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Table V
Characteristics of the a Relaxation

tan 6
Sample T (E')a T.(tan 8)2 magnitude®
HYC3® -20 -8 0.45
HYC4b —-12 0 0.46
HYC5s6 8 30 0.50
HYCé6 20 76 0.13
HYC7 63 118 0.16
HYCS8 70 127 0.18

@ At 110 Hz. ® « relaxation and g relaxation overlap.

the great influence of the crystal phase in polyethylene-like
materials on this motion.

The a Relaxation. The characteristics of the « relaxation
are collected in Table V. The overlap of the « and § relaxations
in samples HYC3, HYC4, and HYC5 makes a quantitative
discussion difficult. However, there seems little doubt that
in these derivatives of very low crystallinity, the « relaxation
originates in motions accompanying the melting of small
imperfect crystals and not from the conventional polyethylene
a mechanism involving intracrystalline chain motions prior
to melting. Table V indicates that the melting range in these
derivatives encompasses the temperature of the a relaxation.
On the other hand, the « relaxation in samples HYC6, HYC?7,
and HYCS8 very probably does originate in intracrystalline
motions and perhaps partially in interlamellar slip mecha-
nisms as well.

Conclusions

The series of studies on the polypentenamer derivatives
together with those of other workers on a number of other
polymers begin to point toward the general conclusion that
the two-phase model is an adequate representation of polymer
behavior only in the case where the “amorphous phase” is of
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a sufficiently different structure from the “crystalline phase”
that it cannot crystallize under any circumstances. Thus in
isotactic polystyrene, crystallinity has no effect on the glass
transition temperature or relaxations accompanying it and
the same is true of polypropylene (and the cis—trans isomers
of polypentenamer). On the other hand, polyethylene ter-
ephthalate and the polypentenamer derivatives have glass
transition behavior which is greatly affected by crystallinity.
The mechanism of the interaction of the “crystalline” and
“amorphous” phases is by no means clear. The elucidation of
the nature of this interaction will require extensive additional
investigation.
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ABSTRACT: We consider the internal modes of a strongly stretched chain (Z/Ry > 1, Z is the average end-to-end
length, and R is the radius of the free coil) including both excluded volume effects and hydrodynamic interactions.
It is shown that the tensile screening length & = (8f)~! for excluded volume effects’ also plays a similar role for the
hydrodynamic interactions.? Scaling arguments are then employed to derive expressions for the width of the quasi-
elastic incoherent neutron scattering peak. All our results are restricted to dimensional power laws and lack precise

numerical coefficients.

I. Introduction

The purpose of this investigation is to study the internal
dynamics of deformed, isolated, flexible polymers. The de-
formation is achieved by an external tensile force f applied to
the ends of the chain. Such a situation might obtain, for ex-
ample, (a) with polar molecules in electric fields (assuming

* John Simon Guggenheim Fellow. Address correspondence to the Depart-
ment of Physics, University of California, Los Angeles, California 90024,

that the monomer moment has a component along the back-
bone axis), (b) in the presence of strong velocity gradients®
(although the nature of the force is slightly more complex in
this case), (c¢) for a chain portion between cross-links in a
stretched network.

In a previous paper,! we demonstrated that a long,
stretched, flexible polymer in the presence of excluded volume
interaction could be considered as an ideal coil of “tensile
blobs” of radius & = (8f)~! [8 = (kgT)~1]; i.e., for distances
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exceeding £, the excluded volume effects are effectively
screened out while within a blob they are maintained. In
particular, it was determined that for & < Ry (Ry = aN” is the
Flory radius where N is the polymerization index, a is the
monomer size, and v = % in three dimensions) the stress—strain
relationship became nonlinear. The scaling equation for the
average end-to-end length Z in response to a tension f directed
along the z axis is

Z = Rr®(Ry/k) (1)

where ®(x) ~x forx « 1 and &(x) ~ xPforx > 1wherep =
v~1 — 1, This leads to Z « f2/3 in the strongly stretched re-
gime.

