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ABSTRACT: Photon correlation spectroscopy was employed in the polarized geometry in order to
investigate the dynamics of solutions of substituted poly(p-phenylenes) at high concentrations. The total
concentration fluctuations were found to exhibit a two-step decay. The fast dominant relaxation was the
classical cooperative diffusion, controlled by the osmotic pressure of the system, exhibiting a stronger
concentration dependence compared to flexible polymers, and discussed in the framework of the wormlike
model. On the other hand, the second diffusive process was not related to self-diffusion (as confirmed by
independent pulsed field gradient NMR measurements) and could not be accounted for by the existing
theories. The self-friction coefficient was found to exhibit a stronger concentration dependence than the
cooperative friction coefficient. At high concentrations, a diffusive cluster process was detected, despite
the high solubility of these polymers in different solvents. The characteristics of this mode depended
strongly on the molecular weight.

I. Introduction

In the first paper of this series, referred to as part 1,
the orientation dynamics of concentrated isotropic solu-
tions of hairy-rod poly(p-phenylenes) with aromatic
sulfonated side chains, termed PPPS, have been pre-
sented.1 The pertinent findings discussed were shown
to relate to the collective rotational motion of the Kuhn
segments of the persistent semistiff chains and the
cooperative motion of orientationally correlated segment
pairs. Here, we present a detailed investigation of the
intermediate scattering function of the same polymers
in solution, to quantify the relaxation of concentration
fluctuations in the concentrated isotropic regime. This
study complements the previous one, and together they
provide the necessary ingredients in order to under-
stand the physics governing the solution dynamics and
the interplay between orientation and concentration
fluctuations in model semistiff hairy-rod type of poly-
mers.

The dynamic structure factor is determined using
dynamic light scattering in the polarized geometry,
whereas additional information is provided from pulsed-
field gradient (PFG) NMR data. As in the case of
orientational fluctuations, this study presents a clear
advantage over previous ones,2,3 in that it provides truly
molecular information (on concentration fluctuations)
in the isotropic regime up to very high concentrations
(about 60 wt %). Of the numerous investigations on the
dynamics of concentration fluctuations in solutions of
stiff polymers, most have focused on poly(γ-benzyl R-L-
glutamate), PBLG.4,5 Other polymers, which have been
also studied in detail, include polyisocyanates6 and
biological molecules with high rigidity such as DNA7

and rodlike colloids.8 In all these studies more than one
relaxation mechanism was observed in the polarized
(VV) correlation function. Nevertheless, the origin of

these processes is not yet fully established; the predic-
tions of the mean-field theory of Doi, Shimada, and
Okano (DSO)9 for a bimodal correlation function near
the nematic transition due to coupling of orientation
with concentration fluctuations are partly confirmed
only by one study of PBLG solutions.5 Moreover, PBLG
and other systems used so far,5 although stiff due to
their helical structure, do not possess strong inherent
optical anisotropy to allow investigation of the orienta-
tional (VH) dynamics, thus rendering the interpretation
of the VV dynamics ambiguous. This limitation has
been overcome with the use of poly(p-phenylenes), which
possess large optical anisotropy.10 However, the inves-
tigation of the dynamics of these polymers was re-
stricted to concentrations below 10 wt %, in the semi-
dilute regime, due to dissolution problems,2,3 and even
in this regime, it was rather difficult to obtain truly
molecular properties.

The concentration dependence of the cooperative
diffusion coefficient, Dc, measured by dynamic light
scattering depends on both thermodynamic and friction
effects, and thus combined dynamic and static light
scattering as well as self-diffusion or viscosity measure-
ments are needed to interpret the data and understand
the different contributions to the cooperative dynamics.
In general, the experimental studies on stiff polymer
solutions reveal distinct concentration dependence of Dc
in comparison with flexible polymer chains.3,5,7

In this paper, we address the above-mentioned open
questions related to the mechanisms of concentration
fluctuations in the concentrated regime, by employing
the poly(p-phenylenes) with aromatic sulfonated side
groups, in combination with the information on orienta-
tion fluctuations, discussed in part 1.1 The paper is
organized as follows: Section II provides a concise
review of the relevant theoretical approaches; section
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III contains the experimental information. The results
are presented and discussed in section IV and the main
conclusions are summarized in section V.

