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ion aggregate structure and Eu®** and UQ,* were expected
to be uniformly dispersed throughout the polymer system
so that the distances between Eu®* and UO,** were far
beyond the energy transfer range.

These results further support the existence of ion ag-
gregate structures in the PMM/MA system in which Eu®*
and UOQ,?* are located close together, facilitating the energy
transfer between these ions.

The above conclusions attributing the loss of Eu®*
fluorescence activity at higher UQ,** concentration to
UO,2* self-quenching can only be confirmed by a simul-
taneous study of the concentration dependence of both
emissions and by measuring decay and build-up times of
both. These experiments are now in progress and will be
the subject of a future report.
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ABSTRACT: The field correlation function, g(r), of light scattered from very long, semiflexible filaments
in dilute solution was simulated for various values of filament length (L), flexibility (yL), friction constant
(), temperature (7T), and length of the scattering vector (K). For a given vL, g¥(7)’s for different temperatures
scaled with T'/y (y is solvent viscosity). In the stiff limit (vL « 1), profiles of the present gV(7)’s closely
resembled those based on a rigorous formula for a rigid rod. In the semiflexible range (0 «< yL < 0.5), the
profiles of gV(r)’s strongly depended on L at large K, indicating that if vL changes with temperature, g(r)’s
do not scale with T/n at large K. The model was applied to the analysis of experimental data available in
the literature and it was suggested that both fd virus and the muscle thin filament are not rigid but have

vL values of the order of 0.1.

Introduction

Considerable effort has been expended in recent years
in extracting the contributions of internal motions of large
flexible macromolecules from the intensity autocorrelation
functions of polarized Rayleigh scattered light. Pecora?
was the first to give theoretical expressions for the field
correlation function of light scattered from flexible-coil
macromolecular chains as a sum of exponential terms with
time constants corresponding to the lifetimes of the in-
ternal fluctuation normal modes. Fujime® and Fujime and
Maruyama* gave formulas for the intensity fluctuation
spectrum of light scattered from semiflexible filaments also
as a sum of exponentials.

In earlier days of dynamic light-scattering studies, one
used spectrum analyzers. More recently, however, one uses
digital correlators. Since the power spectrum and the time
correlation function are connected with each other by the
Fourier transform, both techniques should provide the
same information. However, the real situation is very
different for these two techniques. Consider a model
situation composed of four components:

tA part of this work was presented at the NATO ASI on scat-
tering techniques, Wellesley College, Mass., August 1980.

gV(r) = XP, exp(-1/71,) with 2P, =1
n n

The so-called average decay rate T' of g¥(r) is given by T
= znP,,/‘rn. EVenifPl>P2>P3>> P4and‘i'1> 1'2> T3
> 74, the ratio P,/ 7, is not necessarily small compared with
P,/7,. Roughly speaking, the short-time behavior of
correlation functions is sensitively affected by components
having short time constants. On the other hand, the power
spectrum corresponding to the above g®(7), in the het-
erodyne case for simplicity of discussion, has the form

S(w) = A/ L/ 7Py /[w? + (/7))

In the above situation of P, and 7, the fourth Lorentzian
in S(w) will hardly be detected because «#S(0) = 3, P,7,
and #S(wy)w,? = T, where w, » 1/7,. Of course, P;r; >
Pyry > Pyt >> P74 and only at frequencies w 2 wy, where
S(w) will be close to or below the noise level, will all com-
ponents contribute to the power spectrum in the same way
as to the correlation function. The power spectrum is
insensitive to components having short time constants.
From an experimental point of view, we have to take into
account many more components in the correlation tech-
nique than in the spectral technique.

0024-9297/81/2214-0809%01.25/0 © 1981 American Chemical Society
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A three-exponential analysis in the correlation technique
(or three-Lorentzian analysis in the spectral technique) is
probably the best procedure possible, and any multiex-
ponential (or multi-Lorentzian) analysis will not work well.
However, we have to take into account a tremendous
number of exponential terms in order to measure lifetimes
of internal normal modes of very large macromolecules.
In such a case, it seems to be more practical to directly
compare computed correlation functions (or power spectra)
based on a suitable model with experimental ones. de
Gennes®® was the first to give theoretical expressions of
the field correlation function, without exponential ex-
pansion, for flexible-coil chains. Progress along this line
in light scattering has been made in the cases of poly-
styrene in organic solvents’® and DNA in saline solution.*!°
This method is sometimes useful even in two-exponential
cases, !l

In this paper, we compute field correlation functions of
light scattered from semiflexible, long filaments in order
to see the effect of the filament flexibility on the dynamic
light-scattering spectrum. Applications of the present
result will be made to the analysis of experimental data
of long virus particles and of muscle thin filaments.

Model

We first briefly review our model on the field correlation
function, g¥(s), for a semiflexible wormlike filament.*

The conformation of a macromolecular chain is ex-
pressed by a continuous, differentiable space curve, 7 =
F(s,t), where s is the coordinate of a line element ds mea-
sured along the chain having length L (-L/2 <s < L/2).
The elastic potential energy of the chain is assumed to be
given by

V=7 fL/2{€(62?/632)2 + k(97 /9s)% ds 1)
2J Ly

where ¢ and « are elastic constants of bending and
stretching of the chain, respectively. Strictly speaking, this
assumption contains some inconsistencies in the stiff lim-
it.13 But it is adopted again to make the equation of
motion for the chain mathematically tractable. A differ-
ential equation of motion of the chain in solution can be
derived from eq 1 with Hamilton’s principle of least ac-
tion! as

p(3%F/9t?) + ((97/6t) + €(3*F/3s*) — k(6% /ds?) = Als,t)
(2)

where p is the linear mass density of the filament, {is the
friction constant per unit length of the filament, and A(s,t)
is the fluctuating Brownian force acting on the filament.
The elastic constants have been given in terms of v (inverse
of the statistical length) as*

e = 3kpT /4y and « = 3kgTL/(R%  (3)

where
(R?) = [e™ — 1 + 2yL]/2? @)
By mode expansion
F(s,t) = %t’z’(n,t)Q(n,S) (5a)
and
A(st) = %E(n,t)Q(n,s) (5b)

we have from eq 2
pG"(n,t) + {3 (n0) + \d(nt) = B(n,t) (6)

and
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QY (n,s) - kQn,s) - \,Q(n,s) = 0 (7