The present paper deals with quasimacroscopic movements
of a polymer in the strongly stretched limit (£, <« Ry). The slow
motions of a long flexible molecule are often discussed in terms
of two cases: (1) Rouse? or “free draining limit” where all hy-
drodynamic interactions between monomers are neglected;
(2) Zimmb5 regime where these interactions are taken into ac-
count. For ideal chains, i.e., excluded volume effects are ne-
glected, the width Awq of the quasielastic neutron scattering
peak for momentum transfer g has been calculated for both
limits.®7 In the free draining case,? the result is

Awq ~ 1072W(ga)* (2)
where a is the monomer—-monomer separation and

W = 3kpTB/a? 3

B is the mobility of a single monomer. In the Rouse limit,
deformation of the coil has little effect in the incoherent
scattering but modifies the coherent width to vary as ¢2. Be-
cause incoherent scattering dominates in highly protonated
systems, we shall restrict our attention to this case. For a coil
with hydrodynamic interactions (hydrodynamic radius b
comparable to a), the long-range character of the velocity field
dramatically modifies the wave vector dependence of the
width to give”

Awg > 10‘1(b/a)ro"1(q(1)3~¥q3 (4)

where the relaxation rate® is
1o~ = kgT/27na2b 5)

It is useful to note that in the Zimm limit Aw, is indepen-
dent of both microscopic lengths a and b. In section II, we
show that for stretched ideal chains in the presence of hy-
drodynamic interactions, the situation is intermediary be-
tween the Rouse? and Zimm? cases, depending on g&;. The
tensile screening length £, also appears as the characteristic
distance beyond which the hydrodynamic interactions be-
tween monomers give only logarithmic corrections to free
draining results. Thus, for ¢&; > 1, Zimm behavior is main-
tained, while for ¢¢; <« 1 we have effectively a Rouse chain but
with the beads of radius a replaced by blobs of radius &;.

More recently, de Gennes? has rederived the Rouse and
Zimm modes for unstretched molecules taking into account
excluded volume effects. He finds that the g* dependence of
Awgq in the free draining limit is renormalized to vary as gP
where p = 2 + vy~ = 3.67; in the Zimm limit the g3 behavior
remains unchanged. In section III, we generalize the results
of section II to include the excluded volume effects using
scaling arguments similar to those employed by de Gennes.?
For large momentum transfer the ¢? behavior is again recov-
ered. For g¢; « 1, we find a modified Rouse spectrum with Awq
~q" (r = 2/v = 3.33). The difference between the exponents
p and r caused by stretching is a result of the nonlinear
stress—strain relationship! for & < RF.
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11. Ideal Chains

In this section, we consider the dynamics of an ideal
stretched chain (0 < Z « Na, N is the number of monomers
in the chain). If r,, denotes the position of the nth monomer,
we may write its equation of motion in the form

dr,
dt

where B ~ (6xnb)~! is the mobility of a single monomer (recall
we shall later treat b as indistinguishable from a), ¢, is the net
force on the nth unit, and év,, (r) is the velocity field in the
solvent generated by the motion of the mth monomer. To first

order in ¢,,, the long-range part of év which concerns us here
is10

=Bp + ZmdVnm(rs) (6)

3bB

4|r —rm|

5vm (l‘) = [d’m + Um s Um] (7)
where U,, is a unit vector in the direction r — r,,. We now
evaluate (7) with respect to the distribution function appro-
priate for a stretched ideal coil, i.e., defining a, = r,+1 —
rnx

{an?) = a?/3&; (a,*) = (a,”) =0

1 2
<(anz)2> =§a2 + Zg a4/£t2

((@n®)2) = ((@r?)?) = %a? - 4i5a4/ast2 (®)

The most important effect of stretching is to modify the av-
erage distance between a given pair of monomers to give