II. Theoretical Background
In general, the field correlation function 〈E(q,t)E*-

(q,0)〉 ∝ IVV(q,t), deduced in a dynamic polarized light
scattering experiment from the intensity correlation
function through the Siegert relation (eq 8 of part 1), is
of the form of eq 3 of part 1. In the scattering geometry,
where the x-y plane is the scattering plane and the
scattered wavevector q is in the x axis, the polarized
(VV) correlation function is related with the zz compo-
nent Rzz(t) of the polarizability tensor, R(t). In the dilute
region, photon correlation spectroscopy (PCS) probes
single molecule dynamics; the correlation function for
short (qL < 1), noninteracting polymer chains (with only
the self-part (P ) Q) surviving and l and m running
over segments of the same chain) is a single-exponential
decay function11

where n is the refractive index of the solution and (∂n/
∂c) is the refractive index increment and 〈γ2〉 is the mean
square optical anisotropy of the polymer chain. In eq
1, where independent rotation from translation is as-
sumed, P(q,t) is the dynamic form factor, which for qL
< 1 is dominated by the center of mass diffusion of the
polymer chain (P(q,t) ≈ P(q) exp(-q2D0t)). For rigid
rods, the translational diffusion coefficient as calculated
by Broesma12 is of the form

where D′ ≡ kBT/6πηsL, with ηs being the solvent viscos-
ity and γ a function of the aspect ratio that describes
the corrections due to end effects. The dimensions of
rodlike polymers in dilute solutions may be obtained by
combining measurements of the rotational and the
translational diffusion coefficients.13 In the case of
semistiff polymers, in addition to the above, the persis-
tence length is also involved. Yamakawa and Fujii
calculated14 the translational diffusion coefficient of a
wormlike chain with a persistence length l

Two different functional forms of F were given depend-
ing on whether the ratio L/l is larger or smaller than
4.56. Despite the low scattering intensity, which rep-
resents a problem for PCS measurements in the dilute
regime (especially for longer rods), PCS remains a very
powerful technique. It does not require any modifica-
tion of the macromolecular structure (such as labeling
for fluorescence studies) and also observes the equilib-
rium state (in contrast to relaxation techniques, such
as electric birefringence).

The dynamics in the semidilute and concentrated
region are largely affected by intermolecular interac-
tions, which are negligible in the dilute region. Above
the overlap concentration, c*, concentration fluctuations
relax through the cooperative diffusion mechanism. It
is noted that for the case of semistiff polymers, the
overlap number concentration F* may be estimated from
the average end-to-end distance Le, assuming the rigid
rod expression, F* ) 1/Le

3 as discussed in part 1.1

Cooperative diffusion is the relaxation mechanism for
the concentration fluctuations in a nondilute solution,
and thus the diffusion constant Dc is affected by both
thermodynamic and friction effects according to15

where fc is the cooperative friction coefficient, (∂π/∂c)T,P
the osmotic modulus of the solution, and υ the monomer
volume.

The first theory for the dynamics of nondilute rigid
rod solutions was presented by Doi and Edwards (DE).16