As shown below, A, = 0 for n = 0. In this case, eq 6 gives
a velocity autocorrelation function, which leads to the
translational diffusion constant. For nonzero A\, (n = 1),
the inertia term can be neglected and eq 6 gives, under the
usual approximations

(G(nt)d(n,t + 1)) = (§(n,t)?) exp(-7/7,)  (8)
and
T = /A, n=123..) (9)
The elastic energy of the chain in the present model is
given by

) (V) = BEAE(DY) (10)
Thus, from equipartition of energy, we have

<qn2> = (q(n:t)2> = 3kBT/>‘n (n = lv 2’ 3’ "') (11)
Equation 7 with free-end boundary conditions

QUn,s) = QU(ns) - «Q(n,s) =0  at s ==%L/2
(12)

determines the eigenvalues A\, and eigenfunctions Q(n,s).
Putting

{;}= [1/2 = {(k/2¢)* + Aple}' /2] (13)

and
a?— B =k/e (14)

where £a and *if are the roots of the characteristic
equation to eq 7, we have the following transcendental
equation:
1 - cos (BL) cosh (aL) +

Yoly = 1/y) sin (BL) sinh (aL) = 0 (15)

where y = (3/a)%. The nth root, 8,L, of eq 15 gives

n = €8, + k8,2 (16)
or
3D, /L% = >i‘YL/[(BnL)4 + (4vL)(L?/(R%))(8,L)%
(17
n=z1

where D is the translational diffusion constant of the chain
D= kBT/Em- with Etr = IL (18)

because { was defined as the friction constant per unit
length (see Appendix A). The first four 8,L and three 7,
are shown in Figure 1 as functions of yL.1* The eigen-
functions are given by

Q(0,8) = (1/L)'/2 (19a)
Qns) =
sin (8,s) 8, \? sinh (a,s)
e/ L/ (a_) sinh (a,L/2) | 1P
(odd n)
Qns) = ]
cos (8,s) 8, \?> cosh (a,s)
(cp/L)Y/? - wGL/D (a—n) wosh aL/D - (19¢)

(even n)

where ¢,’s are normalization constants. The eigenfunction
Q(0,s) belonging to the eigenvalue Ay = 0 represents the
translational motion of the center of resistance of the chain.
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Figure 1. Graphic representation of numerical results: (a) 8,L
vs. yL; (b) 3D7r,/L? vs. yL. Note that 8,L — (48yL)'/* and
3D7y/L*— 1/12 as vL — 0.

The eigenfunction Q(1,s) in the stiff limit (vL <« 1) has
the form

Q(1,8) = (12/L%)"/% (20)

which represents the rotational motion of a rod.
Now the field correlation function g)() is given by

g9(7) = exp(-D,K?*r)S(7) /S(0) (21a)

where
S(r) = (1/L2)f j:lI:ZJ(s,s’,‘r) dsds’ (21b)

J(s,s',7) = exp[-(K?/6)2'(g,?) X

[Q(n,s)? + Q(n,s)? - 2Q(n,5)Q(n,s) exp(-7/7,)}] (21c)
and K is the length of the scattering vector.

Brief Note on Algorithm

For a given value of vL, we solve eq 15 to obtain a,L
and 8,L and compute the normalization constant ¢,’s.
Next, we take appropriate values of L and { (see Appendix
A) to evaluate {g,2) and 7,. To compute S(r), we must
carry out numerical double integration of eq 21b. Since
J(s,5',7) has a sharp ridge along the line s = s’at 7 = 0 and
a sharp peak at s = s’ = 0 at 7 = = (due to the strong
contribution of the n = 1 mode), an adaptive quadrature
algorithm based on Simpson’s rule!® was applied. (For
testing of accuracy of numerical results, see Appendix B).
Since it was difficult to determine beforehand how many
modes should be added in eq 21¢, we took n up to 1, 2, 4,
8, 12, 16, and 20 to see whether or not the computed profile
of g'¥(r) changed appreciably as the number of added
modes was increased. For the yvL and K? values of present
interest (yL < 0.5, L ~ 1 um, and K2 < 12 X 101 ¢cm™2),
n up to 8 was found to be large enough for the precision
of numerical results for g®(r).

Stiff-Limit Behavior of Correlation Function

The asymptotic form of the smallest nonzero root of eq
15 in the stiff limit (vL <« 1) is given by

B.L = (48yL)1/*  or 7,7l = 36kgT/{L3 (22)

Now, let Z,, be the friction constant of a rod rotating
around its minor axis with angular velocity §. Then we
have in the long-rod limit

o L/2 .
Erotd = torque = 2J; (¢ ds)(sh) X s (23)

which leads to ., = {L3/12 (see Appendix A), or

7'1_1 = 30 with 6= kBT/Erot (24)17
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Figure 2. Correlation function profiles in the stiff limit. (a)
Comparison of correlation function profiles predicted by our model
at yL =1 X 107 (solid lines) and by Pecora’s formula (dots). L
= 0.8 um, KL = 4 and 24, D, = 2.35 X 10" cm?/s, 6 = 9D,/L?,
$=(4/3)kgT/D,L (see Appendix A), and T = 20 °C. (b) Apparent
diffusion constants, I'y/K?, as a function of KL. HH, our model;
P, from eq 28.

The field correlation function in the multiexponential form
is given by

gWr) = J! IZ P,(KL) exp[-(D,K? + 8l6)7] (25)
where J = Y P(KL) (=S(0) of (B2) in Appendix B), h =
KL/2+/6, and

! 2
P(KL) = %[ %J;hz’ exp(-z?) dz] (26)

Equation 25 should be compared with Pecora’s formula!®
gW(r) = J'! IZ B(KL) exp[-{D,K? + I(l + 1)6}7]
even
(27)

where J’ = ¥_B|(KL). Although both the KL dependence
of form factors and the [ dependence of relaxation times
are different in eq 25 and 27, numerical computation
showed that eq 25 gave correlation function profiles
practically indistinguishable from those computed with eq
27 for as large a KL value as 24 (Figure 2a).

