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As noted earlier, for the KP chain with «o = p = 0, the pa-
rameter A1 is equal to the Kuhn length Ak. (This condition
is satisfied approximately by PM and POM chains.) In this
case, A~1is just twice the persistence length of the KP type.?
For the helical wormlike chain, the component of the persis-
tence vector in the direction of the initial unit tangent vector
ugin the limit t — « is equal to one-half of Ak (not of A=1) and
has the meaning of the persistence length, but it also has the
nonvanishing components in the directions perpendicular to
ug.14 Thus, we recommend to use the Kuhn length rather than
the persistence length. For the same kind of chains, e.g.,
PMMA chains, differing in tacticity, Ak is theoretically pro-
portional to C., but is not necessarily proportional to A=, The
fact that the former proportionality does not strictly hold in
Table I arises from the slight differences in the determined
M1. The breakdown of the latter proportionality indicates
that although the Kuhn length or the persistence lengthis a
measure of chain stiffness for the KP chain, this criterion is
in general not appropriate. Thus, we propose that the pa-
rameter A~} should be adopted as an absolute measure of
chain stiffness for all types of real chains, considering its
physical meaning. Then, for example, s-PMMA chains may
be regarded as more stiff than i-PMMA and also PS chains,
though Ak (or C..) of the former is smaller than those of the
latter. This is also a consequence of the hypothesis.

Concluding Remarks

From the practical point of view in part, we initiated the
study of the helical wormlike chain that can mimic the con-
formational behavior of real chains or rotational isomeric state
models. From the analysis made so far, it is however clear that
our model can provide interesting information about chain
configurations on the bond length or somewhat longer scales,
which is therefore different in quality from that obtained from
the rotational isomeric state model alone. We believe that the
former has significance more than a convenient replacement
of the latter. Although the model parameters have been de-
termined so far from a comparison with rotational isomeric
state models with respect to the computed moments, this must
also be done from an analysis of experimental data on, for
instance, steady-state transport coefficients. Evaluation of
them will be carried out in another series of papers. The sta-
tistical-mechanical problems, which remain, will be studied
in the SMHWC series. The dynamical problems are also in-
teresting in relation to the kinetic rigidity of the chain, but it
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can be shown that adoption of the helical wormlike chain, as
it is, leads to a nonlinear equation of motion, as in the case of
the KP chain of fixed length.34:35 For the study of such prob-
lems, some device will therefore be necessary.