(n - m)2a4]1/2
9¢2

i.e., for & > (a/3) (Jn — m|)V/2, the usual r ~ n!/2a random

walk behavior is maintained, while for & « (2/3) (|n — m|)1/2,

r =~ (na?/3¢). Thus, the mean distance between a given pair

of monomers for strong stretching varies linearly with their

chemical separation. Taking the force on the nth monomer
as simply the entropic restoring force,

¢n = (3kpT/a®)(an — an+1) (10)
the equation of motion (eq 6) has the form
dr, 1

3
=gty — i tob Y ———
dt 7o An—1 4 mgnlrn—rm|

9)

[tn = rm| = [ln—m|a2+

X (L + U2 (@ — n)e + 0+ U2 (@m — an-1),
+ E(l + U22)(an - an—l)z} (11)

where the deformation is taken to be along the z axis. To find
the eigenmodes of (11), we assume

X, = xoeiPne=t/Tp (12)
for each component of r,. The relaxation spectrum is then
given by

=)

> F(s) cos (ps)(1 = cos p)

s=1

o =171 {2(1 —cosp) +

(13)

wheres = |n —m| and F(s) = s~V2 for s «< 9(¢/a)? and F(s)
~ s~1for s » 9(¢/a)2 There is an anisotropy in the relaxation
spectrum generated by the deformations, i.e., there exists 7,
# 1., Ty. However, the dependences on such physical vari-
ables as the momentum transfer remains identical. Since it
is these features which interest us here, we shall not explicitly
discuss this anisotropy, but it should be kept in mind when
experiments are performed. In the long-wavelength, low-



212 Pincus

frequency limit p « 1, there are now two regimes depending
on the product psmax Where smax = 9(5/a)2 For pspmax >> 1, we
find

ol & qry~1p3/2 (14)

where « is a constant of order unity. This is the Zimm?® and
Dubois-Violette-de Gennes” result and leads to (4) for the
width of the quasielastic neutron peak. For pSmax < 1,

Tl = Bro~lp? (15)

where 3 is of order unity with some weak logarithmic correc-
tions (In pSpax) which we shall ignore. This p2 dependence
is characteristic of Rouse (eq 2) behavior. We are then led to
the result that £, is an effective screening length for the hy-
drodynamic interactions. The g dependence of the width of
the quasielastic peak may then be calculated by using the
standard correlation function approach of ref 7 or by the fol-
lowing scaling argument. Let us write

Aaq ~ 197 Hqa)®H (géy) (16)

where H is a scaling function to be determined. For x > 1,
H{(x) — 1 in order to obtain agreement with (4). For x « 1,
H(x) — x to reach the Rouse g* behavior with!1

Awq ~ 107 1q%adg ~ kpTEg/n (17)

For long wavelengths g{; « 1, this result may be interpreted
as the spectrum of an ideal Rouse chain but with beads of
radius &. The blobs of radius £ move rigidly because of the
strong internal hydrodynamic interactions, but distant blobs
are effectively decoupled.

Another simple method to rederive these results using the
blob concept is based on the consideration of the fundamental
relaxation made of the stretched coil. As we have previously
seen, the coil may be considered as a Rouse chain of blobs of
radius . Within each blob, the coil motions are strongly
coupled by the hydrodynamic interactions and behave in a
Zimm-like manner. Suppose that there exists a small fluctu-
ation 6R of the radius of the coil representing an expansion.
This creates an elastic restoring force F) =~ kgT(8R)/Ry%; Ry
= N172q is the ideal coil radius, which is balanced by a viscous
damping proportional to the time rate of change of the fluc-
tuation amplitude and inversely proportional to the total
mobility which for a Rouse chain is the mobility of each unit
(B), for each blob) divided by the number (N}, of blobs;

~kgT(6R)/Ry? = NpB1,"1(6R) (18)

Assuming that 6R = (6R)qe /", the fundamental relaxation
time 6 is given by

=1 ~ kngBb/]VhRo2 (19)