The “theoretical” initial decay rate T of the correlation
function given by Pecora’s formula will be given by

- nZl(l + 1)B(KL)/K?
Ty/K:=D,+0 SB(KL)

The T'y/K? vs. KL relations for both the present model (see
Appendix C) and Pecora’s formula are shown in Figure 2b.
The difference between the T'y/K? values of both models
is larger at smaller KL values, but the profiles of their
correlation functions are similar because of the smaller
contribution of the rotational mode. (As mentioned in the
Model section, the model has some inconsistencies in the
stiff limit. As to this, see Appendix D.)

(28)

Behavior of Correlation Function in the
Semiflexible Region

To see the behavior of field correlation functions in the
semiflexible region (0 << yL < 1), correlation functions
were computed for particular values of model parameters.
We considered a long, thin filament, of which the D, value
and the contour length were assumed to be 1.24 X 1078
cm?/s at 5 °C and 1.06 um, respectively, The { value was
calculated from the above D, value with eq A1l for ®(p)
= 1.1 (see Appendix A). The only adjustable parameter
in the present model was the value of yL, which was
changed from 1 X 10~ to 0.5.
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Figure 3, Correlation function profiles in the semiflexible region.
L =1.06um, D, =124 X 108 cm?/s at 5 °C (both values equal
those for a muscle thin filament; cf. application section), and T
=5 °C. The { value was evaluated from the D, value with eq A1l
for #(p) = 1.1. n =8. (a) 6 = 25° (K% = 0.55 X 10'® cm™?) and
(b) § = 120° (K? = 8.8 X 10'° cm™?).
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Figure 4. Effect of the number of modes taken in eq 21c on the
correlation function profiles. Parameter values are the same as
those in Figure 3. 6 = 120°. (a) n,, = 1 at varied vL values.
(b) nger =1, 2, 4, and 8 at yL = 0.5.

First, we computed the field correlation functions at
different temperatures. So long as the yL value was held
constant independent of temperature, the computed cor-
relation functions scaled with the ratio of temperature to
solvent viscosity, T'/n, as they should. Therefore, we
present here only the results at 7 = 5 °C.

Figure 3 shows results of simulation at the scattering
angles 8 = 25° (in a) and 8 = 120° (in b) for different values
of yL, taking the mode number n in eq 21c up to 8. At
the scattering angle of 25°, computed correlation functions
for different vL values are similar in shape. At the scat-
tering angle of 120°, on the other hand, simulated corre-
lation functions for different yL values look different from
each other; the correlation functions for more flexible fi-
laments decay faster. This means that, if the vL value
changes with temperature, the correlation functions do
not scale with T/n.

To see whether or not this nonscaling property of cor-
relation functions at higher scattering angles came from
the most dominant contribution of the n = 1 (rotational)
mode, we computed the correlation functions at § = 120°,
taking only n = 1 in eq 21c. The results shown in Figure
4a clearly indicate that the nonscaling property did not
come from the rotational motion of the filaments. Figure
4b shows computed correlation functions at § = 120° and
vL = 0.5, taking n in eq 21lcup to 1, 2, 4, and 8.

Computed correlation functions were least-squares fitted
to

In jg®(r)| = 8 — Dr + Yo(uo /T2(I'r)? 29)
where T is the average decay rate and u,/I*? the normalized
dispersion.!® In practical analysis, computed points up to

Tmax Were used, where g1(r,,) ~ 0.3. Figure 5 shows the
T vs. K? relations of computed correlation functions. As
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Figure 5. T vs. K? relations of computed correlation functions.
Parameter values are the same as those in Figure 3. Dashed lines
are given by eq 30 for n = 1, 2, and 3.

Table I
Numerical Values of Lateral Fluctuations®
B ph, cm?
vL n=1 n=2 n=3
0.1 780 x 107'? 7.6 X 10712 1.1x 1012
0.5 580 x 107! 32x 1072 4,9x 10712

8 (1/K?)g=pp0 = 182 X 107'% and (1/K%)g=, 400 = 11 X
107'? (em?). L=1um,

K? increases, the I' vs. K? relation for a rigid rod ap-
proaches the line I' = 1.68D K2, whereas those for semi-
flexible filaments with ¥L 2 0.1 deflect upward from the
line T' = 1.68D,K2 Since the { value in the present case
was calculated with eq All for (p) = 1.1, the asymptotic
form of T at large KL is derived from eq C6 as

T kv =~ (1 + %@()'n)DK? ~ (1 + 0.68n)D K?
(30)

where n is the number of internal modes. It is concluded
that if the T value at finite K becomes larger than the
value given by eq 30 for a certain value of n, at least n +
1 internal modes of the filament are necessary for inter-
pretation of the experimental T vs. K2 relation.

The above results can qualitatively but physically be
interpreted as follows, The mean-square-amplitude (62)
of the lateral fluctuations of the shape of the filament will
be given by

(3 = A/0) f}) (Flsa)®) ds =
/DT (@b = (3,5 6D

where
(6,2) = L¥3Dr,/L?» (32)

Table I lists some of (8,2) values. It is known that the nth
normal mode will contribute to the correlation function
provided that

(6,2) 2 1/K? (33)

At 6 = 25°, we know from Table I that (5,2) > 1/K? and
(8,2) « 1/K? for n = 2; that is, only the n = 1 mode
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contributes appreciably to g(r). At 8 = 120°, on the other
hand, we know that (3,2) » 1/K?, (,%) 2 1/K? and (§3?)
< 1/K?% In addition to the n = 1 mode, the n = 2 mode
also contributes to the correlation functions. However, it
should be noted that the contribution of the n = 1 mode
almost saturates at this scattering angle as suspected from
Figure 2b (note that KL = 31 for this particular scattering
angle). If we remember that 3D7,/L? in Figure 1b changes
little in the present range of yL, we can easily understand
why the correlation functions in Figure 4a look alike.
Likewise, if we remember that 3D7,/L? (n 2 2) increases
with increasing L values, we can easily understand why
the correlation functions with larger vL values decay faster
than those with smaller vL values at 8 = 120° (Figure 3b).
Comparing (§;2)K? =~ 3 at 6 = 25° with (5,%),1-0sK? ~ 3
at § = 120°, we can expect that the n = 2 mode contributes
to the correlation function at ¢ = 120° by nearly the same
amount that the n = 1 mode contributes at § = 25°.

