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the degree of crystallinity should be highly cognizant of 
the possible effects of sample preparation in their systems. 

Acknowledgment. We thank the National Science 
Foundation for support of this work through Grant CPE- 
8008060. The critical comments and suggestions offered 
by Drs. Ian R. Harrison and Michael M. Coleman are also 
gratefully acknowledged. 

References and Notes 
(1) Olabisi, 0.; Robeson, L. M.; Shaw, M. T. "Polymer-Polymer 

Miscibility"; Academic Press: New York, 1979. 
(2) Nishi, T.; Wang, T. T. Macromolecules 1975,8, 909. 
(3) Runt, J. P. Macromolecules 1981, 14, 420. 
(4) Kwei, T. K.; Frisch, H. L. Macromolecules 1978, 11, 1268. 
(5) Walsh, D. J.; McKeown, J. G. Polymer 1980, 21, 1330. 
(6) Shultz, R.; Young, A. L. Macromolecules 1980, 13, 663. 

(7) Berghmans, H.; Overbergh, N. J. Polym. Sci., Polym. Phys. 

(8) Robeson, M. J.  Appl.  Polym. Sci. 1973, 17, 3607. 
(9) Seefried, C. G., Jr.; Koleske, J. V. J .  Test. Eval. 1976,4, 220. 

(10) Crescenzi, V.; Manzini, G.; Calzolari, G.; Borri, C. Eur. Polym. 
J. 1972, 8, 449. 

(11) Flick, J. R.; Petrie, S. E. B. In Stud. Phys. Theor. Chem. 1978, 
10, 145. 

(12) (a) Richardson, M. J.; Savill, N. G. Polymer 1977,18,413. (b) 
Ibid. 1975, 16, 753. 

(13) Harrison, I. R.; Runt, J. J. Polym. Sci., Polym. Phys. Ed. 1979, 
17, 321. 

(14) Runt, J.; Harrison, I. R. Methods Exp. Phys. 1980, 16B, 
Chapter 9 

(15) Rebenfeld, L.; Makarewicz, P. J.; Weighman, H.-D.; Wilkes, G. 
L. J.  Macromol. Sci., Rev. Macromol. Chem. 1976, C15, 279. 

(16) Rim, P. B.; Runt, J. P., to be submitted for publication. 
(17) Ong, C. J.; Price, F. P. J.  Polym. Sci., Polym. Symp. 1978, No. 

63, 45. 

Ed. 1977, 15, 1757. 

Restricted Flexing of Once-Broken Rods 
Karl Zero and R. Pecora* 
Department of  Chemistry, Stanford University, Stanford, California 94305. 
Received November 30, 1981 

ABSTRACT A theory for the dynamic light scattering intensity time correlation functions of dilute solutions 
of once-broken rods is developed. The rods are assumed to be small enough so that intramolecular interference 
can be neglected and the amount of bending at the joint is restricted to some maximum angle. Both polarized 
and depolarized correlation functions are calculated. The theory is then applied to the myosin rod, yielding 
a maximum angle of 128O (within the range 121-132O), a bending constant (D,) of 24 f 6 krad/s, and an overall 
rotational diffusion coefficient of 4.8 f 0.8 krad/s. The values obtained are in good agreement with the known 
structure and size of the rod. 

Introduction 
Numerous authors have dealt with the motions of a 

once-broken rod and the effect of these motions on the 
dynamic light scattering correlation functions, primarily 
on a theoretical However, those papers assumed 
that the break point was a universal joint, allowing all 
possible angles between the two segments. Furthermore, 
the dynamic light scattering theories deal only with the 
isotropic scattering and intramolecular scattered light in- 
terference effects. In this work, an approximate theory 
is presented for the scattered light intensity time corre- 
lation functions from a dilute solution of once-broken rods. 
Both the isotropic and anisotropic components are found, 
assuming negligible intramolecular interference, and the 
angle between segments is restricted to some maximum 
value. 

An example of a once-broken rod with a restricted in- 
tersegmental angle may be the myosin rod. The myosin 
molecule (Figure 1) is composed of three basic functional 
units."12 The light meromyosin fragment (LMM) is be- 
lieved to be rather stiff and rodlike. Subfragment 2 (S-2) 
is more flexible and connects the LMM with the head 
group. The head group consists of two subfragment 1 (S-1) 
moieties. The myosin rod is the myosin molecule with the 
head group removed. Both electric birefringenceg and 
electron rnicroscopy1'J2 experiments on the myosin rod and 
the myosin molecule indicate a considerable amount of 
flexibility at the joint between the LMM and S-2 frag- 
ments, with a possible maximum intersegmental angle of 
145' (ref 12, where an angle of 0' means a stiff rod with 
no bend). Here, the results from dynamic light scattering 
experiments13 are compared with our theory of the once- 
broken rod in an attempt to extract the translational and 
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rotational diffusion coefficients and the maximum inter- 
segmental angle. 