References and Notes

(1) W. Kuhn, Kolloid-Z., 68, 2 (1934); 76, 258 (1936); 87, 3 (1939).
(2) P.J. Flory, “Principles of Polymer Chemistry”, Cornell University Press,
Ithaca, N.Y., 1953.
(3) H. Yamakawa, “Modern Theory of Polymer Solutions”, Harper and Row,
New York, N.Y., 1971,
(4) M. V. Volkenstein, “Configurational Statistics of Polymeric Chains”,
Interscience, New York, N.Y., 1963.
(5) P.J. Flory “Statistical Mechanics of Chain Molecules”, Interscience, New
York, N.Y., 1969.
(6) P.J.Flory, Macromolecules, 7, 381 (1974).
(7) K. Nagai, “Conformational Statistics of Polymeric Chains: Selected Papers
of Kazuo Nagai”, 1974.
) O. Kratky and G. Porod, Recl. Trav. Chim. Pays-Bas, 68,1106 (1949).
) H. Yamakawa, Annu. Rev. Phys. Chem., 25,179 (1974).
(10) H. Yamakawa, Pure Appl. Chem., 46, 135 (1976).
) H. Yamakawa and M. Fujii, J. Chem. Phys., 64, 5222 (1976).
(12) H. Yamakawa, M. Fujii, and J. Shimada, J. Chem. Phys., 65, 2371
(1976).
(13) M. Fujii and H. Yamakawa, J. Chem. Phys., 66, 2578 (1977).
(14) H. Yamakawa and M. Fujii, J. Chem. Phys, 66, 2584 (1977).
(15) D.J. Struik, “Differential Geometry”, Addison-Wesley, Reading, Mass.,
1950, Chapter 1.
(16) P.Bugl and S. Fujita, J. Chem. Phys., 50, 3137 (1969).
(17) L. D.Landau and E. M. Lifshitz, “Theory of Elasticity”, Addison-Wesley,
Reading, Mass., 1959, p 14.
(18) H. Yamakawa and M. Fujii, J. Chem. Phys., 59, 6641 (1973).
(19) P.J. Flory, Proc. Natl. Acad. Sci. U.S.A., 70,1819 (1973).
(20) P.J.Floryand D. Y. Yoon, J. Chem. Phys., 61, 5358 (1974).
(21) H. Maeda, N. Saito, and W. H. Stockmayer, Polym. J., 2,94 (1971).
(22) H. Yamakawa and M. Fujii, Macromolecules, 7, 128 (1974).
(23) D.Y. Yoon and P. J. Flory, Polymer, 16, 645 (1975).
(24) D.Y. Yoon and P. J. Flory, J. Chem. Phys., 61, 5366 (1974).
(25) P.J. Flory and V. W. C. Chang, Macromolecules, 9, 33 (1976).
(26) D. Y. Yoon and P. J. Flory, J. Polym. Sci., Polym. Phys. Ed., 14, 1425
(1976).
(27) A. Abe,J. W. Kennedy, and P. J. Flory, J. Polym. Sci., Polym. Phys. Ed.,
14, 1337 (1976).
(28) R. L. Jernigan and P. J. Flory, J. Chem. Phys., 50, 4165 (1969); 50, 4178
(1969); see also ref 5, p 144.
(29) P.J.Floryand J. A. Semlyen, J. Am. Chem. Soc., 88, 3209 (1966); see also
ref 5,p 174.
(30) P.J.Flory and J. E. Mark, Makromol. Chem., 75, 11 (1964); see also ref
5,p 159.
(31) U. W. Suter and P. J. Flory, Macromolecules, 8, 765 (1975).
(32) D.Y. Yoon and P. J. Flory, Macromolecules, 9, 294 (1976).
(33) D.Y. Yoon, P. R. Sundararajan, and P. J. Flory, Macromolecules, 8,776
1975).
(34) R. A. Harris and J. E. Hearst, J. Chem. Phys., 44, 2595 (1966).
(35) K. Soda,J Phys. Soc. Jpn., 35,866 (1973).

o

Scattered Intensity from a Chain in a Rubber Network
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ABSTRACT: A scattering law, S(q), is derived for a chain in a rubber network in which the chains interact only at the
cross-links, i.e., a “phantom” rubber network. The result is compared to a scattering law previously derived by Jan-
nink and co-workers for a network chain whose units move affinely with the applied strain. The scattered intensity
for the two cases has a significantly different dependence on |q| where q is the scattering vector defined as the differ-
ence between the incident and scattered wave vectors. For example, the new expression for S(q) indicates that the
radius of gyration of a chain in a phantom rubber network changes less rapidly with the applied strain than an affine-
ly deformed chain. This prediction is consistent with recent neutron scattering results on rubber networks.

Neutron scattering has proven to be a useful method for
investigating the static and dynamic properties of polymers.
One of the important applications has been the determination
of the shape of polymer molecules in concentrated systems by

measuring the scattering from labeled chains. This method,
of course, could be used to study rubber networks. Recently,
Jannink et al.! derived the scattering law S(q) for a polymer
chain in a stretched network. In their analysis it was assumed
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that each unit of the chain transformed affinely as the material
was strained. Although the validity of this assumption for real
rubber networks is not known,2 James® and Deam and Ed-
wards* have shown that the deformation of “phantom chain”
networks, i.e., networks composed of volumeless chains that
interact only at the cross-links, has a nonaffine component.
In what follows we derive the scattering law for a chain in a
phantom rubber network. Because of the nonaffine nature of
the deformation our results are significantly different than
those of Jannink.