The above explanation using eq 33 is inadequate to
explain the result in Figure 4b. Equation 33 only says that
P, in the Introduction becomes appreciable at the K value
where K?(5,2) ~ 1. The ratio P,/7, is a true measure of
the degree of contribution of the nth normal mode as
already mentioned. Figure 4b clearly shows that the initial
slope of the correlation function becomes larger as n in-
creases but that the long-7 behavior is not much affected.
(It is likely that the contribution of the n = 3 modes to
the power spectrum is very small in this particular con-
dition.)

Flexible-Limit Behavior of Correlation Function

It has been shown that the present model tends to the
so-called Rouse-~Zimm model in the flexible limit (yL >
1).34 In this limit, we have

Q(n,s) = (2/L)"%sin (nws/L)
Q(n,s) = (2/L)Y2 cos (nws/L)
7, = (R?/3Dzn? and  (g,?) = (R*)L/x’n® (35)

where (R%) = L%/(yL) is the end-to-end distance of the
polymer. Since correlation functions at this limit are
well-known,”1° we do not present our results here. (The
present model will be applicable, for example, to the case
of very large DNA molecules.)

(odd n)

(even n) (34)

Application of the Present Model

Newman and Carlson very recently reported the dy-
namic light-scattering data of solutions of fd virus and of
intact thin filaments of scallop adductor muscle.?! Because
these particles seem to be good examples of semiflexible
filaments, we try to apply our model to their dynamic
light-scattering data.

1. fd Virus. The fd virus is one of the filamentous
viruses specific for the male strain of Escherichia coli.
Individual fd virus particles, observed under an electron
microscope, showed slightly curved but nonuniform im-
ages. The contour length of these images corresponded
to a virus length of 880 £ 15 nm.*? The translational
diffusion constant from dynamic light-scattering mea-
surements and the rotational one from transient birefrin-
gence measurements were, after extrapolation to infinite
dilution, Dysoc = 2.58 X 108 em?/s and Oypec = 20.9 571,
respectively, which corresponded to a virus length of 895
+ 20 nm and a diameter of 9 = 1 nm.!!

Newman and Carlson measured the intensity autocor-
relation functions of light scattered from a solution of this
fd virus at a wide range of scattering angles (or K values)
and at different temperatures. Because their data of fd
virus at different temperatures scaled with T/, they
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Figure 6. T' vs. K2 relations of computed correlation functions
for fd virus at 5 °C and of experimental ones after T'/7 scaling
to 5 °C. Experimental points (O) were from Figure 2B of ref 21.
Parameter values are L = 0.895 um, D, = 1.42 X 10~® ¢cm?/s, and
6 =13.1s'at5°C. The { value was evaluated from the D, value
with eq All for &(p) = 1.2.

concluded that fd virus is a rigid rod.22 However, we found
that, at K? larger than 1 X 10'° cm™2, the experimental T
values are very much larger than the values given by I' =
[1+ (3/4)®(p)']DK* with &(p) = 1.2. This suggests that
another mode(s) has to be taken into account in simulation
of correlation functions because the latter values are the
upper bound for a rigid rod in the ideal case but the former
values were at the finite concentration of 0.27 mg/mL and
because fd virus is known to be highly stable and mono-
disperse.?? Therefore, we computed the correlation func-
tions at different yL values, adopting the above-quoted
experimental values of L = 895 nm and D, and O after T'/
correction to 5 °C. The ¢ value was calculated from the
above D, value and eq All for ®(p) = 1.2. Profiles of
computed correlation functions for yL values smaller than
1 X 10°2 were practically the same as those computed with
Pecora’s formula for a rigid rod. The I vs. K? relations
are shown in Figure 6. Computed correlation functions
deviated slightly from single-exponential decay curves as
indicated by wy/I'? values ranging from 0.1 to 0.3. The
results in Figure 6 strongly suggest that the vL value of
fd virus is about 0.1.

Newman et al. stated that there was no evidence of the
flexibility of the fd particle in solution because the bire-
fringence decay data were described by a single-exponen-
tial function and because the 6 values were independent
of the applied field strength.!! Actually, the value of
3D, /L? varies little as long as the yL value is smaller than
0.2. The value of 3D7,/L? at vL = 0.1 gives 7,71 = 13 X
10% 71, which is 2 orders of magnitude larger than 60 =
125 571, It is rather difficult to detect the small contri-
bution of this fast-relaxing component in the transient
birefringence decay data. Here we again see a sensitive
contribution of components having shorter time constants
to light-scattering correlation functions at higher scattering
angles. Although a quantitative analysis of light-scattering
data at higher scattering angles is very difficult, our me-
thod of analysis seems to be powerful for seeing gross
properties of huge molecules.

2. Muscle Thin Filament. A muscle thin filament is
composed mainly of fibrous actin (F-actin) decorated with
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other muscle proteins such as tropomyosin and troponin
and is about 1 um in length. F-actin and its complexes
with other muscle proteins have been extensively studied
by means of dynamic light scattering,?2>27 electron
microscopy,® dark-field optical microscopy,? fluorescence
depolarization,®3! and electrooptics.?*3* The values of the
flexibility parameter (v) of F-actin and its complexes with
other muscle proteins under various solvent conditions are
on the order of 0.1 um™, and F-actin can be considered as
an example of semiflexible filaments.

Newman and Carlson very recently reported the dy-
namic light-scattering data of a solution of intact thin
filaments from scallop adductor muscle.?! This thin fila-
ment is composed of F-actin and only tropomyosin. Since
we are going to try to analyze their data on the basis of
our model, we at first summarize their results in some
detail in the following.