Theory of the Dynamic Light Scattering 
Correlation Functions for a Once-Broken Rod 

In the model used here, the motion between the two 
segments of a once-broken rod is restricted so that the 
largest angle the rod can bend at the joint is e0 (see Figure 
2). For small e0, a good approximation would be to assume 
that the bending motion is uncorrelated with the overall 
translation and rotation. In other words, the broken rod 
has about the same rotational and translational diffusion 
coefficients as the unbroken rod but with an additional 
time dependence of the total polarizability due to the 
bending motion. For large eo, one would expect coupling 
between all three motions; however, if the bending motion 
is fast relative to the overall motions (which would be 
expected for long, thin rods), the assumption of uncorre- 
lated motions should at  least yield results that are semi- 
quantitatively correct. Higher order corrections to these 
approximations would probably be small relative to the 
experimental errors in the dynamic light scattering results 
(see Appendix). 

The spectral density of the scattered light is determined 
by the autocorrelation function of the polarizability fluc- 
tuations. For dilute solutions of identical molecules, for 
which only self-correlations need to be considered, the 
polarizability time autocorrelation function is given by the 
equation14 

IiP(q,t) = ( N )  (aif*(O)a,(t) exp(iW(t)  - ?((I)))) (1) 

The brackets indicate ensemble averages. N is the number 
of molecules in the scattering volume, 4' is the scattering 
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From eq 15, the correlation functions for ay(2) in eq 11 
can be written in terms of the time correlation functions 
of spherical harmonics: 

( (ao’2’(B,o))*(ao(2,(B,t)) ) = 

( (~il(2)(~,o))*(~il(2)(~,t))) = 

( (aa2’2’(B,o))*(a*2‘2’(B,t))) = 

(8a/15)1/2(PI + P”)’( yzo*(Q’(o)) Yzo(Q’(t)) ) 

(8*/15)1/2(P’ - pl,)’( Yz+i*(Q’(O)) Yz+i(Q’(t)) ) 

(8a/15)’/2(P’ + @”I2( Yz*z*(Q’(O)) Yziz(Q’(t))) (16) 
Thus, the bending motion is described by the autocorre- 
lation functions of the 1 = 2 spherical harmonic functions 
of the bending angles. For the case where the break is a 
universal joint, other authors have shown that the corre- 
lation functions in eq 16 are about the same as those ob- 
tained when the break is complete (i.e., a solution of un- 
connected segments); only the time constants are signifi- 
cantly In other words, the segments move 
independently of one another, with respective rotational 
diffusion coefficients of 0,’ and D,“. Thus, the correlation 
function for the case of the universal joint would be a sum 
of two exponentials with time decay constants of 6D,‘ and 
6D,“, one for each segment. When the decay constants are 
the same order of magnitude (i.e., when the two segments 
are about the same size), these two exponentials can be 
approximated by a single exponential with a decay con- 
stant of 3(D,’ + D,”) = 6D,, i.e., the average of the two 
decay constants. 

When there is a maximum bending angle of e0, the 
problem can still be treated in terms of a single segment 
with a rotational diffusion coefficient of D, if it is assumed 
the segments still move independently of one another. 
However, now the segment diffuses within a conical vol- 
ume, with a maximum angle from the axis of the cone of 
@/2. Assuming free rotational diffusion within the cone, 
Wang and Pecora15 have calculated the time correlation 
functions of the spherical harmonics for this system. The 
correlation functions for 1 = 2 are 
( Yzo*(Q’(O))Y20(Q’(t))) = 

m 

(5/47r) C Cno exp(-vnO(vnO + l)D,t) 
n=l 

(Y2*1*(Q’(O))Y2*1(Q’(t))) = 
m 

(5/8a) C C,’ exp(-vnl(vnl + l)D,t) 
n=l 

( Y2*2*(Q’(O)) YZ*Z(Q’G))) = 
m 

(5/8a) Cn2 exp(-vn2(vn2 + l)D,t) (17) 

The Cnm and vnm depend on the angle Bo12 (see ref 15). For 
(6“/2) 5 80°, the following expressions are valid: 

Ci0 = (1/4)~Lo2(1 + PO)’ 

n = l  

prJ = cos (e0/2) 

-2 
Figure 3. Coordinate system used for describing the bending 
motion. Each segment makes an angle 0 with the z axis and the 
z and y axes are in the plane that bisects the angle between the 
segments. 

