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ABSTRACT: We report on the dynamics of orientation fluctuations in substituted poly(p-phenylenes)
using dynamic depolarized light scattering. These model hairy-rod polymers, with large inherent optical
anisotropy, exhibit enhanced solubility and allow investigation of their dynamics in molecularly dispersed
isotropic solutions and concentrations as high as 60 wt %. The high-quality intermediate scattering
functions reveal a bimodal relaxation for the orientation fluctuations. Whereas the fast process has an
intensity decreasing with the scattering wavevector g following a Debye-like behavior and a rotational
relaxation rate with an intercept, the features of the slow mode, exhibiting a broad distribution of
relaxation times, are surprisingly opposite: the intensity increases and the rate decreases with q. The
concentration dependence of these relaxation modes at different solvents support the notion of unchanged
chain conformation and interactions and indicate a slowing down, which is more pronounced for the slow
relaxation. With the additional support of dynamic shear rheological measurements, which provide
information on the overall rotational motion of these semistiff chains, we attribute the fast process to
the collective rotational motion of the Kuhn segments of the persistent poly(p-phenylene) chains and the

slow one to the cooperative motion of orientationally correlated pairs of segments.

I. Introduction

The pertinent features of rigid-rod polymers, which
relate to their technological and scientific importance,
are associated with their highly anisotropic shape, the
formation of mesophases, their anisotropic diffusion, and
the translation—rotation coupling. There is already a
significant amount of theoretical and experimental work
accumulated on these topics.!3 However, the dynamic
behavior of stiff-chain molecules, affected by the above
features, still remains virtually unexplored and repre-
sents a great scientific challenge. Rodlike polymers
offer the potential for a detailed study of the reorien-
tational dynamics, due to their anisotropic molecular
shape; the main reason these polymers have not re-
ceived much attention is the lack of well-characterized
optically anisotropic model systems.

Investigations of the orientational dynamics have
mostly concentrated on stiff poly(y-benzyl a-L-glutamate),
which is known to form nematic mesophases at high
concentrations; they were carried out mostly by electric
birefringence,! whereas dynamic light scattering experi-
ments, due to the small optical anisotropy of these
systems, resulted in difficult and sometimes ambiguous
measurements.* Recent advances in macromolecular
chemistry have led to the synthesis of well-defined poly-
(p-phenylenes), PPP, with solely aliphatic C;, side
chains, with varying molecular weights and much
higher optical anisotropy compared to other macromol-
ecules.> On the other hand, their persistent length is
relatively low when compared to polymeric liquid crys-
tals, such as poly(y-benzyl L-glutamate).® This means
that PPPs cannot be considered as true rigid rods, but
rather wormlike chains, as discussed throughout this
work (see also ref 6). Well-resolved measurements of
orientational dynamics with these polymers were car-
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ried out with photon correlation spectroscopy (PCS)’ in
semidilute solutions, yielding two relaxation modes.8°
These measurements, however, presented two complica-
tions: First, and most importantly, PPP exhibits a
dissolution problem as the concentration increases; it
is due to clustering, despite the presence of side chains,
whose role is solely to increase solubility. Thus, it is
not clear to what extend these results reflect truly
molecular properties and how the dynamics and kinetics
of aggregation influence them. Second, it is evident
from these studies, that a complete understanding of
the dynamics requires a systematic study of both
concentration and orientation relaxation functions.

From the above, it is evident that there is a clear need
for well-defined experiments with model systems, to
resolve the present ambiguities and confusion related
to the dynamics of rodlike polymers, e.g., the control of
the aggregation process and the resolution of the various
relaxation mechanisms. This will elucidate the effects
of concentration and provide the necessary ingredients
for the assessment of the theoretical predictions. To
address this challenge, it is necessary to detect truly
molecular relaxation processes. Our recent efforts with
PPPs yielded a means to control the growth of clusters
in such highly anisotropic semiflexible polymers,® but
investigations in various solvents clearly restricted the
measurements of reorientational dynamics to rather low
concentrations in the semidilute regime. Even in this
concentration range, the presence of aggregates was
detected, and their effects on the dynamics were evi-
dent.8? The main result of our studies in the depolar-
ized (VH) scattering geometry was the observation of a
relaxation mechanism that increased in both intensity
and characteristic time with the scattering wavevector,
g; this process was attributed to orientational correla-
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tions in space due to some kind of local ordering of parts
of the molecules. However, the restrictions in the upper
limit of the concentrations (typically 6 wt %) inhibited
a further elucidation of the characteristics and molec-
ular origin of these phenomena.

The availability of hairy-rod poly(p-phenylenes), sub-
stituted by bulky aromatic sulfonate esters, helped in
overcoming this important difficulty.’® These macro-
molecules are soluble at very high concentrations (typi-
cally 60 wt %), while in the isotropic regime, and this
allows a systematic investigation of their orientational
dynamics, extending the previous work and eliminating
any complications from aggregation. This represents
the scope of the research discussed below. It is noted
that the dynamic structure of these polymers in solution
(concentration fluctuations) is discussed in a subsequent
paper.1l Section Il of this paper reviews the relevant
theories on the reorientational dynamics of rodlike and
semiflexible polymers in isotropic solutions, as well as
the basics of dynamic depolarized light scattering.
Section 111 describes the materials and experimental
methods used, whereas the main findings are presented
in section IV.A. A thorough discussion of the pertinent
experimental findings is presented in sections
IV.B—D, while the conclusions from this work are
summarized in section V.