(a) The low-angle (¢ = 10-25°) intensity autocorrelation
functions of scattered light were independent of concen-
tration (0.08-1.3 mg/mL), scaled with the ratio of tem-
perature to solvent viscosity (T'/n), over a range of T =
4-45 °C, and yielded a value for the translational diffusion
constant (Dsc = 1.24 X 1078 cm?/s) which corresponded
to a filament length of 1.06 um. High-angle (6 = 60-150°)
data did not scale with the ratio T/, and the average
decay constant, T, scaled by T/n became larger as tem-
perature was increased from 5 to 44 °C. Quantitative
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
showed that at high temperature (7 > 35 °C), tropomyosin
completely dissociated from native thin filaments.

(b) The change in the concentration of salt in solution
from 0.05 to 0.6 M NaCl did not affect the T' values at 8
= 30°, but at higher angles the T values became larger and
were similar to those observed for samples heated to 40-45
°C. It was also shown that tropomyosin completely dis-
sociated from F-actin in 0.6 M NaCl solution.

(c) The absence of T/ scaling for native thin filaments
could not be explained by a number of possible explana-
tions, such as multiple scattering, change in length dis-
tribution of the filaments, interaction between filaments,
thermal convection, and the scattering of free tropomyosin.
Together with the experimental result in 0.6 M salt solu-
tion, they concluded that the removal of tropomyosin was
responsible for the increase of T' values, which they had
attributed to a change in the flexibility of thin filaments.

Their conclusion, i.e., the last several lines in ¢, may be
true, but a more quantitative analysis seems to be neces-
sary. They stated in their paper that there was as yet no
complete theory for analyzing their data in detail. Al-
though the present model is not complete, it is worthwhile
to apply the model to their data.

The statements given before can be applied, at least
qualitatively, to the data of the thin filaments as they are.
The behavior of simulated results shown in Figures 3 and
5 are compatible with the experimental results a and b
summarized above. The results in Figure 4 suggest that
the observed nonscaling property does not come from the
rotational motion of the filaments. This is different from
their expectation that no adequate fit of our model* to their
data comes from “the neglect of contributions to the
correlation function from rotational diffusion”.

But our simulation given before does not agree quan-
titatively with the experimental data for thin filaments.
Figure 7a shows experimental I' vs, K? relations taken from
ref 21. Experimental T" values for the thin filament without
tropomyosin (open symbols) are larger at larger K? values
than the theoretical ones for a stiff rod (curve 1, taken from
Figure 5). If we take into account a slight flexibility of the

Macromolecules
3
(a) ° | (b) g
TL 0.5
0.2
2 1 red (T,) S : et '
2 rod (1.517
»
1 -
W
£ 0 . . .
- v
e | © ( :

YLs 0.5
YiLe 0.5 0.2 /
2 0.2 .r/_ 0.1

0.1 - o a
0.05

K2 (x10%m2)

Figure 7. T' vs. K? relations for muscle thin filaments after T/7
scaling to 5 °C. (a) Experimental points were from Figures 2A
and 3 of ref 21: (®) measured at 5.5 °C and (O) at 44 °C, both
at 1.26 mg/mkL thin filaments in 0.05 M NaCl; (A) measured at
5°C and 2.3 mg/mL in 0.05 M NaCl; (@) measured at 5 °C and
1.15 mg/mL in 0.05 M NaCl; (O) measured at 5 °C and 1.15
mg/mL in 0.6 M NaCl (0, O) Thin filament without tropomyosin;
(@, |, A) thin filament with tropomyosin. Curve 1 is the T vs.
K? relation for a stiff rod taken from Figure 5, and curve 2 the
T vs. K? relation for a stiff rod assuming r; = 1.5 times the
theoretical 7; (see text). (b) I' vs. K? relations of computed
correlation functions at 5 °C. Parameter values are the same as
those in Figure 3 except that 7, = 1.5 times the theoretical 7, (see
text). (c) The same as in (b) except that 7, = 5 times the theo-
retical r;. (d) The same as in (b) except that 7, = =.

thin filament, a rough fit will be obtained between I' vs.
K2 relations of experimental and simulated results. On
the other hand, experimental I' values for the thin filament
with tropomyosin (closed symbols) are definitely smaller
than the theoretical ones (curve 1). This is in marked
contrast to the case of fd virus mentioned before. In this
case, we have to reduce the contribution to the ' value
from, at least, rotational diffusion. In fact, the low-angle
data in the insert of Figure 2A of ref 21 show that the T'
vs. K2 relation is straight up to K2 ~ 0.7 X 10}® ¢cm™2 (or
KL =~ 8.4) independent of the concentrations (0.08-1.3
mg/mL; see a in the above summary). Consulting Figure
2b, we guess from these low-angle data that the contri-
bution to the T' value from rotational diffusion is very
strongly suppressed in this particular example. In addition
to this, a 1:1 dilution of a 2.3 mg/mL solution of thin
filaments substantially increased the I' values at higher
scattering angles (A — M in Figure 7a). This suggests that
the contribution to the I values from the n = 2 mode, for
example, is somewhat suppressed. From Table I, we know
that (6,%)1/2 = 280 nm at yL = 0.1. This means that the
average amplitude of the n = 1 mode is only slightly
smaller than the average distance between the center of
mass of filaments at the concentration of 1 mg/mL thin
filaments. The rotational fluctuation of the thin filament
is supposed to be strongly suppressed under such a con-
dition, whereas small fluctuations of flexing motions may
not be. Taking these considerations into account, we at
first determined the increased 7, value so that the simu-
lated correlation functions in the stiff limit gave the ex-
perimental T' vs. K? relation of the thin filament with
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Figure 8. Profiles of computed correlation functions. The pa-
rameter values are the same as those in Figure 3. (—, ---) From
Figure 3; (@, X) based on eq D7 with eq A8 for the © value. (a)
(@) At vL = 0.0 (rod); (X) at vL = 0.5. (b) Dots from top to
bottom at each 7 value show computed points at vL = 0.0 (rod),
0.05, 0.1, 0.2, and 0.5, respectively.

tropomyosin. The 50% increase of 7, resulted in a rough
fit as shown in Figure 7a (curve 2).

