g @)

With 4 = 313 nm, we obtain (r,?), = (57.5 nm)? for m
=11 and L,, = 205 nm and of (72.0 nm)? for m = 7.2 and
L, = 255 nm. With vy = 180 nm, on the other hand, we
obtain (r?), of (57.5 nm)? for m = 4.3 and L,, = 205 nm
and of (72.0 nm)? for m = 2.7 and L, = 255 nm. Which
set of parameter values is more plausible in our PBLG
samples? For this purpose, we now introduce another
criterion. From eq 26, we have L,,/L, = M,/M = (m +
1)/m, where L, and M, are the number-average contour
length and molecular weight, respectively. For a rigid rod,
we have M, /M, ~ 1 + u,/T? (vef 14). From the experi-
mental values of u,/T? at low angles, we obtain M,,/M, ~
1.2 or m ~ 5 for PBLG-A and M,/M, ~ 1.250r m ~ 4
for PBLG-B. The uy/I? is very sensitive to dusts in the
scattering samples and noise in the correlation functions.
In addition, for PBLG-B, I'/K? at K* ~ 1 X 10" ¢m™
substantially increases from the value at K? — 0, indicating
the contribution of the rotational (and/or flexion) mode.
This contribution also causes an increase in u,/T'% that is,
w9/ T? is usually larger than that coming from the molecular
weight distribution alone. Then the above estimates of
m from uy/ T2 should be regarded as lower bounds. These
considerations favor m = 11 - 7 and 4! = 313 nm com-
pared with m = 4 — 3 and ! = 180 nm. In the following
we assume m = 8 for our PBLG samples.

For L, = 255 nm, d = 2.2 nm, and ¥ = 313 nm, the
Yamakawa—Fujii theory'® and eq 26 give Dy = 1.13 X 1077
cm?/s (m = «, monodisperse) and (Dy), = 1.12 X 1077
cm?/s (m = 8, polydisperse). Because of experimental
errors and/or uncertainties in the determination of I'/ K2,
this difference is unable to be detected. As was discussed
by Schmidt,?® the influence of polydispersity on the
translational diffusion coefficient is very small when the
weight-average length is used for its estimation.

Now we examine the effect of the length distribution on
the spectrum for a rod system. This is based on the fol-
lowing considerations: At small K?, the spectrum for a
semiflexible chain is not so different from that for a rod.
At large K2, on the other hand, the increase in I'/K? for
a rod, due to polydispersity, would give an upper bound
of that for a semiflexible chain, since the scattering
function for a rod decreases more rapidly than that for a
semiflexible chain with increasing KL. And, theoretical
formulas for the scattering function and for I'/K? (eq 6 or
28 just below) for a rigid rod are exactly known, so that
the profile of T'/K? is easily calculated. By taking the
above estimate of m = 8, the effect of polydispersity on
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Figure 7. I'/K? vs. K2 relationships. (a) Simulation of I'/K? for
a hypothetical rod with polydispersity of a Schulz-Zimm dis-
tribution function. Solid and dashed lines denote the predicted
curves for L., = 250 nm, d = 2.2 nm, and m = = and 8, respectively.
The algorithm for calculation is quite similar to that in ref 45.
(b) Simulation of I/ K? by use of eq 9 for ¥ = 180 and 313 nm.
Other parameter values are L = 255 nm and d = 2.2 nm. Dashed
lines: without a,(k) terms. Dot—dash lines: with a,(k) only. Solid
lines: with a,(k) and a4(k). Experimental points and theoretical
lines for ¥~ = 313 nm are from Figure 6 (PBLG-B).

the I'/K? vs. K? relationship for a rigid rod is examined,
and the result is shown in Figure 7a for L,, = 250 nm and
d = 2.2 nm, where diffusion coefficients are calculated by
use of Broersma’s formulas for PBLG-B at 25 °C. Equa-
tion 6 can be written as

T/K? = Dy + (L2/12)0f,(k) - (D3 - D)[% - fo(k)] (28)