The Phantom Rubber Network

The model for a phantom rubber network is not an entirely
realistic one. The potentials which appear in the configuration
integral are strictly attractive and hence in the absence of any
external forces the average position of each element would lie
at the same point in space. To make the model more realistic
additional constraints must be imposed. In the method of
James it is assumed that the network is connected to a set of
fixed points which lie on the bounding surface of the material.
These points preserve the volume of the network and on de-
formation move affinely with the dimensions of the sample.
In the method of Deam and Edwards the additional constraint
is imposed by assuming that the density is constant
throughout the network. In both cases the conclusions are the
same: (1) the elements of the network have well-defined av-
erage positions (R;), (2) these average positions are trans-
formed affinely when the network is strained, (3) the fluctu-
ations of an element about its average position (AR; = R; —
R;) are independent of the applied strain. These statements
can be put in a more mathematical form.2 Let ¥;;® = R;0— R;0
be the average distance between two elements of the network
in the undeformed state. Upon deformation the new average
separation is

F; = AF;° ¢

where A, the deformation gradient tensor, maps a homoge-
neous affine transformation.5 The instantaneous separation
in the strained state will now be the sum of the average sepa-
ration plus the fluctuation

r;=Tr;+ Ary; (2)

where Ar;; = AR; — AR;. Clearly if Ar;; is independent of the
applied strain, the vector r;; does not transform affinely.

Recently, Flory? has given a method for deriving the dis-
tribution function for the vectors connecting the ends of a
chain in a phantom rubber network. We now develop his
method in more detail by generalizing it to include the vectors
which connect any pair of units in a chain.

The free chains which are used to form a rubber network
are normally of sufficient length so that the distribution
function of end-to-end vectors is Gaussian.

W(r) = (v/7)32 exp(—yr?) (3)
Y= (37/2)/(7'2>0 (3a)

where (r?)g is the mean-square length of the vector connecting
the ends of the chain. When these chains are united together
to form a rubber network, it is expected that this distribution
function will not be altered.2.¢ Therefore

Qr) = W(r) (4)

where QO(r) is the fraction of chains in the undeformed net-
work which have an end-to-end vector equal to r. James has
shown that if W(r) is a Gaussian function, then the fluctua-
tions in the average distance between chain ends is also
Gaussian

Y(Ar) = (y/7)3/2 exp(—y(Ar)?) (5)
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¥ = (R)/((Ar)2) (5a)

where Ar = r — F. Let X(¥) be the distribution function for
the mean vectors connecting the chain ends in the network.
Then Q° will be given by the convolution of X% and ¥9.2

Q0r) = {XO(F)¥O(Ar) dF (6)

By application of the convolution theorem for Fourier trans-
forms,” it can be shown that X9(F) is also a Gaussian func-
tion

XO(F) = (x/7)2 exp(—xT?) (7
x = (R)/(F2) (7a)
=yv/( =)

or equivalently
(r?) = (F2) + ((Ar)?)

The distribution function for the chain vectors in the
strained state is obtained similarly

Qr) = fX(F)¥(Ar) dF (8)

As pointed out above, the magnitude of the fluctuations,
{(Ar)?), is independent of the applied strain, hence the
function ¥(Ar) is the same as ¥°(Ar). However, the mean
chain vectors are altered affinely and hence the function X (r)
is different from X%(¥). We have from eq 1 that

T = AF° (1)
hence
X(® = XA~/ A )]

Dividing by the determinant of A, [A|, which is equal to the
ratio of the volume in the strained state to the volume in the
undeformed state, i.e., V/V?, normalizes X (F). By substituting
eq 9 into eq 8 and carrying out the indicated integration we
obtain

Q(r) = (x/7)32 exp(—xrTB~1r)/|B|1/2 (10)
B = (x/4)E + AT (10a)

where E is the 3 X 3 identity tensor.

To use eq 10 we must determine the magnitude of the
fluctuations, ((Ar)2) = (%)/y. This is done in Appendix A. For
networks that are composed of chains all of the same length
and connected together at tetrafunctional junctions we find

¥ =2y (11)
or

((Ar)2) = (r2)y/2 (11a)

aresult given earlier by Flory.Z Obviously the fluctuations are
quite large being equal to % the mean-square end-to-end
distance of an undeformed chain.