They used the tube concept to describe the dynamics of
nondilute solutions of rods and assuming a free axial
diffusion (D| ) D|,0) and a frozen diffusion perpendicular
to the rod axes (D⊥ ≈ 0); they predicted that the
translational diffusion of a rod decreases to half of its
dilute value (Ds ) D0/2, using D|,0 ) 2D⊥) and it becomes
concentration independent in the semidilute region. In
this theory, the effects of finite diameter, molecular
flexibility, and hydrodynamic interactions were not
considered. The refinements of the DE theory concern-
ing the self-diffusion relate to the introduction of finite
thickness and flexibility. Edwards and Evans17 used a
mean-field theory to first calculate the slowing down of
parallel diffusion. Later, Teraoka and Hayakawa18

calculated the decrease of the perpendicular diffusion,
whereas an extension of the Edwards-Evans model to
a wider concentration range was achieved by Sato and
Teramoto.19 The average self-diffusion coefficient (using
D|,0 ) 2D⊥,0) is then decreasing with F according to

where R and ε are constants.
The flexibility can affect the dynamic behavior, and

very often deviations between experiments and theory
of rods are attributed to it.4,5 Semiflexible polymer
chains are usually described by the wormlike model.14

The dynamics of such chains in nondilute solutions have
been studied in the framework of two models: the
reptation model for a wormlike chain20 and the “fuzzy
cylinder” model.21 While the former predicts a concen-
tration independent self-diffusion in the concentrated
regime, the latter predicts a behavior similar to that of
rodlike chains (eq 5) with renormalized dimensions Le
and be. In the “fuzzy cylinder” model,21 the global
motion of the chain can be identified with that of a
segment distribution model with cylindrical symmetry.
In a way, the motion of stiff chains can be described by
a rod of an effective length Le. The longitudinal diffu-
sion is calculated by a mean-field Green function method
and a hole theory; the basic assumption of the latter is
that the longitudinal diffusion of the test chain occurs
only when a “hole” that is larger than a critical size
exists in the front of the test chain. Both methods give
a similar D| for relatively low concentrations (semidilute
region) whereas at high concentrations the hole theory
can predict very sharp decrease of Ds with c,20 in
qualitative agreement with the cessation of transla-
tional diffusion predicted by Edwards and Evans.17

Concerning the effects of thermodynamics, several
statistical mechanical theories have been used to cal-
culate the osmotic modulus, (∂π/∂c)T,P, for isotropic
solutions of rodlike and stiff polymers and most of them
differ in the prediction of the third virial coefficient, B3.21

Onsager’s theory for rigid rods, which is also used in

IVV(q,t) ) N[4(∂n
∂c)2

n2 + 4
45

〈γ2〉 exp(-6DRt)]P(q,t) (1)

D0 ) D′ [ln(2L/b) - γ] (2)

D0 ) D′ F(L/2l, b/2l) (3)

Dc ) (M/NA)(1 - υF)(∂π/∂c)T,P/fc (4)

Ds )
D0

2
[(1 - aL2bF)2 + (1 + εL3F)-2] (5)
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the DSO framework,9 calculated the osmotic pressure
up to the second virial term and thus predicted a (∂π/
∂c)T,P that scales linearly with F

where Fn ) 16/πbL2 is the Onsager prediction for the
nematic transition in a solution of rodlike polymers. On
the other hand, scaling particle theory21 (SPT) (as other
theories) calculates B3 for both rodlike and wormlike
spherocylinders, while B2 retains the value of the
Onsager’s theory. Thus, an even stronger concentration
dependence of (∂π/∂c)T,P is predicted21

with B ) (π/2)(L2bF + 6υ, C ) (υ + πb3/12)[B - 2(υ +
πb3/12)], and υ ) (π/4)Lb2 + (π/6)b3 the molecular
volume of a spherocylinder. The deviation of SPT from
Onsager predictions for the osmotic pressure is signifi-
cant above a volume fraction υF ) 0.05 (or above F/F**
≈ 3, with F** ) 1/L2b), for a rod with aspect ratio L/b )
50.21 Thus, in the concentrated regime the second virial
approximation may underestimate the osmotic modulus.