Since both functions f,(k) and [*/; — fo(k)] start from zero
at K? = 0 and monotonically increase with K? (see Figure
1) and since (D; ~ D,) is positive, the effect of polydis-
persity on the second and the third terms in eq 30 almost
cancel out each other, and the difference between the solid
and the dashed curves in Figure 7a mostly comes from the
difference between D, and KZ2-dependent (D,),.**
Broersma’s formula gives Dy = 1.06 X 1077 cm?/s (m = =)
and (Dy), = 1.05 X 107 cm?/s at K2 = 0 (m = 8), and the
difference between these two values is again quite small
as in the case of a wormlike chain given above. As for the
K? dependence of T'/K?, we have at K? = 8.2 X 100 ¢cm™?,
for example, I'/K? = 1.28 X 1077 cm?/s (m = =) and 1.32
X 107 ¢cm?/s (m = 8). The difference is only 3%. It should
be noted again that the size of the increase in I'/K? for a
rod, due to polydispersity, is expected to be an upper
bound of that for a semiflexible chain (at least for eq 9
without a, (k) terms) and that the size in the increase in
I'/K2 for a rod is almost constant above K* = 2 X 10 cm™,
whereas the size in the difference between the experi-
mental point and the dashed curve in Figure 6 is an in-
creasing function of K? for both PBLG-A and -B. Another
thing to be noted is that the theoretical I'/K? in eq 6 and
9 is for the slope at “r = 0” of the correlation function,
whereas the experimental T'/K? is for the slope of the
correlation function at the finite channel width (A7) of the
digital correlator. Although a cumulant expansion more
or less recovers the reduction in the experimental I'/K?
values, they might be appreciably smaller than those at
“Ar = 0”, Then it is likely that the difference at large K?
between experimental points and theoretical dashed curves
in Figure 6 largely exceeds the size of ambiguity coming
from polydispersity, and the comparison of the experi-
mental I'/ K? vs. K* relationship with the theoretical one
for the monodisperse preparation is gquite meaningful.
Strictly speaking, however, our examination given above
is still semiquantitative and is opened for reevaluation in
a more quantitative manner.

d. On Smaller Persistence Length. Although not
conclusive, our experimental © values favor 47! = 313 nm.
The examination of (r,?), given above also favors y! = 313
nm and m = 8 compared with y™! = 180 nm and m = 3.

Quasielastic Light Scattering of PBLG in DMF 1611

In Figure 7b are compared the theoretical I'/K? for vy =
180 nm with those for v! = 313 nm. The dashed curve
for 7! = 180 nm tremendously overestimates the exper-
imental I'/K% This came mainly from a larger 6 value for
41 =180 nm (6 = 2440 s7!) than for v = 313 nm (6 =
1800 s71). In addition, f;*(k) [fo*(k)] for y! = 180 nm is
slightly smaller [larger] than for 47! = 313 nm. Thus, a
smaller diffusion anisotropy at ¥~ = 180 nm than at 313
nm also increases the I'/ K2 value. This result again favors
47! = 313 nm compared with y! = 180 nm.

e. Comparison with Earlier Results. Kubota and
Chu studied PBLG (M,, = 2.68 X 10°) in DMF at 25 °C.14
By a histogram analysis of correlation function at K* = 11.6
X 101 cm? (135°), they obtained the rotational diffusion
coefficient of 6, = 8330 s™1. This value is expected to be
influenced by contributions from higher order modes.
Indeed, our results at the same K? give ~3900 s
(PBLG-A) and ~3500 s7! (PBLG-B) (see Figure 4). They
are 30% and 90% larger than those extrapolated to K2 =
0, i.e., ~3000 s! (PBLG-A) and ~1800 s! (PBLG-B),
respectively. The above 6, value is inferred to be 20~30%
larger than at K* = 0, ie., 6, = 8330/(1.2~1.3) =
(6900~6400) s'L. These corrected values are still larger
than the theoretical prediction of Oy, = 4960 51 (y! = 180
nm) or Oyz = 3950 s7! (y! = 313 nm) from Hagerman-
Zimm’s formula. This discrepancy is not clear.