1. Theoretical Background

A. Rotational Dynamics. For dilute rigid rods the
rotational diffusion coefficient assumes the form?12

Dro = (8kg T/ L%) [In(2L/b) — & 1)

with 7 being the solvent viscosity, L the length and b
the diameter of the rod, and ¢ a function of the aspect
ratio (L/b), which describes the corrections due to end
effects. The rotational dynamics in the semidilute and
the concentrated regions are largely affected by inter-
molecular interactions, in contrast to the dilute region
where they are negligible. The concentration depen-
dence of the diffusion coefficients for solutions of rodlike
and semistiff macromolecules is still under investigation
although there are many studies.1312

The first theory for the dynamics of concentrated
solutions of rigid rods was presented by Doi and
Edwards (DE).*? In its simplest form, DE theory is a
scaling theory based on the reptation concept that was
used earlier for flexible chains. It was formulated for
infinitely thin, uncharged, rigid rods whose only inter-
action is that they cannot pass through each other.
Thus, the solution is thermodynamically ideal but,
because there are strong effects of hard-line intermo-
lecular interactions on the molecular Kinetics, the
system is kinetically nonideal. DE proposed that the
substantial restrictions on the rods motions can be
modeled by using the concept of an effective tube of
radius o which is formed by the neighboring rods; from
geometrical considerations, o = 2/(;pL?), with p being
the number concentration. Inside this tube the rodlike
molecules can move freely along the axes of the tube,
while the translation in the perpendicular direction is
restricted to about a distance a due to the presence of
the neighboring rods. The effect of the mutual hin-
drance on the rod’s rotation is much more drastic than
that on the translational diffusion. The former involves
a rotation within the time 74 ~ L?/Dy o ~ 1/Dgr o Necessary
for the rod to diffuse along its initial tube and escape
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from it. Hence, in this reptation mechanism, the
rotational diffusion Dr ~ (a/L)%74 reads??

Dr= ﬂDR,o(PLSYZ 2

where 52 represents a maximum crowding of rods. In
the original DE theory  was expected to assume values
between 1 and 10. It is observed, however, that f is
rather of the order of 10° suggesting that the caging
effects start at much higher concentration than was
initially thought.’3

Experimental results and theoretical considerations
led to the need for modifications of the original DE
theory, i.e., a recalculation of the tube size and geom-
etry, different cage escape mechanisms, finite thickness
of the rod molecules, and chain flexibility effects.11314
The latter, being the common case for real rigid chains,
can have important effects on the dynamic behavior, and
very often deviations between experiments and theory
of rods are attributed to it. For instance, a flexible end
of a stiff macromolecule has some freedom to choose its
own path when translating along its length, despite the
fact that a large part of the chain may be caged and
thus restricted to a certain orientation. The wormlike
model has been in many cases the basis of the theoreti-
cal approaches describing the dynamics of semistiff
chains in the dilute regime as well as at high concentra-
tions. Another model for investigating the dynamics of
semiflexible molecules is the fuzzy cylinder model.315

For a wormlike chain, the effect of flexibility is large
when the mean square deflection of the chain from
linearity is larger than the average cage size q, i.e., at
high concentrations. Since segments of one persistence
length (I) long can be considered to rotate in a statisti-
cally independent manner, the account of the cage size
effect around a segment leads to a concentration-
independent rotational diffusion coefficient. However,
over the contour length range a < L < o2? | 13, the
rotational diffusion coefficient is determined by the
reptation-rotation of the rod and depends on concentra-
tion through the change of the cage size a with concen-
tration.’® Same conclusions hold for the description of
the Brownian dynamics of semiflexible polymers in
concentrated solutions assuming only reptational mo-
tion of the chain and were reached by Doi.'” In a scaling
approach, Semenov investigated the dynamics of con-
centrated solutions of stiff polymers in isotropic solu-
tions.’® The orientation relaxation function of the
persistent chain with L > | in the concentrated regime
is nonexponential and its long time decay is given by
the concentration independent characteristic time tr ~
L2/D O L3, i.e., the same scaling behavior with linear
entangled flexible chain.

In the “fuzzy cylinder” model, the global motion of the
semiflexible chain can be identified with that of a
segment-distribution model with a cylindrical sym-
metry.315 The cylinder has a length equal to the root-
mean-square end-to-end distance of the wormlike chain,
L. = OR2[¥2, and an effective diameter, b, = [[H(L/2)20
+ b?2]¥2, with 0H(L/2)2Cthe mean square distance of the
chain midpoint from the end-to-end displacement axis
and b the diameter of the chain. In contrast to the
previous considerations of semiflexible chains, this
model allows internal motion of the stiff chain. Under
these conditions, the rotational diffusion coefficient is
predicted to exhibit a weaker than ¢~2 dependence in
the intermediate concentrations, whereas at high con-
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centrations it can decrease further due to the decrease
of Dy,

B. Dynamic Depolarized Light Scattering. The
dynamics of collective orientation fluctuations in a dense
polymer system can, in principle, be obtained from the
depolarized Rayleigh spectrum measured in the so-
called VH scattering geometry; incident beam and
scattered light are polarized vertically and horizontally
to the scattering plane, respectively. Within the Ray-
leigh—Debye approximation, the time correlation func-
tion of the scattered field with wave vector g contains
the summations over pairs of segments of the same and
different polymer chains®1°

N n
lvn(a,t) = ap'(0) ag"(t) exp iq (rg™(t) — rp'(0))0
%é 3

where the indices P and Q refer to the N different chains
in the scattering volume, the indices | and m refer to
the n segments associated with each polymer chain, ro™
denotes the position of the m th segment on the Qth
chain, and og™(t) is the anisotropic component of the
optical polarizability of the m th segment. For nonin-
teracting polymer chains, e.g., where only the self-part
(P = Q), of the correlation function survives, eq 3
simplifies to

lvi(@.H =N [Zal(O) o'(t) exp iq (ry(t) — ry,(0))0 (4)

where the indices | and m run over segments of the
same chain.