Using the above modified value of 7, (i.e., 1.5 times the
theoretical ;) and keeping both (g,2) for n = 1 and 7, for
n 2 2 theoretical ones, we again computed the correlation
functions for different vL values. The results in Figure
7b suggest that the yL value of the thin filament without
tropomyosin is at least 0.1, on the assumption that the thin
filament with tropomyosin is very stiff. Much better re-
construction of T' vs. K? relations for the thin filaments
with and without tropomyosin is possible if we assume 7,
= 5 times the theoretical 7, in Figure 7¢ and 7; = « in
Figure 7d.

From the viewpoint of curve fitting, the result in Figure
7c or Figure 7d is better than the others. The yL values
are about 0.05 and 0.2 in Figure 7¢ and about 0.1 and 0.4
in Figure 7d for the thin filaments with and without tro-
pomyosin, respectively. The change in the filament flex-
ibility is expected to come from not only the removal of
tropomyosin from F-actin but also loosening of the F-actin
structure at high temperature or at high ionic strengths.
These values of vL are comparable with those of previous
studies by various different techniques. From the limited
data available in the literature,2! however, it is not easy
to completely rule out the possibility that the lack of
scaling came mainly from the change in 7, values under
different environmental conditions as shown in Figure 7a.
This possibility makes the analysis of data on thin fila-
ments somewhat ambiguous compared with that for the
case of fd virus mentioned before. It seems necessary to
make a more detailed study in order to determine unam-
biguously the flexibility parameter of the muscle thin fi-
lament from light-scattering spectra.

Conclusion

Our theory is essentially based on a free-draining
wormlike chain model of polymer dynamics, and, more-
over, the model in the stiff limit includes some inconsis-
tencies within itself. However, the dynamic light-scattering
spectrum in the stiff limit of our theory is practically in-
distinguishable from that predicted by the rigorous theory
for a rod. The present computations made it possible to
interpret both the larger T' values of the fd virus than those
of a rigid rod and the change of the dynamic light-scat-
tering spectrum of muscle thin filaments with and without
tropomyosin in terms of the filament flexibility. The
present results will serve as a guiding principle in the
analysis of dynamic light-scattering data of very long,
semiflexible filaments until a better theory based on a more
realistic model appears.
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Appendix A. Evaluation of the { Value

We consider the frictional properties (£, and E,,,) of a
semiflexible rod. For this purpose, we first examine the
friction constants of a rigid rod. For the axial ratio p >
1, we have

Egz = 3mpL/[In (2p) - 4] (A1)
Zrot = L3 /3([In (2p) - ¢] (A2)

where & = 0 and ¢ = 0.5 (Perrin’s formulas)® or § = -5.8/[In
(2p)1? + 4.15/1n (2p) — 0.017 and £ = 1.45 - 7.5[1/1n (2p)
- 0.27]2 (Broersma’s formulas)® and other notations have
their usual meanings. From eq Al and A2, we have

L L2 . In (2p) -6
ot = Bug @) with  @(p) = ©p) — £

For p values of present interest (p ~ 100), the ratio ®(p)
has values of 1.1 (Perrin) and 1.2 (Broersma).

In the stiff limit, the friction constant ¢ (and also the
translational diffusion constant D in eq 18) in our model
should be regarded as that of the “sideway” translation
of a filament. Let subscripts o and || mean “overall” and
“lengthway”, respectively. Then we have

D, = (2D + D})/3 = (4/3)D

(A3)

or
Eiro = oL = (3/4)SL (Ad)

where D) = 2D or { = {/2 was assumed® " and D is given
by eq 18. From eq A4 and 24, we have

Erot = E'r.x-,o(Lz/g) (A5)

which differs from eq A3 only by the factor ®(p).

Our model does not include any sophisticated problem
of hydrodynamic interaction, so that our ¢ should be re-
placed by appropriate expressions. For example, from eq
A4 and Al and from eq 24 and A2, we have

$u = 4mn/[In (2p) - 8] (A8)
$rot = 4 /[In (2p) - §] (A7)

For a semiflexible rod, whose yL value is not very much
smaller than unity, friction constants would differ from
those for a rigid rod. However, since we consider only the
cases of vL < 0.5, changes in friction constants with vL
values may be neglected.

When the experimental O value is available, evaluation
of the ¢ value can be made by use of

0 = 12kxT/¢L8 (A8)
or
6 = (12kgT/{L¥)®(p)?! (A9)

When only the experimental D, value is available, the
evaluation of the { value will be made by use of

D, = (4/3)kgT/¢L (A10)
or
D, = [(4/3)kgT/¢L]12(p) (A11)

When we assume © = 3kgT[In (2p) - £]/7nL% and D, =
kgT(ln (2p) — §1/8mL, both eq A8 and A1l give { =
in eq A7, and both eq A9 and A10 give { = {,; in eq A6.
If there is a reasonable indication that the experimental
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D, and/or O value is affected by nonideality of the solution,
eq A6 or A7 should be used for the evaluation of the ¢
value.

Appendix B. Test of the Computer Program

To test the computer program we wrote for double in-
tegration in eq 21b, numerical results at special points were
compared with the following results.

(i) At vL « 1 (Stiff Limit)
Since eq 21c is reduced to
J(s,8%,7) = exp[-(K?/6)(s? + 5’2 - 2ss’%¢"7/™)] (B1)
we have
S(0) = (=/2/2h) erf (2h) - [1 — exp(-4h?)]/(4h%) (B2)
and
S(») = xlerf (h)/(2h)]?

where h = KL/2+/6 and
erf (u) = 2/7/%) | exp(-2?) dz (B4)
0
(ii) At yL > 1 (Flexible Limit)

In this limit, we have the well-known relations
S00) = 2/XHe*-1+X) =P(X)inref2) (B5)

and

(=Py(KL) ineq 26)  (B3)

S(») = (r/X) exp(-X/6)[erf (XV/2/2)]?
(=Py(X) in ref 2)
where X = K?L?/6yL. The above special values of S(7)
can be evaluated without numerical integration.
(iii) At Arbitrary Values of yvL

The results of numerical double integration at 7 = «
were compared with those of the following single inte-
gration:

=[e/m

(B6)

/2
expl-(K?/6)Z"(q,1) Q(ns)% ds |
(B7)
Appendix C. Values of I'/K? at Large KL
Noting that (g,%)/7, = 3kgT/¢, we have from eq 21
_4 L -
o In g0(7)|,e =