Concerning the theoretical description of the dynamic
structure factor measured by dynamic light scattering,
the most complete approach so far for isotropic semidi-
lute and concentrated solutions of rodlike molecules is
the DSO theory,9 which was subsequently reformulated
by Maeda.22 DSO first presented a general theory to
calculate the static structure factor of concentrated
solutions of rodlike polymers and then applied it to
calculate the dynamic structure factor. These investi-
gations take into account the rotation-translation
coupling of the rod diffusion and various types of
interactions, which cannot be neglected in nondilute
systems, such as excluded volume interactions, entangle-
ment effects, and hydrodynamic interaction, to calculate
the intermediate scattering function g(q,t). In the limit
of low q values, g(q,t) is described by a single exponential
related with the cooperative diffusion coefficient. In
addition to the initial decay rate, DSO predicts a double
exponential for g(q,t) near the isotropic to nematic
transition. The fast mode becomes faster with concen-
tration, while its amplitude increases, and the slow
mode becomes weaker and slower. The two relaxation
modes are diffusive and both describe the relaxation of
the concentration fluctuations coupled to the orientation
fluctuations; the coupling becomes more important as
the system approaches the isotropic to nematic transi-
tion. However, there is not yet clear experimental
confirmation of this prediction.

III. Experimental Section
Materials. We utilized the same PPPS samples listed in

Table 1 of part 1.1 Their enhanced solubility in the common
organic solvents, allows the study of the diffusion and orien-
tational (part 1) dynamics well into the concentrated region.

Photon Correlation Spectroscopy (PCS). We have
recorded the autocorrelation function G(q,t) of the polarized
(VV) light scattering intensity IVV(q) with an ALV-5000/fast
multi tau digital correlator using 320 channels, over the broad
time range 10-7-103 s (see also part 11). Both the incident
laser beam and the scattered light were polarized vertically
(V) with respect to the scattering plane. In the present
experiment, the normalized correlation function C(q,t) )
Rg(q,t) obtained from the experimental G(q,t) (eq 8 of part 1)
is associated with the collective relaxation of the thermal

concentration fluctuations of the system. In cases where more
than one relaxation process contributes to the scattering
intensity, the combined use of static and dynamic light
scattering is proven a very powerfool tool enabling the separa-
tion of the intensity of the each process. The analysis of C(q,t)
proceeds via inverse Laplace transformation (ILT, eq 9 of part
1), which allows the determination of the relaxation rate Γi

and intensity Ii()RiI) of the partitioning processes; I is the total
light scattering intensity and Ri the amplitude of the process
revealed by the distribution relaxation function L(ln τ). To
examine the extent of association3 and discriminate between
relaxation processes of molecular and supramolecular origin,
we have investigated S3 in three common organic solvents
(toluene, CHCl3, and trichloroethylene (TCE)).

Pulsed Field Gradient NMR. This technique measures
essentially a stimulated echo using a proton spin as a probe,
yielding the self-diffusion coefficient, Ds, of particles bearing
1H nuclei, if the field gradient is applied as a pulse during the
spin-echo experiment.23 A magnetic gradient pulse of mag-
nitude g is applied for a dephasing period δ, and the echo
amplitude Ψ(q,t) is measured during the time interval t
between the field gradient pulses. The longest accessible
diffusion times are determined by the spin-lattice relaxation
time T1, which is of the order of seconds; t may be varied
between 10-3 s and T1.

Results and Discussion
In general, the dynamic behavior of the solutions, as

revealed in the polarized correlation function, becomes
more complicated as the concentration is increased.
Thus whereas in the dilute or early semidilute regime
only one relaxation process is observed and originates
from the translational diffusion of the polymer chains,
at higher concentrations at least two more modes evolve.
The slow one becomes stronger and slower with increas-
ing concentration, while being solvent dependent, and
as such it is attributed to the formation of clusters. The
main, fast mode, which is a continuation of the trans-
lational diffusion in the semidilute and concentrated
regimes is attributed to the cooperative diffusion of the
polymer chains. Finally, an intermediate relaxation
process is resolved in the semidilute region with the
characteristics of a second diffusive cooperative mode.