For a dilute solution of short (gL < 1) chains consist-
ing of n identical cylindrically symmetric segments and
statistically independent translational and rotational
motion, lyn(g,t) (eq 4) is a single-exponential decay
function

2
(@) = ScTexp[—(6Dg + DAt (5)

where [?0is the mean square of the molecular optical
anisotropy and D and Dr are the translational and
rotational diffusion of the optically anisotropic chain,
respectively. According to eq 5, at g = 0 the depolarized
correlation function depends only on the rotation of the
molecule, since the translational contribution to the
rate, T'vy (=g2D + 6Dg) is eliminated and the intensity
lvu (=NpA?/15) is g-independent.

At finite concentrations, there is always some inter-
ference of the scattered light from different chains.
When the intermolecular interactions do not vanish, the
pair term in eq 3 must be kept. For concentrated
solutions of rigid rods, the time correlation function of
eq 3 was calculated in the framework of random phase
approximation and with the help of the fluctuation—
dissipation theorem.2%21 The general form of the time
correlation function of the scattered field as given by
Maeda?! is

I(q.t) = ﬁ/f dt [ duE (g, u)
exp[-t'T(q)]O(q)E*(q, u) (6)

where u is the orientation of the rod, s(q,u) =
(1/L)f':/f,2 exp(ig-us) ds expresses the intramolecular
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Chart 1. Poly(p-phenylene) with Aromatic Sulfonate
Side Groups (PPPS)

R t-Bu

t-B
Ci2Hzs .

Table 1. Molecular Characteristics of PPPS Samples?

Mn Ln Le c* c**
sample (g/mol) (nm) Lw/Ln (nm) (mg/mL) (mg/mL)
S1 99900 1338 191 7338 0.4 17.8
S3 55400 73 2.09 497 0.73 21.4
S7 22000 29.7 182 2438 2.39 34.9
S9 16500 223 164 194 3.74 42.7
S10 8150 11 142 102 12.6 75.8

a2 Qverlap concentrations, c*, and c** correspond to toluene
solutions.

interference, E(q,u) = a(u)s(g,u), and the rate I'(q) =
0(q)-®(q), where ©(q) and ®(q) are the operators for
the translational—rotational diffusion of the rod and the
rod—rod interactions in the mean field approximation,
respectively. In Maeda’s approach for the calculation
of 1(q,t) of rods, one gets?!

DQEW) = [ du'[é(u — u) + Lw(g, u, u)[EW)
(7)

with w(q,u,u’) the spatial Fourier transform of a hard
rod short-range interaction potential w(r,u,u’) = w(u,u’)
o(r) between two rods in the configurations (r,u) and
(r',u"). If the radial part of the potential involves long-
range interactions, o(r) will be substituted by a more
realistic function introducing a correlation length &. The
orientation distribution of rods affects 1(q,t) through
E(q,u). For random orientational fluctuation correla-
tions persisting up to some coherence distance &, the
intensity I(q) is g-dependent and peaks at g = 0. The
functional form of 1(g) depends on the decay of the
orientation correlation function f(r) = 3l;u;0— 1 in real
space, affecting the interaction ®(q). In general, I(q,t)
from eq 6 exhibits a nonexponential decay.

I11. Experimental Section

Materials. The synthesis of hairy-rod poly(p-phenylenes)
with aromatic sulfonated side groups, abbreviated as PPPSs
with the detailed structure of the side chains depicted in Chart
1, has been reported elsewhere.® In the present work a series
of PPPSs with different molecular weights was utilized. The
molecular characteristics are summarized in Table 1 (the
overlap concentrations for semidilute and concentrated regions
are c* and c¢**, respectively; L, is the weight average contour
length, M, the number average molecular weight, and Ly/Ln
the polydispersity). For the present wormlike chains the
overlap number concentration p* was approximated by p* =
1/Le3, and p** by p** = 1/bL¢? as in the case of studies on other
PPPs.® These specific molecules were chosen because of their
large inherent optical anisotropy and the enhanced solubility
in common organic solvents, allowing thus the study of the
orientational dynamics well into the concentrated region.
Solutions were prepared by dissolving the appropriate amount
of PPPS in spectroscopic grade solvent (toluene, chloroform,
and trichloroethylene, TCE) under continuous stirring for
several hours at concentrations below 4 mg/cm®. Dust-free
solutions were subsequently obtained by careful filtration of
the dilute solutions through a 0.22 um Teflon Millipore filter
into a dust-free light scattering cell (diameter 10 mm). Higher
concentrations were obtained by slow evaporation of the
solvent.
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Figure 1. Experimental orientational relaxation functions at
g~ 9 x 1073 nm~? for PPPS S1 (O, 65.6 wt %) and S3 (O, 17.5
wt %) in toluene and chloroform, respectively. The two
distributions L(In 7) of relaxation times (eq 9) which represent
well (solid lines) the experimental C(qg,t) are shown in the inset.