Equation 11 is an expression for the magnitude of the
fluctuations for the vector connecting the ends of a chain. If
this result is generalized so that it applies to the vector con-
necting the ith and jth units of the chain, we find (see Ap-
pendix A)

/i = (3B)((Ar;2))
=(n —7%/2)/y (12)

where n = (|i — j|/n) and n is the number of units in the chain.
Equation 7a can now be used to calculate the mean-square
value of T;;

xi; = (%) (T;%)
= n?/2y (13)



698 Pearson

The essential feature of eq 12 and 13 is that ((Ar;;2)) and
{F;;2) are quadratic functions of |{ — j| whereas (r;;2)¢ is linear
in |i = j|. This quadratic dependence leads to an expression
for the scattering from a stretched chain which is different
from that found for an unperturbed chain. It should also be
noted that it was assumed in the derivation of these equations
that Q(r;;) is a Gaussian function. This of course will not be
the case for small |{ — j|. However, we are interested in de-
riving a scattering law which is valid for small and interme-
diate scattering angles. In this region the departure of Q(r;;)
from the Gaussian form will not be important.?

The Scattering Law

The scattering law for an individual polymer chain is just
the Fourier transform of the intra-chain pair correlation
function.? Hence

S@=n"2 3% (eiwrq(; dr; (14)
ij=1
where the scattering vector q is the difference between the
incident and scattered wave vectors, kg and k. It has a mag-
nitude ¢ = (2x/X’) sin §/2 where )\ is the neutron wavelength
and 6 is the angle between kg and k. If we substitute eq 10 into
eq 14 and complete the transformation we have

S@=n"? 3 exp(~q"Ba/4x) (15)

Lj=

It is convenient now to specialize to the case of a tensile de-
formation with the scattering vector either parallel or per-
pendicular to the principal strain axis. For the first case

n
S(qy) =n=2 ~Z1 exp[—q2(\¥/xi; + 1/¢;;)/4]  (16)
L=
where \| is the stretch ratio and q| is the scattering vector

parallel to the principal strain axis. The double sum is of the
form

A=
i
and hence can be transformed to
n—1
2 Z_o (n — m)fim)

where m = |i — j|. Using this relationship and then converting
to an integral we have

S(qy) =2n—2 j;n (n—m)
X exp(—(#/2){(m2/n) (N2 = 1) + 2(m/n)) dm (17)
where v = ¢2(r2)o/6. After integration, the scattering law is
2\12/a0+1 v \1/2
sai=2 ()" ()R ()

— exp[~#(a + 2)/2)F ((i)lﬂ(a + 1))]

+ 2 {exp[—v(a + 2)/2] - 1} (18)
ra
where a = A2 — 1 and

1/2
1r2 e**erfcx (19)

R = est " emridr -
x

For the second case, the stretch ratio perpendicular to the
principal strain axis will be less than one. The scattering law
is then
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S(a) =2 (;25)1/2(6‘%1>
X {exp[—»(2 — B)/2]F; <<$>1/2(1 _ ﬂ)) _ F2<$) 1/2]

- L texpl-v2 - 82 - 1} (20)
3

where §=1— )\, 2and
Falx) = e=3? j;xetzdt @1)

By making use of the series and asymptotic expansions of F;
and F, it can be shown that S{q) has the following limiting
forms. As the strain goes to zero

lim S(q) = (2/v%)(e=* ~ 1 + ») (22)
A—1
which is the well-known formula for scattering from an un-
perturbed Gaussian coil.10 In the intermediate wavelength (or
submolecular) region where v > 1 (@ = qjorq_)

sw=2(1-%) (23)

and in the long wavelength (or small angle) region where » <«
1

S@=1-2 (X2 (24)

3 4

The scattering law in this region can be written in general
asl!

S(a) =1~ g%(s?)x + 0(gY) (25)

where (s2),, is the component of the radius of gyration parallel
to the scattering vector. Using eq 25 we can rederive eq 24 by
using the results obtained in the last section. The mean-square
vector connecting the ith and jth unit is

(rij2) = [r;2Q(r;) dry;

= tr <—L B>

Xij
=17(2[_1_ 23: )\h2+_3_] (26)
Xij k=1 Vij
and
(s2) =n-2 % (ri;?)
i>j
(r2) k% A2 +3)
= 0 =1
T i + 0(1/n) @7
Hence
(r2)0 >\k2 +3
2y, = 2 70 /AR T O
(2 = (P ) 28)

which when substituted into eq 25 gives eq 24.