Figure 1 shows experimental C(q,t) at 25 °C and q )
0.035 nm-1 (θ ) 150°) for S3 solutions in three solvents
at comparable concentrations, together with the respec-
tive distributions of relaxation times. The rate and the
intensity I (corrected for the difference in the refractive
index increment dn/dc) of the cooperative diffusion
process assume similar values in the solutions, whereas
the intensity Is of the slow process depends on the choice
of the solvent; low and high Is are reported for the
toluene and TCE solutions, respectively. On the basis
of this finding, we have mainly focused in PPPSs toluene
solutions with the least tendency for association. From
the five PPPS samples, only the shortest S10 displays
significant contribution of the slow process to the
experimental C(q,t); even at the smaller concentrations
(c/c* ≈ 1), S10 exhibits a slower than the cooperative
diffusion mode, which is active in the VH scattering as
well.1

A. Dilute RegimesTranslational Diffusion. At
dilute concentrations, C(q,t) is a single decay process
with a diffusive decay rate Γ ) D0q2, where D0 is the
translational diffusion of the polymer chain. Moreover,
in the limit c f 0 (Figure 2 below), diffusion coefficients
deduced from PCS as well as NMR measurements
should reveal the translational diffusion coefficients of
a single polymer chain. Poly(p-phenylenes) have been
verified experimentally as semiflexible chains. A per-

(M/RT)(∂π/∂c)T,P ) 1 + 8F/Fn (6)

(M/RT)(∂π/∂c)T,P )

[1 + B/(1 - υF) + 2CF2/(1 - υF)2]/(1 - υF)2 (7)
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sistence length of the order of 25 nm was obtained by
depolarized light scattering measurements10 for PPPs
with dodecyl flexible side chains. On the other hand,
viscosimetry measurements24 on the present PPPS give
a significantly smaller value (l ) 13 nm). A comparison
of the two techniques10,25 has shown that viscosimetry
systematically yields lower l values than depolarized
light scattering. Since all samples (except the smaller
S10) used in these study have L > l, the theoretical
expressions for semistiff chains must be used.

The dependence of D0 on the contour length (Lw), the
diameter (b), and persistence (l) length for a wormlike
chain is described by eq 3. The theoretical predictions
of the translational diffusion coefficients for rigid rods
and semistiff chains agree with most experimental
findings on various biological7b,c and synthetic26 mac-
romolecules. A compilation of the experimental and the
calculated D0 according to Broesma’s expression (eq 2)
and Yamakawa-Fujii (eq 3) for rigid and semiflexible
chains, respectively, is presented in Table 1. In the
computation we have used the characteristic lengths b
) 1.7 nm and l ) 25 nm (or l ) 13 nm) and Lw values
obtained from Mw of Table 1 of part 1.1 For S1, S3, and
S9, eq 3 with l ) 25 nm describes very well the
experimental D0; for S7, eq 3 approximates the experi-
mental D0 with an error of 16%.

The dependence of the diffusion coefficient on the
molecular weight (D0 ∝ M-x) can provide information
on the conformation of the polymer chain. In the
presence of polydispersity the diffusion coefficient mea-
sured by PCS is the z-average. In the case of long rigid
rods, D0 ∝ L-1 (neglecting the logarithm and the end
term correction of eq 2) and (1/L)z ) 1/Lw; hence we will

use Mw to determine the molecular weight dependence
of D0. The log-log plot of D0 vs Lw shown in the inset
of Figure 2 reveals behavior intermediate between
flexible (x ) 0.5 or 0.59) and rigid rod polymers; since x
) 0.63 ( 0.04. Although, higher x values (0.7-0.9) have
been found in other solution studies of semistiff poly-
mers,26,27 we should note that this exponent is only
indicative of the proximity to the rod or the coil limit in
a rather limited range of molecular weights. It is clear
that as the contour length increases many times above
the persistence length, the apparent x will tend toward
0.59 for good solvents.