Photon Correlation Spectroscopy (PCS). The autocor-
relation function G(q,t) = 0(q,t) 1(q,0)Z(qg,0)3 of the depolar-
ized (VH) light scattering intensity, I(g), at a scattering
wavevector q = (4zn/A) sin(6/2) (n is the refractive index of
the medium, 1 the wavelength of the incident beam, and 6 the
scattering angle), was measured with an automated ALV
goniometer and an ALV-5000 full digital correlator (320
channels) over the time range 107’—10%s. The light source,
polarized vertically (V) to the scattering plane, was a Nd:YAG
dye-pumped, air-cooled laser (Adlas DPY 325) with a single
mode intensity of 100 mW and 4 = 532 nm. The scattered
light was polarized horizontally (H) with respect to the
scattering plane by means of a Glan-Thompson analyzer with
an extinction ratio better than 10~7. The measured homodyne
normalized light scattering intensity autocorrelation function
G(q,t) is given by the Siegert relation’°

G(g.t) = 1 + f* Jag(a,t) (8)

where f* is an experimental instrument factor (which relates
the scattering area with the coherence area) calculated by
means of a standard, a is the fraction of the total scattered
intensity arising from fluctuations with correlation times
longer than 1077 s, and g(q,t) = (E*(q,0)E(q,t)IIE(q0)|?Tis the
normalized field correlation function, where E(q,t) stands for
the scattered electric field. During the accumulation time, the
average light scattering intensity remained constant. Two
procedures were chosen for the analysis of the experimental
correlation functions, C(q,t) = ag(q,t):

(i) Inverse Laplace transformation (ILT), using the program
CONTIN.?? This method assumes that C(q,t) can be repre-
sented by a superposition of exponentials

C(q,t) = fL(In 7) exp(—t/7)d(In 7) 9)

which determines a continuous spectrum of relaxation times
L(In 7); the characteristic relaxation times, 7, correspond to
the maximum values of L(In 7). Typical VH experimental
autocorrelation functions C(q,t) over 8 decades in time at 6 =
30°, are shown in Figure 1 for S1 (¢ = 65.6%, c/c* = 1396, in
toluene) and S3 (c =17.5%, c/c* = 208, in chloroform) in the
concentrated regime.

(i) In the case of a single relaxation process, the nonexpo-
nentiality of C(qg,t) can be described by the Kohlrausch—
Williams—Watts (KWW) function®1®

C(q.t) = A exp[—(U7)] (10)
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Figure 2. Experimental concentration and orientation cor-
relation functions measured, respectively, with dynamic polar-
ized (VV, O) and depolarized (VH, O) light scattering from 20%
solution of PPPS S10 in toluene at g = 3.4 x 1072 nm~* and
25 °C. The inset shows the variation of the respective slow
relaxations with qg.

where (3 is the shape parameter (6 = 1 corresponds to a single-
exponential process).

Shear Rheology. The dynamic storage (G') and loss (G'')
moduli of solutions of S1 and S7 at various concentrations,
ranging from the dilute to the concentrated regimes, were
measured using small-amplitude oscillatory shear experi-
ments. A Rheometric Scientific constant strain rheometer
(model ARES-HR with a very sensitive dual-range force
rebalance transducer 100FRTN; and a high-resolution actua-
tor) was utilized. Measurements were carried out in the cone-
and-plate geometry (25 mm diameter, 0.04 rad cone angle) at
room temperature, and in an atmosphere saturated in solvent
(toluene) to eliminate solvent evaporation during measure-
ments. Dynamic strain sweep (at constant frequency, from 1
to 100% strain amplitude) and frequency sweep (at constant
strain, from 500 to 0.05 rad/s frequency) tests were performed
to determine the regime of linear viscoelasticity and obtain
the frequency-dependent shear moduli, i.e., the storage, G',
and loss, G", moduli.

1V. Results and Discussion

A. Overall Picture: The Origin of Orientation
Relaxation. Figure 1 shows the experimental time
orientational correlation function C(q,t) for two PPPS
solutions in two different solvents at 25 °C and scat-
tering angle 30°. A two-step relaxation is clearly
evident from the C(q,t) of S1, as well as the distribution
relaxation functions L(In 7) (eq 9) of the two solutions
irrespective of M,, and solvent (toluene, chloroform and
TCE). For all samples but S10 above about 6%, in three
different solvents, C(q,t) conforms to this bimodal
relaxation and is distinctly different from the isotropic
light scattering (from concentration fluctuations) over
the same time range.!! These two pertinent findings
strongly support the molecular origin of this bimodal
orientation relaxation, observed also in chemically dis-
similar PPPs.%

Alternatively, nonmolecular factors, such as aggrega-
tion, would lead to unique isotropic and anisotropic
scattering®23 displayed by the low molecular weight
S10 solutions in toluene in Figure 2. The slow process
in the concentration and orientation relaxation func-
tions assumes similar dynamics with g-dependent rates
characteristic of optically anisotropic clusters with
translational and rotational diffusion. Like in all other
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Figure 3. Experimental orientational relaxation functions for
38.6% S1 in toluene at two wave vectors (O, 9 x 1073 nm~%; O,
3.4 x 1072 nm™) and 25 °C. The distribution of orientation
relaxation times for three scattering wave vectors (angles 30°,
O; 90°, v; and 150°, O) is shown in the inset.