of spherical coordinates, the Cartesian components of 
are 

= nk.6’.nl + nk.&”.nl 

axx = (all’ + all”) sin2 e cos2 4 - 

ayy = (all’ + all”) sin2 8 sin2 4 - 

(a,’ + a,”) sin2 e cos2 4 + (aI’ + aL”) 

(a,’ + a,”) sin2 e sin2 4 + (aI’ + aL”) 
azz = (all’ + all”) cos2 8 + (aI’ + aI”) sin2 e 

- 
a x y  = a y x  - 

((al,’ - a,’) + (a,,” - a,”)) sin2 e sin 4 cos 4 

axz = a,, = ((all’ - a,’) - (aII” -  CY^")) sin e cos e cos 4 
ayz = a,,, = ((al1’ - a*’) - (aII” - a,”)) sin e cos 0 sin 4 

(13) 
The all’ and aL’ are, respectively, the polarizabilities 
parallel and perpendicular to one segment’s main axis and 
all” and a,” are the corresponding ones for the other 
segment. Thus, the spherical components of the total 
polarizability tensor can be found by substituting eq 13 
into eq 5. The results for the J = 0, 2 components are 

= (1/3)1/2((all’ + all’) + 2(aI’ + a,’)) = 31/2a 

ao(2) = 

ai1(2) = 

,*p = 

(l/6)1/2(((all’ + all”) - (aL’ + a,”))(3 cos2 8 - 1)) 

~ ( ( ( q ’  - a,’) - (all” - a,”)) sin 8 cos 8 (exp(hi4))) 

/2(((all’ + all”) - (aL’ + cyI”)) sin2 e (exp(fi24))) (14) 

A more convenient way of expressing eq 14 is in terms of 
the spherical Ylm(Q’(t)), where Q’(t) refers to the angles e 
and 4. After this substitution, we obtain 

ao(2) = (8~/15)’/~(@’ + @”)Yzo(Q’(t)) 

1 

a+1“) = ( 8 ~ / 1 5 ) ~ / ~ ( p l  - @”)Yz*l(n’(t)) 

a+$’) = (8~/15)’/~(@’ + @”)Yz+z(Q’(t)) (15) 
where p’ = all’ - cy,!, pl, = all’’ - a,”. 
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terms are important. Furthermore, ~ 1 0  = 0 for all values 
of @; thus, the (210 term is time independent. Substituting 
eq 17 into eq 16, one obtains the autocorrelation functions 
for the a,(2): 

((a0(2)(O))*(a~2)(t))) = 

( (~*l‘2’(o))*(~*l(2)(t)))  = 

( (a*2‘2’(O))*(a*,(2)(t)) ) = 

(2/3)(p’ + p”)2(C,a + C$ exp(-vzO(vzO + l)D,t)) 

(1/3)(p’ - p”)2(C11 exp(-vll(vll + l)D,t)) 

(1/3)(p’ + p”)2(C12 exp(-vI2(vl2 + l)D,t)) (19) 
When these correlation functions are inserted into eq 11, 
we obtain 

zVHa(q,t) = (W)/15)(@‘ + P”)2(c? + 
C$ exp(-~,~(v$ + l)D,t) exp(-69,t) + 

(p’ - p”)2C11 exp(-vll(vll + l)D,t)  exp(-(50. + e,,)t) + 
(p’ + p”)2C12 exp(-vI2(vl2 + 1)D,t) x 

From eq 18, as do - 0, C,O - 1 and all the other Cnm’s go 
to zero, once again giving the result for the unbroken rod 
(eq 12, p = p’ + p”). 

If the two segments have roughly the same anisotropy 
(p’ = p”), the m = f l  term will be small compared to the 
others and can be neglected. Furthermore, since v12 = v$ 
and e,, >> 9, for long rods,16J7 the m = f 2  term appears 
on a much faster time scale than the m = 0 term and thus 
should be readily time resolvable; i.e., a time scale suitable 
for measuring the m = 0 component should have little 
contribution left from the m = f 2  component. Dropping 
these m # 0 terms and substituting F,(q,t) = exp(-q2Dt), 
we obtain from eq 20 and 10 

Iwa(q,t) = (N)a2e-q2Dt + (4/3)zvH(q,t) (21) 

(p’ + p”)2(c1O + c,O exp(-v20(v20 + 1)D,t))e-q2Dt+e,t 
(22) 

The homodyne scattered light intensity time correlation 
functions would be proportional to the square of eq 21 and 
22;14 i.e. 