Suppose that there exist ¢ monomers per blob. Then the
number of blobs is Ny, = N/g. Within each blob of radius ¢,
the coil is ideal, leading to £ = g!/2a which determines g and
gives N, = N(a/t)2 Each blob is assumed to behave as a rigid
Stokes sphere with By, >~ (67n£;) ~L. Inserting these values in
(19) gives

6! ~ kBTEt/ﬁ‘lrnR()4 (20)

[Note that this result is consistent with (17) if we take g ~
Ro~1.] We then assume that the internal modes are related by
scaling on 6 by

Awq = 071F1(qRo)Fa(qé:) (21)

where F| and F are scaling functions. For the internal modes
of interest (gRo > 1) Awq must be independent of the molec-
ular weight, i.e., on the scale of the probe wavelength, the coil
is effectively infinite. Assuming a power law [Fy(x) « x?, x >
1] this gives p = 4 for N to cancel in (21). For §, < ¢! < Ry
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the coil behaves as a Rouse chain and we must find (2)-(3) for
Awg with @ — & and B — By, This gives Fo(x) —> 1asx — 0,
which is indeed precisely (17). For even shorter wavelength
g1 « &, Awg should become independent of the blob radius.
Assuming that Fy(x) « x™ for x > 1, this condition is fulfilled
for m = —1, leading to

Awq = kpTq3/67 (22)

which agrees with (16) in this limit. We thus see that the
scaling properties may be reproduced by a very simple argu-
ment based on the blob concept. In the next section, this
method will be generalized to take into account excluded
volume effects.

II1. Excluded Volume Effects

In order to extend these results to chains in the presence of
excluded volume interactions, it is useful to consider the an-
alogue of (18) which describes the balance between the elastic
restoring force and viscous drag for small fluctuations about
the distorted equilibrium conformation. We discuss separately
the modifications of each of these terms by the excluded vol-
ume effects.

The elastic restoring force might be strongly anisotropic
because of the nonlinear stress—strain behavior, discussed in
the Introduction. We shall first show that to within a nu-
merical factor the spring constant is isotropic, i.e., identical
dependence on the physical parameters. First along the
stretching direction, from (1) for £, «< Ry,

f = (kpT/Rp)(z/Rp)"/1=" (23)

For a small fluctuation (62)[Z — Z + (6z)] this leads to a re-
storing force,
5f2 =y(1 - V)‘1(kBT/Rp2)(E/RF)‘2""’/(1”")52

= (1 = »)"Y(kgT/R¥?)(Rp/E) 2~ V82 (24)

For a transverse fluctuation ér |, linear response theory
gives

6f L =x"Tor (25)
where the “susceptibility” is
x ~ (R ) /kpT (26)

and (R, %) is the mean square radius of the distorted
chain.

As in ref 1, this may be determined in terms of the blob
concept. The deformed coil may be considered as an ideal
chain of tensile blobs each of radius &. Then (R | 2) ~ Ny,£2
where Ny, is the number of blobs renormalized to take into
account excluded volume forces. Within a blob, distances scale
with the Flory excluded volume exponent ». Thus Ny, = N/g
(where g is the renormalized number of monomers in a blob)
which in turn is given by £ ~ g*a, leading to Ny, = N(a/&)1".
Using Rr = N*a, we find

(R .?%) = Rp(Ry/E)1-20" (27)

Substituting into (26), we find (6f) ;| which apart from a nu-
merical factor is identical with (24). (Note that for an ideal
chain » = 1, the usual purely entropic elastic force is ob-
tained.) In either case the elastic constant scales as N=1.

The viscous force, as in the last section, is given by (Ny/
By)(8R) where we use the renormalized number of blobs, but
the blob mobility B}, is unchanged because it depends only on
the blob radius.

Balancing the two forces, we are led to the fundamental
renormalized relaxation time

f-1 ~ }ili F—Q/ugt(?.—-?sﬂ/l' (28)

67y
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Notice that both 8 and 8 scale as N2 but have different de-
pendences on the tensile force. The spectrum is now deter-
mined by using scaling arguments analogous to the end of
section II. For £&~! > ¢ » Ryp~!