samples (Figure 1), the fast process of C(q,t) in Figure
2 relates to the molecular orientation dynamics.”® An
additional support of the molecular origin of the relax-
ation functions in Figure 1 is provided by the presence
of enhanced short-range orientation fluctuations in
these PPPS solutions. As shown in Figure 3 for a 38.6%
(by weight) S1 solution in toluene, the contribution of
the peak at long times in L(In 7) (cf. Figure 1) increases
with q; aggregation would lead to stronger forward (low
g values) light scattering.%®

Figure 3 reveals spatial correlations in the orientation
fluctuations associated with the second (slow) process
of the C(q,t) providing evidence of the presence of local
ordering® (see also section IV.B). The unusual bimodal
shape of C(q,t), which does not relate to aggregation
phenomena, has been neither predicted theoretically for
either rigid or semiflexible polymers (section I1.A) nor
adequately characterized experimentally, owing to lim-
ited solubility.® To establish the phenomenology of this
unusual orientation relaxation behavior, the variation
of C(qg,t) with the wavelength (q~?) of the fluctuations
and solute concentration was thoroughly examined for
five PPPS samples. The relaxation rates and intensities
were obtained respectively from the position and inte-
gration of the peaks in L(In 7) (Figures 1 and 3). The
variation of the rate I'; and the intensity It associated
with the fast process, with g, suggests spatial correlation
in the random orientation fluctuations of the isotropic
solutions; the coherence length, &, of the orientational
fluctuation correlations is O (40 nm) (see also section
IV.B). In contrast, the g-dependence of the contribution
of the new slow process is unusual (section 1V.C). It
was found to increase with g for all PPPS samples, as
demonstrated in Figure 4 for three solutions of S1 in
toluene at 25 °C. The variation of Is, associated to the
slow process, with g, suggests nonrandom orientation
correlations over some characteristic distance. These
main findings for the bimodal C(q,t) will be discussed
in the next section.

From the phenomenological evidence above, and in
view of the lack of theoretical approaches addressing
this problem, and in particular the unusual g-depen-
dence of the slow mode, we develop the following
tentative qualitative picture of the collective orientation
dynamics of hairy-rod polymers: The fast process is
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assigned to the collective random rotational motion of
segments of the PPPS chains, typically of the size of the
persistence length. On the other hand, in addition to
their collective rotational relaxation leading to randomly
correlated in space orientational fluctuations, pairs of
such Kuhn segments can exhibit orientational correla-
tions, which can be considered as a kind of local
ordering; the latter would give rise to a peak in the
scattering intensity at finite q values. This situation,
which essentially represents two “dynamic populations”,
namely, orientationally correlated single Kuhn seg-
ments and pairs of Kuhn segments, is schematically
illustrated in Figure 5. The figure attempts to depict a
snapshot of a concentrated solution of a hairy-rod
polymer. The Kuhn segments are relaxing their orien-
tation correlations through a “classical” rotational dif-
fusion-like mechanism (section 11.B). The space corre-
lation between orientations of neighboring Kuhn seg-
ments can persist over a typical coherence length that
defines the size & of (hypothetical) swarms.?* The latter
can be visualized as orientationally correlated regions,
randomly correlated in space, with local orientational
ordering.

This tentative picture of the spatial-orientational
order of the hairy-rod polymers, which supports quali-
tatively the main experimental findings, will be justified
in detail in the following sections.

B. Bimodal Orientation Relaxation Function.
The insensitivity of the orientation dynamics to the
choice of three nominally good solvents was thoroughly
examined for S3 in toluene, CHCI3, and TCE for solute
concentrations up to 20%; in CHCIs, higher concentra-
tions led to opaque solutions. As mentioned in the
preceding section, the bimodal shape of C(q,t), resolved
above about 6% (by weight), is present in all three
solvents. The average depolarized intensity, I, associ-
ated with the two processes of Figure 1 for ¢ > 6% and
the solute contribution (accounting for the solvent
intensity) for ¢ < 6%, where their dynamic resolution
was ambiguous, are compared among the solutions in
the three solvents in Figure 6. The same figure includes
the relaxation rates of the two processes in the limit q
— 0 at different S3 concentrations in the three solvents.
The observed good agreement, within experimental
error, for both static and dynamic data clearly supports
unchanged chain conformation and interactions in the
three solvents; up to about 20% the total | increases
linearly with the concentration of the anisotropic mo-
lecular scatterers. Note that these solvents do not
possess the same quality as judged from the intensity
of a slow process in the isotropic light scattering.1?