The comparison of the predictions of eq 3 for l ) 25
nm (solid line) and l ) 13 nm (dashed line) with
experiment is depicted in the inset of Figure 2a. It is
evident from Table 1 and Figure 2a that the experi-
mental single chain translational diffusion supports a

Figure 1. Experimental concentration correlation (field)
functions at q ) 0.035 nm-1 (θ ) 150°) and 25 °C for (a) S3 in
TCE (73 mg/mL), (b) S3 in CHCl3 (63 mg/mL), and (c) S7 in
toluene (68 mg/mL). The corresponding distribution of relax-
ation times L(ln τ) are also shown.

Figure 2. (a) Diffusion coefficient for the decay of the
concentration fluctuations in PPPS solutions: S1 (9), S7 (b),
S9 (2) in toluene, S3 in chloroform (O) and TCE (3). The
dependence of the translational diffusion D0 at c f 0 on the
chain length is shown in the inset where the solid and dotted
lines denote the prediction of eq 3 with l ) 25 nm and l ) 13
nm, respectively (see in text). (b) The dependence of the
cooperative diffusion coefficient Dc (normalized with D0) on the
reduced concentration c/c* for four PPP/S samples. The slope
0.9 represents an average fit to the experimental data.

Table 1. Dilute Solution Translational Diffusion
Coefficients of PPPSa

sample
D0,exp

(10-7 cm2/s)
D0,3

(10-7 cm2 /s)
D0,4a

(10-7 cm2/s)
D0,4b

(10-7 cm2/s)

S1 2.06 ( 0.16 1.6 2.01 2.3
S3 2.97 ( 0.15 2.39 2.85 3.17
S7 5.06 ( 0.08 5.12 5.92 6.23
S9 7.53 ( 1 6.67 7.79 8.08
a D0,exp, experimental zero concentration diffusion coefficients;

D0,3, theoretical value according to eq 3; D0,4a, theoretical value
according to eq 4 and l ) 25 nm; D0,4a, theoretical value according
to eq 4 and l ) 13 nm.
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persistence length l ) 25 nm in agreement with the
depolarized light scattering study10 for the PPPs (with
dodecyl side chains). This might suggest that the
flexibility of the poly(p-phenylenes) with side chains is
mainly determined by their backbone structure. More-
over, this consistent representation of D0 for the four
PPPS samples (Mw between 27 000 and 189 000) ex-
cludes molecular association and supports the validity
of eq 3 for the present hairy-semistiff chains.

B. Semidilute-Concentrated Regime. With in-
creasing concentration, chain interactions change the
mechanism for the relaxation of the thermal concentra-
tion fluctuations. In the semidilute regime, cooperative
rearrangements of the interacting chains are respon-
sible for the temporal decay of the g(q,t) with wavevector
q. Hence, the cooperative diffusion, Dc ) Γ/q2, bears
both kinetic and thermodynamic effects (eq 4). The
friction increases with concentration due to interpen-
etration and noncrossability of polymer chains, while
the thermodynamic interactions (under good solvent
conditions) tend to speed up the cooperative diffusion.
These two opposing forces are key issues in the inves-
tigation of polymer solutions and can be studied through
the concentration dependence of the self-diffusion coef-
ficient, Ds, and osmotic compressibility, (∂π/∝c)P,T. The
passage from the dilute to the semidilute regime should
be marked by a change in both the dynamic and static
quantities of the solution, i.e., the diffusion coefficient
and the scattering intensity. A change in the behavior
of Dc with concentration was observed by Tracy and
Pecora13 at about 10-20c* for a PBLG solution, marking
the passage to the semidilute region. A rather pro-
longed dilute solution behavior of the dynamic and static
properties has been observed in most studies of stiff
polymers,3-5,13 revealing the more loose structure of stiff
chains compared to their flexible counterparts, which
allow for less intra- and weaker intermolecular interac-
tions and, hence, easier interpenetration above c*.