Awq ~ 5-1Fy(qRyp) (29)

where Fo(x) ~ 1 for x ~ 1 and Fao(x) ~ x?; x > 1; the exponent
p is determined by the condition Awq and should be inde-
pendent of the chain length N. This immediately leads to p
= 2/1/ = 10/3 and

Awq ~ (kpT/6rn)g 0/3¢,1/3 (30)

which differs from both the ideal g4 chain dependence and the
de Gennes g2*1/» behavior for unstretched (¢, — «) Rouse
chains with excluded volume. For shorter wavelengths, g >
£~1, we expect to find Aw, independent of the screening
length; i.e., F1(q:) ~ 1 for &~ 1 and Fi(gé) ~ (q&)" for g&;
> 1 where r is found from the condition that Aw, is dependent
of &. This leads to r = —% and the usual Zimm g* form (eq
4).

IV. Conclusion

In summary, we have shown that for stretched polymers the
parameter £ = (3f)~! in addition to being the screening length
for the excluded volume effects is also the characteristic dis-
tance beyond which the hydrodynamic interactions lead to
only logarithmic corrections to free draining behavior. Then,
using scaling arguments, we found functional dependences
for the width of the incoherent inelastic neutron scattering
peak. For sufficiently short wavelengths, g&; > 1, the ideal
chain g3 behavior obtains, characteristic of complete hydro-
dynamic coupling between the monomers. For Rp~! « ¢ «
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£~1, Rouse-like behavior modified by the excluded volume
interactions to give Awg = ¢1%2 is found. The rather small
difference between 3 and 1% might be difficult to detect ex-
perimentally.

In principle, the quantity Aw, may be determined by qua-
sielastic neutron or light scattering. Indeed recently Adam and
Delsantil? have observed the g3 law for undeformed coils in
light scattering.
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ABSTRACT: By means of a set of semiempirical potentials the activation energies of phenyl group rotation in poly-
styrene have been calculated. The backbones (isotactic and syndiotactic, isotactic with kink) have heen given a high
degree of flexibility. The activation energies have been determined by consecutive rotation of the rotational angle
of the phenyl group between 0° and 180° in steps of 20° and by minimizing the energy with respect to all other vari-
ables. The lowest activation energy of 10.3 kcal/mol was found in the isotactic 3/1-helix. For other conformations the
activation energies do not exceed ca. 20 kcal/mol. Higher values do not occur because of conformational changes of

the flexible backbone.

Recently, Tonelli has summarized the efforts to interpret
mechanical relaxation processes in polystyrene.! By means
of semiempirical atomistic calculations he investigated the
rotation of the phenyl group in syndiotactic polystyrene chain
segments. [n accordance with Reich and Eisenberg? he stated
that phenyl group rotation with activation energies of as low
as 10 kcal/mol is permitted only if the backbone adopts ster-
ically unfavorable conformations.

In this paper, atomistic calculations with well tested
semiempirical potentials, already performed on isotactic
polystyrene,® have been extended to phenyl group rotation
in isotactic as well as in syndiotactic polystyrene. During
minimization of the conformational energy the flexibility of
the backbone was explicitly taken into account. Due to the
high degree of freedom of the chain segment considered we

got new detailed results concerning phenyl group rotation and
its coupling to the backbone.

Method of Calculation

The conformational energy and its gradient have been
calculated by an effective matrix algorithm which allows a fast
computation with minimal computer core storage.® In order
to determine minima of the energy, the algorithm of Fletcher
and Powell” has been used.

The representative chain segment containing the phenyl
group to be rotated consists of flexible repeating units (ru) and
of adjacent ru at both sides of the variable region, which are
fixed to the ideal structure considered8 (cf. Table I).

All nonbonded (steric) interactions between the atoms have
been taken into account, except interactions between the