The unusual bimodal shape of C(q,t), which does not
relate to aggregation, is an intrinsic property of the
present hairy-rod-like polymers. The slow process
exhibits a distribution of relaxation times as indicated
by the broad (more than 2 decades in time) width of L(In
7); a representation of the second process of C(q,t) by
eq 10 yields values of 3 between 0.3 and 0.4 for the high
g values of Figure 3 at which the slow relaxation
dominates. For comparison the fast process of C(q,t)
appears to display narrower distribution as reflected in
the higher g (=0.65 £ 0.05) obtained from the repre-
sentation of the experimental C(q,t) at low g values by
a double KWW equation. In view of eq 2, the polydis-
perse nature (distribution of chain lengths) of the
samples (Table 1) might account for the nonexponential
shape of the fast process. The most probable relaxation
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Figure 4. Depolarized rate I (a, ¢) and intensity, normalized to the polarized intensity of toluene, 1(q) (b, d) of the two processes
of C(q,t) for three concentrations of S1 solution in toluene (22.6, a; 38.6, B; 65.6 wt %, O) as a function of the square of the
scattering wave vector, g2. The solid lines represent the best fits. Inset: Debye-Bueche (17¥2) and Ornstein—Zernicke (17%)
representations of the orientational correlation fluctuations of the fast process (Is) for the 38.6% solution of S1 in toluene. Solid
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Figure 5. Schematic representation of the local orientational
order and correlations over a distance & (see text) in entangled
semistiff chains. Few pairs of locally oriented Kuhn segments
are shown with bold lines.

rates (at the peak maxima of L(In 7)) and the intensities
of the two processes display reciprocal relationships to
g. The contribution of the main (slow) mode with broad
distribution of relaxation times increases while it be-
comes slower, and its intensity increases with increasing
g for all PPPS samples as demonstrated in Figure 4 for
three concentrations of S1 in toluene at 25 °C. For the
slow process (Figure 3) of C(q,t), short range (and hence
high q) orientation fluctuations are more probable and
decay slower than long wavelength fluctuations, as

indicated by the variation of I5(q) and I's(q) with g. This
interplay is reminiscent of the effect of interactions on
collective dynamics, exclusively so far observed for
composition fluctuations in systems exhibiting an order-
ing transition with mesoscopic length scales.?®

On the other hand, the fast I't (Figure 4) is found to
increase moderately with q as expected for optically
anisotropic scatterers undergoing rotational and trans-
lational diffusion (eq 5). The intensity Is associated with
this process should either be virtually g-independent for
gé < 1 or decrease with q for larger size. The latter is
unlikely if the characteristic size is the persistence
length (I ~ 25 nm).%11 An alternative possibility would
be the increase of the coherence length & of orientational
fluctuation correlations in the isotropic region ap-
proaching the nematic phase transition in molecular
liquid crystals?427 (see section IV.C below). The ob-
served decrease of It with g for all samples was found
to compensate roughly the corresponding increase of I
as indicated by the insensitivity of the total | (=1; + 1)
to g variations. In the same context, the intensity | was
found to scale linearly with ¢ (Figures 6 and 7 below),
which implies overall negligible orientation correlations.
The static | alone could therefore lead to misinterpreta-
tion of its g- and c-dependence without the ability to
measure the dynamics of the orientation fluctuations.

The concentration dependence of I and its contribu-
tions, I and I, which is a sensitive index of static
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Figure 6. Depolarized light scattering intensity (a), normal-
ized to the polarized intensity of toluene, and rate (b) of the
two processes (fast: open symbols; slow: closed symbols) of
C(q,t) in the thermodynamic limit g — O for PPPS S3 solutions
in three solvents: TCE (O), CHCI; (), and toluene (O). Above
about 6% dynamic resolution is feasible and 1(q = 0) refers to
the intensity of the two processes.
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Figure 7. Concentration dependence of the total depolarized
I and its contributions It (closed symbols) and Is (open symbols),
shown separately in the inset, for various PPPS solutions (H,
S1; v, S3; @, S7; A, S9). All intensities refer to the thermo-
dynamic limit. Lines are drawn to guide the eye. As indicated
in the inset, If seems to scale with c? whereas Is seems to scale
with ct.

orientation correlations (eq 3), is visualized for all
samples in Figure 7 and its inset, respectively. Perti-
nent information is included in this figure. Below about
6%, all samples but S3 (cf. Figure 6) display experi-
mentally the same | indicating the semiflexible nature
of PPPS already above S9, i.e., the optical molecular
anisotropy® 200 L. The virtually linear increase of |
with concentration implies isotropic solution of orien-
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Figure 8. Concentration dependence of the two relaxation
rates It (a) and I's (b) obtained from the inversion of the
orientation correlation functions (M, S1; O, S3; @, S7; a, S9;
+, S10; ©, S1/S9 mixture, first mode; ¢, S1/S9 mixture, second
mode). Lines are drawn to guide the eye. The horizontal arrows
indicate estimates of the rotational diffusion rate, 6Dgr for
the various semistiff chains. The longest relaxation time
(overall chain rotation) from rheology (Figure 9) is also shown
for S1 (O) in (b).

tationally uncorrelated Kuhn segments of size . For c
> 6%, the dynamics of orientation fluctuations fall into
the PCS time window and the resolution of the two
processes (Figures 1 and 3) allows the estimation of I¢
and I (inset of Figure 7). The linear relationship I O ¢
persists up to the highest c for S1, S3, and S7 with the
exception of the less flexible S9 (L ~ ) for which I
increases stronger than c. The two intensity contribu-
tions show different c-dependence with Is varying
stronger than Iy, due probably to enhanced orientational
pair interactions (section IV.D). The latter should also
affect the variation of the collective rate I's with ¢ as
opposed to T'f(c), which is examined next.