DK? + kBTTWZ’ expl-t /r)fKL,n) (C1)

where
f(KL,n,t) =

@/L9 f £ Qns)Qns)d(s.') ds ds'/S(0) (€2)

L2 n,s)Q(n,s A s
The “theoretical” initial decay rate T'y of g'(7) is defined
by eq C1 with t =0
To/K? = D, + (kgT/$) T’ f(KL,n,0) (C3)
n

As already mentioned, J(s,s/,0) has a very sharp ridge along

s = s’ for very large KL values, and we have an approxi-
mation

J(s,5°,0) — LS(0)é(s — ) for

Then we have for arbitrary values of vL

KL >» 1 (C4)
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L/2
fKLn0) =~ /L) [ Qs ds=1/L (CH)

from which we have the limiting value
Ty/K:— D, + kgT/b
with
bE{L/Zn',’l =(L/n (Ce)

As has been pointed out,® the theoretical T, value de-
pends on the degree of freedom (or mode number n) at
the outset. In the stiff limit, the number of modes is, of
course, 2; i.e., n = 0 for translation and n = 1 for rotation.
Therefore we have n = 1 in eq C6 or

T'o/K2— D, + kgT/{L (atvyL k1) (CD
In the limiting cases of vL values, f(KL,n,0) can be
evaluated analytically.
(i) At yL « 1 (Stiff Limit)
From eq 20 and B1, we have

1-4h? - ¥
AKL,1,0) = [1 o ] (C8)

where S(0) is given by eq B2 and h = KL /2+/8 as before.
(ii) At vL > 1 (Flexible Limit)

From eq 34 and 35, we have

f(X,n,0) = (1/L)(e® + X - 1)'[(X - DI3(n) - L(n)]
(C9)

where X = K?L?/6vL as before and
Ii(n) = [1 + (ne /X1 - (-D)"eX] (C10)

Ln) =
1+ (nr /XN Y-(-D)"XeX + [1 - (no/ X)L ()}
(C11)

The “experimental” initial decay rate T, on the other
hand, will be given by eq C1 with ¢ = T (the channel width
of the correlator used)

T/K?=D,+ (kgT/Z’ exp(-T/7,)f(KL,n,T) (C3)

The factor exp(-T/7,) will decrease the contributions of
extra degree of freedom. If we assume T = 7,/a, we have
exp(-T/7,) = exp(-n?/a) for the flexible limit (vL > 1).
Then we have ¥, exp(-n?/a) = 2.3 for a = 10, 3.44 for «
= 20, and 5.1 for o = 40, which are much smaller than
PISE

Appendix D. A Note on the Stiff Limit of the
Model

The most general formulation of the potential energy
of a chain given by Soda!3 has the form
- 1} ] ds

L/2 62" 2 {
632 632
(D1)

where 7 is a unit vector pointing in the direction of the
tangent vector to the chain at given s and t. Equation D1
becomes eq 1 provided that
s (ar)
ds

% F
( Q ) > (t E ) and {
(D2)

or

or
ds
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The first inequality in eq D2 will be satisfied when the
curvature of the chain is caused mainly by bending. The
second condition will be realized when longitudinal de-
formations are large. These conditions are not compati-
ble.?® Therefore, we have to consider carefully the result
of the Harris—Hearst (HH) model in the stiff limit.

To see the property of the HH model in the stiff limit,
we at first consider a model situation where a rod is as-
sumed to be nonstretchable but bendable. In this case,
9%F/ds? is perpendicular to ¢ and |97/8s| - 1 = 0, and we
have

p(3%/8t%) + {(F/at) + (9'F/0s*) = A(s,t) (D3)

This equation is more realistic for a stiff rod than eq 2 is.
By simply putting « = 0 and hence o = 3, eigenvalues and
eigenfunctions of eq D3 can be obtained from relevant
expressions of the HH model in the Model section.®* The
only thing we have to notice here is

BiL=0 MN=0 (D4)

In the limit of yL — 0, we have only two modes in eq 5:
Fs,t) = Fg(t) + st(t) (D5a)

A(s,t) = F(t)/L + sT(t) x 12/L%)  (D5b)

where 7(t) is the position vector of the center of mass of
the rod, t(t) is the unit vector parallel to the major axis
of the rod F(t) = [A(s,t) ds is the random force acting
on Fg(t), and T(t) = fA(s t)s ds is the random torque acting
on the rod. Then eq D3 gives

mig"(t) + Eufa(t) = F(t) (D6a)
IEt) + B dt) = T@) (D6b)

where m = pL, E,, = {L (but see Appendix A), I = pL3/12
(the moment of inertia of the rod around its minor axis),
and E,, = {L%/12. Equation D6a represents the transla-
tional Brownian motion. Equation Déb represents the
rotational Brownian motion because the time derivative
of the unit vector £(t) can be regarded as the angular ve-
locity of the rod rotating around its minor axis. From these
considerations, we have a good approximation for a slightly
bendable but not stretchable rod as

J(s,8'7) = (eRUFOTH+I) | oxp[-(K2/6)T"(g,2) X
{Q(n,8)? + Q(n,s)? - 2Q(n,8)Q(n,sYe”"/™] (D7)

where 3, is the summation over n except n = 0 and 1.
The average, (++),, can be evaluated following Pecora’s
original method. When the rod is slightly bendable (yL
= 0), the bending motion modifies Pecora’s result.!®
The doubly degenerate eigenvalues (8,L = 8;L = 0) in
the above model split into different values (8,L = 0 and
8L # 0) in the HH model, and we have 8,L = (48+vL)!/4,
which actually goes to zero as yL — 0, but both r; and
{q,%) tend to finite values as YL — 0. This comes solely
from the presence of the « term in eq 2. The n = 1 mode
of the HH model in the stiff limit is not the rotational one
because this mode produces potential energy through the
stretch ! contraction term in eq 1 (note that 6Q(1,s)/ ds #
0 but 6?Q(1,s)/ds® = 0). The rod is always pointing in the
initial direction and is stretched and contracted in the
manner that Q(1,s) represents. This deformed confor-
mation relaxes with the time constant 7; = 1/36. Such
a nonphysical property originates from the fact that s in
the HH model is not a measure of distance on the contour
but essentially a numbering parameter as in a discrete
model.'®* The integral over s from -L/2 to L/2 means
the integral over all chain elements. However, if we regard
s as the true coordinate on the contour, we have a nice

and hence
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analogy with eq D6b. From eq 6 and \; = 36kp7'/L® at
yL — 0, we have