Kubota and Chu also analyzed the experimental T vs.
K? relationship with the aid of Maeda-Fujime’s old model,?
where neither anisotropy in translation nor the hydrody-
namic interaction was taken into account. This theory
gives the relaxation time 7, of the lowest flexion mode as

3(kpT/$L)1,/L? = f(v,L) (29)

where f(v,L) is a function of 4 and L and its explicit form
is given elsewhere.? To take account of the hydrodynamic
interaction semiquantitatively, Maeda and Fujime put
(kgT/¢L) = D, = (3/4)D, and suggested using experi-
mental D, value for estimating ;. According to this
protocol, Kubota and Chu obtained a good agreement
between experimental and theoretical T vs. K? relation-
ships (Figure 16 in ref 14). Since r; = (30)7!, they esti-
mated Oy = 7220 s71. This 6y value is much larger than
Ouz given above. However, this discrepancy can be re-
duced as follows.!! To put (kgT/{L) = D, is equivalent
to (kgT/¢L)(1 + fy). To estimate 7, however, (kgT/{L)
in eq 29 should be replaced with (kgT/{L)(1 + f). Indeed,
we have (12kgT/¢{L3)(1 + f) = 6,4, and O(semiflexible)
= 0,04/ [12f(+,L)]. Here f; and £, are given by eq 16 for n
= 0 and 1, respectively. To take account of the hydro-
dynamic interaction more quantitatively, 7,¥C in Kubota
and Chu should be corrected as 7, = 7 XC/[(1 + f)) /(1 +
fo)l, or O = O5%C(1 + f,) /(1 + f,). For d = 2.2 nm we have
(1+7y)/(1+f)=>51/37=1.38 (ref 11). Then, we have
Op = 7220/1.88 = 5230 s~ for ¥™! = 180 nm (Kubota and
Chu adopted y! = 180 nm). This corrected 6 should be
compared with Oz = 4960 s for y! = 180 nm. The value
of f(v,L) for ! = 313 nm is 1.23 times larger than that
for v! = 180 nm. Then, similar to the above procedure
for correction, we have Op = 5230/1.23 = 4250 57! for y7*
= 313 nm. The Oy value should be compared with 0y, =
3950 57! for 4! = 313 nm. Another thing to be noted is
that the vL value in the old model® should be multiplied
by %/ if compared with the vL value in the new model;'% 2
that is, vL = 1.0 (v"1 = 180 nm) in Kubota and Chu cor-
responds to yL = 0.667 (y! = 280 nm). From these
“corrected” values alone it is difficult to conclude which
47! value is more likely, v™! = 180 or 313 nm. However,
it must be mentioned that in Kubota and Chu only the
! = 2 term of the 7, mode was considered.
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Gl(r) = eXP(—Don)lZ Py(k) exp[-(I/7))7] ~

even

Py(k) exp(-DoK?r) + Py(k) exp[—(DoK? + 2/7;)7] (30)

Therefore, their simulation of the ' vs. K? relationship
required a smaller v value (a larger flexibility) than the
true one. Indeed, our reanalysis based on eq 9 showed a
little underestimation (a little overestimation) of the T' vs.
K? relationship for v = 313 nm (y! = 180 nm).

Conclusions

We have measured the static and quasielastic light-
scattering spectra for two samples of PBLG with different
molecular weights in DMF at 25 °C. When both results
were combined, various molecular parameters were de-
termined. The experimental values of these parameters
were reasonably predicted by recent theories if the values
of v! = 313 nm and d = 2.2 nm of Yamakawa were as-
sumed. The analysis of quasielastic light-scattering
spectrum by a modified two-exponential fit and by a cu-
mulant expansion showed the important contribution of
the chain flexibility and of anisotropy in translational
diffusion. An explicit consideration of flexion modes with
the hydrodynamic interaction gave a reasonable prediction
about the observed I'/K? vs. K? relationship if y! = 313
nm was again assumed. Any smaller v7! value used gave
overestimation of © (and D,) as well as of T'/ K% Evalua-
tion of T'/K? in eq 9 required many approximations, but
it provided a good estimation for characterizing the dy-
namic behavior of a semiflexible chain by quasielastic light
scattering.
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