Discussion

To determine chain dimensions by neutron scattering would
require the preparation of rubber networks with a small
fraction of deuterated chains in an otherwise protonated
matrix (or vice versa). If these networks were prepared without
diluents present it is possible that interchain entanglements
would restrict the range of fluctuations below that calculated
for a phantom rubber network. In fact, if the entanglements
were so effective as to reduce the fluctuations to zero, the
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Figure 1. Inverse scattering law, S~1(q), in region where » < 1. Un-

perturbed chain (—), phantom rubber network at 50 and 100% strain
(- -), affinely deformed network at same degrees of strain (- - -).

function ¥(Ar;;) would become a delta function, é(r;; — Ty),
and the chain vector distribution would be

Qri;) = (v;;/m)32 expl—=v;;x,; TOND) "1r;]/IN| - (29)
vij = () (ri;?) (29a)

Substitution of this expression into eq 13 gives the scattering
law previously reported by Jannink et al.! for an affine
transformation

=2 o
S(q) = W (e="» =1 4 vA2) (30)
where v = g2(r2)(/6 and g and X are both parallel or perpen-
dicular to the principal strain axis.

Neutron scattering data from a real rubber network would
presumably lie intermediate to the two extremes given by eq
18 and 30. Such data should be very useful in determining how
the shape of a molecule is influenced by the constraints of
neighboring molecules and how these constraints change with
the applied strain.

In Figure 1 we have plotted the inverse scattering law,
S—1(q), vs. » in the small angle region using eq 18 and 30. It can
be seen that the change in S—1(q) with q is significantly dif-
ferent for the two cases and that if the transformation is
nonaffine the radius of gyration of a network chain changes
more slowly with the applied strain. Data consistent with this
behavior have recently been published by Benoit et al.12

The behavior in the submolecular region is even more
striking. From eq 23 and 30, we have

A2
S-lq) =2+ 31
(q 575 (31)
for the phantom network model, and
Az 1
S-—l - V_ + = 32
(@) 5t (32)

for the affine model. In the first case the slope of S—1(q) vs.
v is independent of the applied strain but the intercept is not.
The opposite behavior is found in the second case. Because
of the large difference between the two cases (see Figures 1 and
2), neutron scattering should provide a useful test of the affine
deformation assumption.

In the equations given above we have assumed that the
rubber network is connected together with tetrafunctional
junctions. If the junction functionality were higher the mag-
nitude of the fluctuations would decrease. The relationship
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Figure 2. Inverse scattering law, S—1(q), in region where » > 1. Un-
perturbe_sd chain (—), phantom rubber network at 50 and 100% strain
(- -), affinely deformed network at same degrees of strain (- - -).

between the two is given in Appendix A and the scattering law
for a network with any junction functionality is given in Ap-
pendix B. As the junction functionality goes to infinity the
scattering law does not reduce to the expression obtained by
Jannink et al.! In their calculation it is assumed that each el-
ement of the network moves as if embedded in an affinely
deforming continuum. However, in a phantom rubber network
with junctions of infinite functionality only the junctions
themselves move affinely while the remaining elements of the
network are free to fluctuate.
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Appendix A

Fluctuations in Phantom Rubber Networks. In this
appendix we make use of the configuration partition function
as formulated by James.? James’ method has recently been
reviewed and simplified by Flory? and we have adopted the
nomenclature used in that article.

The potential energy of a phantom rubber network of
Gaussian chains can be written as

V/kT = /:él ’Ykl(Rl - Rk)2
Yei = (%)/(re®) (A1)

where the sum is over all pairs k! of junctions and fixed points
that are connected by a chain. Equation Al can be rewritten
as the quadratic form

V/kT = RTTR (A2)

where R is the 3u dimensional column vector composed of the
position vectors for each of the u fixed points and junc-
tions.13

The symmetric matrix I has elements

veo = )/ (r?) (R =) (A3)

if k and [ are connected; vz; = 0 otherwise. The diagonal ele-
ments of T are

Yhe = — ; Ve = — % Yki (B #1) (A4)
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Equation A2 can be factored as follows:
V/kT = R,TT R, + 2R, T, ,R, + R,TT R,  (A5)

where R, and R, are the columns of position vectors for the
fixed points and free junctions, respectively. The matrix T,
is formed from T by striking out the rows and columns cor-
responding to the free junctions. Likewise T, is formed by
striking rows and columns of the fixed point and T., by
striking rows of fixed points and columns of free junctions.