Since both I't and I's depend on q (Figure 4), Figure 8
depicts the c-dependence of these quantities at g — 0.
At a first glance, the separation of the two relaxation
rates increases with c reflecting the stronger c-depen-
dence of I's. The variation with concentration is stronger
than c¢2 (eq 2) for both rates, which much like the
bimodality of C(q,t) does not conform to the mean-field
theoretical predictions for rigid-rod or semistiff polymers
(section I11.A). In the same context, an estimation of the
rotational diffusion rate, 6Dg, in the dilute regime for
semistiff rods,?8 leads to systematically smaller values
(arrows in Figure 8) than anticipated from the experi-
mental I'r rates, which suggests slower dynamics of the
overall rotation of the chain.

We complement the dynamic depolarized light scat-
tering data with information on the dynamic shear
moduli for two PPPS samples at different concentra-
tions. As seen in Figure 9, the linear viscoelastic data
(G', G", and the complex viscosity #*) of a concentrated
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Figure 9. Frequency dependence of the dynamic shear moduli
(storage, G', A; loss, G", O) for a typical semidilute S1 solution
in toluene (8%) at 25 °C. The G' — G" crossover identifies the
longest relaxation time (vertical arrow). The complex dynamic
shear viscosity, yielding the solution’s zero-shear viscosity, 7o,
is also shown in the plot (¢). Slopes indicate terminal regime
scaling. Inset: Concentration dependence of # for S1 (W) and
S7 () in toluene.

entangled 8% (by weight) S1 solution in toluene, at 25
°C, exhibit the standard terminal regime scaling be-
havior (G' ~ w? and G" ~ ), which allows the
straightforward estimation of the longest chain relax-
ation time t and the zero-shear viscosity 7o (=G'"/w, at
low frequencies).?® The measured solution viscosities
also exhibit a much stronger than c2 dependence (inset
of Figure 9), in qualitative agreement with the sharp
concentration dependence of both I't and I's. From
Figures 8 and 9 it is clear that the measured longest
viscoelastic relaxation rates are much slower (by nearly
2 decades) than the slowest orientational relaxation
rates. This can be explained by the fact that the longest
viscoelastic relaxation in the present experiments is
actually the disentanglement time (chain orientation
relaxation time) in the transient physical networks
formed at the high concentrations investigated, whereas
on the other hand the detected rates It relate to
orientations of Kuhn segments, i.e., length scales shorter
than the chain length.

Aside from the disagreement with the theory of rigid
rodlike polymers, the slowing down of Ty and I's with
concentration becomes systematically stronger with
decreasing L/I. Hence at high concentrations, orienta-
tion fluctuations relax faster in S1 than in S9 despite
the fact that S1 is about six times more concentrated
(the ratio of c¢* values for S9 and S1). Since the PPPS
samples possess the same static flexibility (I = constant)
(Figure 7), this unexpected result might reflect the
cooperative nature of the dynamics of the contour
fluctuations in agreement with the broad L(In 7) distri-
bution of the slow process. To verify this conjecture,
we examine how the orientation dynamics of an equi-
molar S1/S9 mixture in toluene above 10% compare to
the relaxation function of the individual components.

Despite the fact that the two components have quite
different orientational dynamics at low (~10%) and high
(~30%) concentrations (Figure 8), two processes still
contribute to the experimental C(q,t) of the equimolar
S1/S9 solution in toluene, and the two rates are shown
in Figure 8. In a miscible system, this relaxational
behavior provides strong evidence of dynamic cooper-
ativity which is, moreover, supported by the domination
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of the slow component in the mixed ternary solution; I
and T's are close to the corresponding rates of S1 and
S9, respectively, at about 10% and 30%; i.e., the slow
component determines the mixture orientational dy-
namics. The depolarized intensities I, I, and Is show
no measurable changes in the S1/S9 solution and are
expectedly similar to these in S1 with the higher weight
concentration. It appears therefore that the strong
c-dependence of I't and T's results from the increased
cooperativity with ¢ that is reminiscent to the glass
dynamics. The good solubility and the absence of
mesophases in the PPPS enable the investigation of the
isotropic phase in the concentrated regime. The lack
of a transition to a nematic phase, in contrast to what
is expected from the stiff character of the polymer chain,
might be due the existence of the side chains, which
preclude a long range parallel packing of the molecules.

C. Fast Orientation Fluctuations: Kuhn Seg-
ment Rotation. On the basis of the g-dependence
(Figure 4) of I't and its relationship to 7o, the fast decay
in C(q,t) can be assigned to the collective rotational
motion of the Kuhn segments of the persistent PPPS
chains. In the concentrated regime, this motion is
strongly restricted as reflected in the strong c-depen-
dence of Tt (Figure 8). The time average correlation
between the orientations of neighboring Kuhn segments
can persist over a certain distance, i.e., the coherence
length £ defining the size of orientationally correlated
regions (the swarms illustrated in Figure 5).2* The
orientational ordering in the isotropic phase is usually
local and I is virtually g-independent since g5 < 1. For
the present systems, however, Figure 4 reveals a
g-dependence for I at high concentrations, which cannot
adequately be represented by the Ornstein—Zernicke
type of orientation correlations!® (f(r) = exp(r/&)/r),
predicting 1(q)~1 O 1 + g2&2 (inset of Figure 4). Instead,
1(g)~¥2 O 1 + g2&2, which implies Debye—Bueche orien-
tation correlation function3 (f(r) = exp(r/€)), provides a
better description of the experimental Is.