IEME) + E1t) + 8kgTE(R) = T(t) (D8)

Equation D8 has the “restoring force” |3kgT%(t)| = 3kgT.
This restoring force in the HH model plays a role of en-
tropy force in rotational diffusion. From eq D8 we have
(t(t)t(t + 1)) = (1/3) exp(-307). If 2(t) = K-[F(t)s - £(t +
7)s’] is assumed to be a Gaussian random variable, it holds
that

(e®) = ¢7#"/2 = exp[-(K?/6)(s? + 5’2 — 2s5'¢707)]

(D9)

This is certainly a mathematical trick. However, as far as
the large KL values are concerned, the above trick works
well as shown in Figure 2. For small KL values, eq D7
should be used.

In Figure 8, the profiles of computed correlation func-
tions based on eq D7 are compared with the previous ones
in Figure 3. Since the 1, values for eq D3 at finite vL
values are larger than the corresponding ones for eq 2, the
computed correlation function decays more slowly than
that on the HH model. From Figure 8, however, the
profiles of correlation functions based on both models are
indistinguishable from each other at least at yL < 0.2
From the results in Figures 2 and 8, it is suggested that
the HH model is not too bad for simulation of dynamic
light-scattering spectrum for very long, semiflexible fila-
ments.
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Investigation of Chain Folding in Polyethylene Melts by Diffuse

Neutron Scattering’

J. Schelten* and M. Stamm

Institut fiir Festkorperforschung der Kernforschungsanlage Jiilich,
D 5170 Jiilich, West Germany. Received June 16, 1980

ABSTRACT: Melts of polyethylene and n-hexatriacontane consisting of 50% deuterated and 50% protonated
molecules were investigated by neutron scattering in a @ range between 0.09 and 3.25 A%, A comparison of
the measured scattering patterns with calculated scattering functions based on Gaussian chains in the melt
yields no evidence for back-folding in polyethylene as proposed by Pechold. Deviations of the scattering function
from the Debye function are observed. They are explained by effective intramolecular monomer-monomer
interactions at the O temperature and are estimated from calculations based on molecular conformations obtained

by Monte Carlo methods.

Introduction

There are essentially two models for the conformation
of polymer molecules in the melt which are still under
discussion. According to the random coil model proposed
by Flory,! the molecular conformations in the melt and in
a O solvent are identical, and to a first approximation the
spatial distribution of two chain segments is Gaussian at
large distances. For this distribution Debye developed an
analytical expression for the scattering function.? The
scattering function of single chains can be obtained by
neutron scattering. With remarkable consistency it has
been shown for PMMA, PS, PE, PP, and n-alkanes that
the radii of gyration deduced from neutron small-angle
scattering experiments in the melt are of the same mag-
nitude as in O solvents.®’ In addition, the measured
scattering functions in the glassy state and the melt can
well be described by the Debye function within a certain
@ range. Deviations from the Debye function are expected
for polymers such as PE and PS for large € values, e.g.,
Q = 0.4 A7, due to influences of molecular geometry.®
Experimentally, a Debye behavior is observed for @ < 0.4
A1, For PMMA, on the other hand, strong deviations at
much smaller & values have been observed. By numerical
calculations of scattering functions of PMMA based on the
isomeric state theory it was shown that the deviations are
caused by the molecular geometry.® Thus the experimental
results from neutron scattering on polymers in the melt
and in the glassy state give strong evidence that the ran-
dom coil model is a good description of the polymer con-
formation in the melt and glassy state.

A very convincing argument for the random coil model
is presented by de Gennes.!® Intrachain and interchain
forces are acting on each polymer segment. Because of the
homogeneous density in amorphous polymers, the sum of
both forces is independent of the molecular conformations.
Therefore, the molecules coil unperturbedly and the dis-
tances between chain segments are Gaussian distributed,
apart from molecular geometry effects. Despite the in-
dependence of the total segment interactions on the mo-

*The scattering experiments were performed at the Institute Laue
Langevin (ILL), Grenoble, France.
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lecular conformation, there may exist a nonzero effective
intrachain interaction, as will be discussed in the last part
of the paper.

Besides this random coil model, which denies any order
in the amorphous or molten state of polymers, folding
models have also been proposed, e.g., the meander model
of Pechold.!®!! The essential feature of this folding model
is the formation of bundles of parallel chain segments. To
obtain orientational isotropy a superfolding was intro-
duced, leading to a meander shape of the bundles. With
the aid of this model it is easy to understand that polymers
can crystallize rapidly since long-range diffusive motions
are not necessary and that during crystallization the
density changes only slightly, e.g., 14% in the case of
polyethylene. Similar density differences are found for
nonpolymeric organic solids. According to the random coil
model, larger density differences are expected for polymers
if no tendency for parallel packing of polymer segments
is introduced.

In order to describe the neutron scattering experiments
with polymer melts®?® by the meander model, a certain
amount of back-folding had to be incorporated into the
model (see Figure 1). The probability for back-folding
is given by the Boltzmann factor exp(—E;/kgT). The
folding energy E; has recently been calculated on the basis
of empirical interatomic potentials and a back-folding
probability was obtained with which the neutron results
could be explained.’? This model is based theoretically on
a few hypotheses, of which one, the cluster entropy hy-
pothesis, cannot be proven to be either right or wrong. Up
to now experimental results do not exist which are in
contradiction with this model. The purpose of this paper
is to present new experimental results by which a decision
between the two models can be made. The basic idea of
the experiments is to measure the additional scattering due
to back-folding by diffuse neutron scattering from mixtures
of deuterated and protonated polyethylenes in the melt.
As will be shown later, this scattering should result in a
halo centered at a position corresponding to the distance
between neighboring chain segments.

In the theoretical section the various contributions to
the scattering cross section of a polymer mixture are
calculated, with emphasis on the contribution due to
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