If the positions of the free junctions are varied to find the
minimum of V, we obtain

OWV/ET) _op. R, + 2I.R, (A6)
R,
and hence
R.=-I,7I'. R, (A7)

where the R, are the equilibrium or most probable position
vectors. Because the probability functions describing the
fluctuations of the R, and R, are Gaussian®3 the R, are also
the mean positions. Defining AR, = R, — R, we can rewrite
eq Ab

V/kT = R,TG,R, + AR,TT AR, (A8)
where G, =T, — I',,I',"1I',,. Thus the potential energy has
been separated into two parts: one depending on the fixed
points and the other on the fluctuations of the free junctions
about their mean positions.

The configurational partition function can now be writ-
ten

Z = {exp(-V/kT) dR
= [ exp(-R,TG,R, — AR,TT,AR,) dR, dAR, (A9)

Using this equation, the average of any function which de-

pends only on the AR is given by

fg(AR) exp(—AR,TT,AR,) dAR,
f exp(AR,TT',AR,) dAR,

(g(AR)) = (A10)

For example
J(AR))2exp(—AR,TT',AR,) dAR,

(AR = o(—AR.TT.AR,) dAR,
= %yii~! (A11)
where v;; 71 is the if element of I',~L. Similarly
(AR; - AR;) = 3y, 1 (Al12)
and
((Ar;)?) = ((AR; — AR;) - (AR; — ARy))
=%y~ + 7 = 2y 7Y (A13)

The evaluation of eq A11-A13 requires a knowledge of the
network structure as embodied in I';. In his paper, James?
assumed a simple network model having the connectivity of
a cubic lattice. It is highly doubtful that a random cross-
linking process will lead to a structure with such a regular
pattern. Because of the large spatial domain pervaded by high
molecular weight polymers, intermolecular contacts are more
frequent than intramolecular contacts for polymers in an
undiluted state. Hence after cross-linking the local connec-
tivity of the network should be similar to that of a tree. As
shown by Flory? this type of connectivity simplifies the cal-
culation of the fluctuations. Our method is similar to his, but
it is more easily generalized to calculate the fluctuations of any
elements of the network.

For simplicity we assume that all chains in the network have
the same length. In this case the parameters vz = (3%)/{rg;%)
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which appear in I'; can be set equal to a constant, y. Now
consider a portion of the network having the connectivity
shown in the sketch and located remotely from the surface of
the sample.

5 8

3 6
If we temporarily fix the outer junctions of the tree at their
mean positions (AR = 0), we can calculate the fluctuations of
the inner free junctions by inverting I',. This process can then
be repeated by releasing these junctions and fixing those in
the next higher tier. In general we find for the junctions la-
beled 1 and 2

((AR1)?){AR1AR»)

(AR1AR,) ((AR)?)
B P T e
2yLI-1 4 ps 10 py—2

where uj is the number of free junctions in the tree.!* The
second term in the brackets rapidly converges to the 2 X 2
identity matrix, and hence

((AR1)?)(AR1AR,)
(AR1AR) ((AR2)?)

_3

2y

(A15)

@I 0ol
QW ool

Substitution of these results into eq A13 gives eq 11a. The
treatment given above can easily be extended to calculate the
fluctuations corresponding to any two elements, ij, such as
shown in the following sketch.