Among the samples, S1 and S3 with the largest length
L/l values, as well as the equimolar S1/S9 ternary
solution, display the strongest g-dependence for I, which
moreover increases with concentration; for S1, £ varies
between 30 and 45 nm over the concentration range
11.6—66%, whereas for S3, £ =35 nm at ¢ = 17.5%. For
S7 and S9, the rate of decrease of If with q is signifi-
cantly weaker and rather insensitive to concentration
variations over the range 15—40%. It appears, there-
fore, that the dynamically more flexible S1 and S3
chains (I's in Figure 8a) exhibit orientational fluctuation
correlations on the average over a longer distance (§ =
O(50 nm)) than the shorter S7 and S9 with local scale
(¢ < 20 nm). The orientation fluctuations associated
with the fast mode are randomly correlated (in all
directions) in space, and hence the orientation correlated
regions are on the average spherical in space leading
to a maximum I in the forward (q — 0) direction.

The collective orientation fluctuations in dense semi-
flexible polymer systems (eqs 3 and 6) appear to decay
mainly via rotational motions of the Kuhn segments
(this situation is schematically illustrated in Figure 5)
and should therefore be insensitive to L variations. The
much slower overall rotational motion of the chain, with
a rate Dg(c) (section I1.A), does not appreciably modify
the orientational part of C(q,t) (preexponential part of
eq 3), and hence the decay of C(q,t) is an insensitive
probe of Dg. In fact, the viscoelastic longest relaxation
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time (e.g., Figure 9) = Dr~! is much slower than z; (as
well as t5), as already discussed (see also Figure 8b).

D. Slow Orientation Fluctuations. The unusual
increase of Is with g indicates another sort of orientation
correlation in the nanometer length scales in concen-
trated isotropic semistiff polymer solutions. A 4-fold
clover leaf depolarized light scattering pattern with an
off-axis intensity peaks has been reported for crystalline
polymers®! and more recently in nematic liquid crystal-
line polymers and microphase separated diblock copoly-
mers.32 Suppression of the forward scattering with a
peak of the depolarized intensity at finite qmax iS possible
if the optic axis is allowed to vary within two correlated
regions, i.e., for nonrandom orientation correlations.33
The average domain size, e.g., spherulites,3! distances
between disclination lines®22 and ordered grains32v
relates to gmax and for these systems is of the order of
micrometers, i.e., the intensity peaks at very low scat-
tering angle Omax (0.5—2°).

For the present isotropic PPPS solutions, Is (Figure
4) attains no maximum value up to the highest light
scattering g (=~0.034 nm™1) indicative of the involvement
of short sizes, O (nm). Such orientational ordering was
inferred from small angle neutron scattering measure-
ments of the structure factor of isotropic solutions of
rigid poly(y-benzyl L-glutamate).?* If we associate Is
with orientationally correlated Kuhn-segment-pairs, the
intersegmental distance should determine Qmax ~
27(c/M)1B, In this oversimplified picture (see Figure 5),
the increase of Is with g should be more pronounced in
S1 thanin S9 at similar concentrations and less evident
at high c, as for both cases gmax shifts to higher values.
In fact, these trends are supported by the experimental
I+(q) of the PPPS solutions (Figure 4).

The reciprocal g-dependencies of I+ and Is (Figure 4)
indicate, according to the preceding discussion, the
presence of preferred local orientational ordering (size
~Qmax 1). The much slower rate I's reflects the coopera-
tive motion of the correlated Kuhn segment pairs. In
this structural picture, the unexpected and unusual
slowing down of T's with g corroborates the notion that
the most probable short wavelength fluctuations are
long-lived. In principle, this effect of interactions is
foreseen by eq 7, since the collective rate I'(q) ~ ®(q).
It appears that the decrease of T's(q) with q (Figure 4)
is roughly compensated by the increase of I5(q) (O®(q)™).
The slower rate I's, as compared to I¥, is rationalized
by the larger size of the correlated Kuhn segment pairs,
whereas its steeper c-dependence (Figure 8) resembles
the disparity in the variation of the associated intensi-
ties Is and I (inset of Figure 7) with concentration. This
relationship is dictated by the collective nature of both
processes and is more pronounced for the shortest S9.

V. Conclusions

The dynamics of orientation fluctuations in model
poly(p-phenylenes), PPPS, have been investigated using
dynamic depolarized light scattering. The broad dy-
namic range of this technique (photon correlation
spectroscopy) coupled with the strong inherent optical
anisotropy and enhanced solubility of PPPS, provide
unique and powerful information on the collective
orientation dynamics of hairy-rod polymers. The mea-
sured high-quality orientation relaxation functions re-
vealed a bimodal decay of the orientation fluctuations.
The fast process was characterized by an intensity
decreasing with the scattering wavevector q following
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a Debye-like behavior and a rotational rate, I's, with an
intercept. On the other hand, the broad slow process
had an intensity increasing and a rate, I's, decreasing
with g. The concentration dependence of these relax-
ation modes in different solvents supported the notion
of unchanged chain conformation and interactions and
revealed a slowing down, which was more pronounced
for the slow relaxation. With the additional support of
dynamic shear rheological measurements, we have
attributed the fast process to the collective rotational
motion of the Kuhn segments of the persistent poly(p-
phenylene) chains and the slow one to the cooperative
motion of orientationally correlated pairs of segments.
These pertinent findings cannot be explained in the
framework of the existing theories for the dynamics of
rodlike or wormlike chains and thus represent an
important challenge for the understanding of the phys-
ics of wormlike hairy-rod polymers in the isotropic
regime.
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