Zvv(q,t) = A U W “ ( ~ , ~ ) ) ~  + B (23) 

Zv~(q,t)  = A’Uv~”(q , t ) )~  + B‘ (24) 
where A, B, AI, and B’ are constants for a given q and 
incident light intensity. 

Results 
The details of the experiment are given elsewhere.13 The 

polarized and depolarized homodyne autocorrelation 
functions were fit by nonlinear least-squares analysis to 
the equations 

C ( t )  = A + B exp(-2t/r) (25) 

C( t )  = A + B,  exp(-2t/~J + Bz exp(-2t/r2) (26) 

C( t )  = A + (&’ exp(-t/T1’) + B2/ exp(-t/T2/)I2 (27) 

where A, B, B1, B1’, B2, and B i  are constants for a given 
q, incident light intensity, and concentration, rl, r2, 7, rl‘, 
and 721 are time constants, and t is the time. The results 
for myosin rod are tabulated in Tables I and 11, along with 
the values obtained for the free segments (i.e., LMM and 
s-2) .  

Assuming eq 12 is applicable, a single-exponential fit to 
the depolarized data (eq 25) yields values for 9. (Table 

exp(-(2eL + 4elI)t))F,(q,t) (20) 

IVH(q,t) = ( (N)/15)  

Table I 
Rotational Diffusion Coefficients for Myosin Rod and 

Its Fragments, Assuming One Decay Time 
contour length,= 0120,w, krad/s 

fragment nm theory exptcrd 
LMM 78.5 23.2 21.7 t 0.8,c 

5-2 65.0 38.2 47.5 f 1.6d 
rod 136.0 5.3 7.7 f 0.8,c 

21.8 t 0.3d 

6.9 i O . l d  

The contour length is based on electron micrograph 
data.’l ?~,, is based on Broersma’s relations for a 
dilute solution orrods, using the contour length and a 
diameter of 2 nm.18-20 From our light scattering 
 measurement^.'^ From electric birefringence data,’O 
correcting the results for viscosity and temperature 
(3-20 “C). 

Table I1 
Depolarized Decay Constants for 

Myosin Rod, Assuming Two Decay Times 

type 1/71, U T , ’ ,  1 /T2’ ,  
of fit ks-’ ks-’ ks-’ B, lB ,  B,’IB,’ 

eq 25a 3 4 i  5 
eq 26 1 7 8 5  36 329 t 72 27 i 5 3.2 f 1.0 1 . 6 i  0.5 

1.2 i 0.4 eq 27 319 i 84 28k 6 

The fits were done for time t > 8 MS.  

I). Clearly, the value for myosin rod is faster than one 
would predict for a stiff, unbroken rod. The myosin rod’s 
value for q2D was found from polarized light scattering 
measurements13 (assuming a single exponential) to be 4.8 
f 0.8 kd, somewhat lower than the infinite-dilution value 
predicted by Broersma’s relations for an unbroken rod1g20 
(the predicted value for the conditions of these experi- 
ments is 8.0 ks-’). The correlation functions for the de- 
polarized scattered light from the myosin rod were better 
described by two time constants. Naturally, the root- 
mean-square error was less for the two-exponential fits; 
one almost always improves the fit by using more variables, 
especially for noisy data. In this case, however, the sin- 
gle-exponential fit gave different time constants for dif- 
ferent time scales of the measurement, while the two-ex- 
ponential fits were independent of the time scale of the 
measurement. Table I1 gives the values obtained for the 
decay times when the depolarized correlation functions are 
fit to eq 26 and 27. If we assume the first exponential in 
eq 26 is the cross term of the two exponentials squared in 
eq 27 (Le., 2/r1 = 117,’ + 1/r2/, r2 = 721, B2 = ( B i ) 2  and 
B1 = 2B,’B,’), both fits yield the same values for the decay 
time and the preexponential factors, within experimental 
error (see Table 11). The first exponential found from eq 
26 does have somewhat more amplitude and a slightly 
faster time constant than the cross term from eq 27 would 
have, due to a slight contribution from the fastest term 
in eq 27 [exp(-(2t/r,’))]. Since eq 27 is the theoretical form 
expected for the homodyne correlation functions, its pa- 
rameters were used for all subsequent analysis. Finally, 
a single-exponential fit was done on the data in which only 
points with t > 8 ps were used, thus eliminating most of 
the contribution from the first exponential and yielding 
a more reliable value for the slower time. 