For this case we find

((AR;)?){AR;AR;)
(AR;AR;) ((AR;)?)
3,00-0 3, 20y
3 |8 2 8 4
=5 (A16)
Y |3 2{0~1n 3 61~-6)
Sy 2y
8 4 8 2

where { =i/n, 8 = j/n, and n = |{ - j|/n. Equations A16 and
A13 can be combined to give eq 12. Finally, if the entire
treatment is generalized to networks of any functionality, f,
the right-hand side of eq A16 becomes

-1 -9 (=1  (f=2—n

3 f(f-2) f/(f-2) fif=2) f
Y| (-1 (-2 -1q (f-1 , 6(-0
f(f—2) f f(f=2) fif-2)
(A17)
and eq A13 becomes
((Ari)2) = (%y)[n — n2(f — 2)/f] (A18)

In the above derivation, we have assumed that the connecti-
vity of the network resembles a tree. Large scale loops, which
are surely present in a rubber network, will alter this pattern.
However, the convergence of the fluctuations to a constant
value is rapid, and hence only the local connectivity near a
junction need be treelike. As an example of the quick con-
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vergence, {(Ar)2) for a two-tiered tetrafunctional tree is 0.340,
for a three-tiered tree it is 0.363, and for an infinite tree it is
0.375.

Appendix B

If the results given in Appendix A are substituted into eq
12, the scattering law for f functional networks with strands
of equal length is obtained

s = o (P ()

— exp|-v(at + D]F; ((4&) Y Qak + 1)>J

+ L fexpl=v(ag + D]~ 1} (B1)
vak

where { = (f — 2)/f and q is the scattering vector parallel to the
principal strain axis. The other symbols are defined after eq
16. A similar expression is found when q is perpendicular to
the strain axis.

- wi)w <26§35_ 1>

X {exp["u(l - BE)Fy <(Z4VE> 1/2(1 - 26£)> B F2<4LB§>1/2}

1
- EfeXp[—v(l -89l -1 (B2)
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ABSTRACT: Quasi-elastic laser light scattering studies have shown that large multimolecular aggregates are formed
on mixing dilute aqueous solutions of poly(L-lysine) and chondroitin 6-sulfate. For the two components in equimolar
residue proportions at a total concentration of 0.178 mg/mL, the aggregates have hydrodynamic radii of 1200 A. Cir-
cular dichroism spectroscopy indicates that the polypeptide conformation changes from a coil to the a-helix on cool-
ing the solution. This change can be reversed by increasing the temperature; the midpoint for the transition is 47 °C.
Throughout these changes the size of the aggregates remains approximately constant, and thus the conformational
transition detected by circular dichroism occurs within the aggregates, which otherwise remain intact. In addition,
changes in ratio of the two components, pH, and ionic strength, affect the size of the aggregates.

Our studies of the interactions between oppositely
charged polyelectrolytes originate from interest in the struc-
ture and composition of the extensive extracellular regions
of connective tissue. These regions consist primarily of protein
fibers surrounded by a hydrated matrix, comprised mainly
of proteoglycans; the latter are branched macromolecules
consisting of a protein core to which numerous polyanionic
glycosaminoglycan chains are covalently attached as side
chains. It has been suggested that an electrostatic attraction
occurs between positively charged lysine and arginine residues
of collagen and the negatively charged glycosaminoglycans.!
Previous work in this laboratory has investigated the inter-
actions in model systems comprised of individual glycosami-
noglycans (GAGs) and poly(L-lysine) (PLL) or poly(L-argi-
nine) (PLA) in dilute aqueous solution.?-¢ Circular dichroism
(CD) spectroscopy indicates that a conformational change is
induced in the polypeptides in the presence of the polysac-
charides. Maximum interaction between the polypeptides and
the seven common GAGs, as judged by the maximum change

in ellipticity at 222 nm (reflecting a-helix content), occurs at
amino acid:disaccharide ratios characteristic of each system.
In addition, the a-helix-directing effects break down as the
temperature is increased; each system exhibits a “melting
effect”, with a characteristic melting temperature, above
which the polypeptide reverts to a nonhelical form.

A conformational change for the polypeptide is almost all
that can be determined from the CD spectra, and we learn
little else about the molecular nature of the interaction.
However, some of the CD spectra show scattering distortions
indicative of large aggregates in the interacting mixtures,
which in extreme cases are visibly turbid. We have used laser
homodyne light scattering to investigate the dimension of the
aggregates in the interacting mixtures. Initially we have
concentrated on the interactions between poly(L-lysine) and
chondroitin 6-sulfate. The polysaccharide approximates to
an alternating copolymer of 8(1,4)-linked D-glucuronic acid
and p(1,3)-linked 2-deoxy-2-acetoamido-D-galactosamine
6-sulfate, as shown below.