The ratio B,’/Bi (where 7,’ is the faster time) in eq 27 
should correspond to the ratio Cz0/Clo in eq 22. From 
experiment, B,‘/Bi = 1.2 f 0.4. This corresponds to an 
average angle do of 128O (ranging from 121-132’). From 
Pal’s  equation^,^^^^^ the value of v$ at 128O was found to 
be 2.97 = 3. Using this value for v20 and the values found 
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for the decay constants, we obtain a value for D, of 24 f 
6 krad/s. The rotational diffusion constants for LMM and 
5-2 free in solution have been measured (Table I);1°113 the 
average of their values is about 35 krad/s. Thus, the value 
obtained for D, is about 69% of this average value. For 
the case where the break is a universal joint between two 
identical segments, the theoretical effect of the joint on 
the rotational diffusion coefficients of the segments has 
been ~alculated.l*’~~ There are two major distinctions be- 
tween a dilute solution of once-broken rods and one of 
unconnected segments. First of all, the relationships be- 
tween center-of-mass (translational) motions and the 
orientational motions of the segments are different. 
Second, there exists some hydrodynamic interaction be- 
tween connected segments that is not present for the free 
segments. As a result, the rotational diffusion coefficient 
for a connected segment is expected to be smaller than the 
value for an unconnected segment. Wegener et al.8 predict 
that D, for a connected segment would be 78% of the value 
for an unconnected segment, while Fujiwara et al.,’ from 
a more detailed accounting of the hydrodynamic interac- 
tions, predict that D, is 53% of that for an unconnected 
segment. Thus, the value obtained for D, is consistent with 
the current theories. 

The slow time in the two-exponential fit roughly cor- 
responds to the overall rotational diffusion of the myosin 
rod. As a result of the difficulties involved in fitting two 
exponentials to noisy data, the value for 8 ,  obtained from 
the second exponential (3.7 f 0.8 krad/s) may be some- 
what low. The value obtained by fitting a single expo- 
nential to the long-time tail of the correlation function (t 
> 8 ps) is 4.8 f 0.8 krad/s. Considering the theoretical 
approximations, both values agree well with the value 
predicted if myosin were a stiff, unbroken rod (5.3 krad/s). 

Conclusions 
A simple, approximate theory has been formulated for 

the dynamic light scattering correlation functions of a 
once-broken rod whose angle of bend is restricted. We 
obtain good agreement between this theory and the dy- 
namic light scattering results for myosin rod. The limit 
of large e0 also appears to be consistent with the results 
for once-broken rods with no restriction on the interseg- 
mental angle.’ Further experiments on other once-broken 
rod systems sould be performed to check the validity of 
this theory. Theoretically, the effect of adding a harmonic 
restoring force to the joint can be determined. In addition, 
more explicit consideration of the hydrodynamic interac- 
tions and the effect of coupling between the various 
motions can be incorporated into the theory. 
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Appendix. Effects of Coupling between 
Translation, Rotation, and Bending 

Coupling between rotation and translation might arise 
because of the anisotropy of translational diffusion. For 
instance, a rod-shaped molecule might have a different 
translational diffusion coefficient for motion parallel to its 
long axis (Dl , )  from that for motion perpendicular to it 
( D J .  Several studies of rotation-translation coupling due 
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to this translational anisotropy have been performed for 
rigid r ~ d ~ . ~ ~ , ~ ~ ~ ’  The rigid-rod case may serve to give a 
rough estimate of the coupling for the flexing rod. 

Let y = q2(AD/0),  where 0 is the rod rotational diffusion 
coefficient, q is the scattering vector length, and AD E Dll 
- D,. In the absence of intramolecular interference, the 
contribution of terms dependent on this coupling to the 
polarized and depolarized correlation functions would go 
roughly as y2/100 and y2/1000, respectively.=pn Thus, for 
y < 1, the contribution of these higher order terms is less 
than 1% of the total scattering. If the myosin rod were 
stiff and unbroken, assuming that D ,  - l/& we find that 
for the condition of our experiment 

y = y4q20/e  = 1.2 

For a once broken-rod, the translational diffusion is similar 
to that for an unbroken rod of equivalent chain length?4 
However, in addition, the translational anisotropy AD 
should actually decrease as the average shape of the par- 
ticle becomes more spherical. We thus expect that ignoring 
the translational-rotational coupling will lead to errors of 
only about 1 % in the polarized correlation functions and 
of about 0.1% in the depolarized results. 

Since as noted above, the translational diffusion coef- 
ficient of a once-broken rod is not very different (at most 
10% larger) from that of a stiff we do not think it 
likely that coupling between bending and translation will 
have a major effect on the light scattering time correlation 
functions. 

By analogy, we expect the terms coupling bending to 
rotation to contribute to the correlation functions roughly 
as ( 0 / D d 2 ,  where DR is the bending diffusion coefficient. 
For myosin rod this is of the order of 4%. 
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