(i) Osmotic Compressibility. The osmotic modulus
of the solution can be obtained from the light scattering
experiment through the intensity of the scattered from
isotropic concentration fluctuations light, according to

with K ) 4π2n2(dn/dc)2λ-4 NA
-1, Riso being the isotropic

Rayleigh ratio, which is proportional to the scattered
intensity, I(q)0), and λ the wavelength of the incident
radiation. From the measurements of the polarized
correlation function one can deduce the contribution of
the cooperative mode, responsible for the concentration
fluctuations, according to Ic ) acI. The extrapolation
of Ic to the thermodynamic limit (q ) 0) yields the
osmotic compressibility (∂π/∂c)P,T.

Estimation of (∂π/∂c)P,T from static light scattering
measurements can often yield smaller values as com-
pared to data from other more direct methods, such as
membrane osmometry, especially at nondilute solutions
due to the existence of aggregates or other relaxation
processes besides the cooperative diffusion.28 In these
cases, utilization of the dynamic intensity of the coop-
erative process can provide better estimation of the
osmotic modulus in semidilute polymer solutions. Ex-
perimental data for flexible chains29 suggest that the
osmotic modulus is independent of the molecular weight
and can be fitted well by the expression predicted by

renormalization group theory30 (RG). The RG expres-
sion, which is a function of A2Mwc ∼ c/c*, has a limiting
behavior at high concentrations that agrees with the
scaling prediction c5/4.15 On the other hand experimen-
tal studies of stiff chains in solution have shown that
the increase of osmotic modulus is in general weaker,
compared to solutions of flexible chains,5,28,31 and thus
it cannot be fitted by the RG theory.

The initial rate of increase of Ic with c decreases as
the concentration exceeds c*, and Ic displays a rather
shallow maximum (inset of Figure 3) marking the
passage to the semidilure regime which is characterized
by the increased repulsion among polymer chains and
thus suppression of concentration fluctuations. Figure
3 shows the normalized osmotic modulus (Mw/RT)(∂π/
∂c)P,T versus c/c* for four PPPS samples at 25 °C (in the
dilute regime (∂π/∂c)P,T ) RT/M). In this reduced plot,
the semidilute scaling prediction for flexible chains in
good solvent, (∂π/∂c)((c/c*)5/4), is independent of chain
length, while the Onsager mean field prediction for rigid
rods (eq 6) (∂π/∂c)∝ (b/L)(c/c*)1), depends on the aspect
ratio. The experimental data fall between the mean
field and the flexible scaling prediction, while at high
concentrations they do not superimpose into a single
curve. The poor superposition of the data in Figure 3
might reflect L dependence of the virial coefficients due
to the variation of the rodlike character within these
samples, i.e., different L/l ratios.

In Figure 4 we depict the osmotic compressibility data
for different molecular weights and solvents as a func-
tion of polymer concentration (in weight percent) along
with the theoretical predictions of the scaling particle
theory, SPT (eq 7) (solid line), the Onsager mean-field
theory (dotted line), and the renormalization group
theory (dashed line). It can be seen that the SPT for
wormlike spherocylinders can provide a good description
of the experimental data. At the same time, the
Onsager prediction exhibits a weaker increase of (∂π/
∂c) than experimentally observed at high concentrations,
while the RG theory for flexible chains predicts higher
(∂π/∂c) at intermediate concentrations and does not
conform to the observed increase at high concentrations
since it reaches the scaling behavior (c5/4) (Figure 4a).
For all molecular weights in toluene, the data can be

Kc
Riso

)
(∂π/∂c)T,P

RT
(1 + ê2q2 + ...) (8)

Figure 3. Concentration dependence of the osmotic modulus
(normalized with molecular weight) as reduced from the
cooperative intensities for solutions in toluene S1 (9), S7 (b),
S9 (2), and S3 in chloroform (O) and TCE (3). The slopes
denote scaling predictions for flexible (1.3) and rodlike (1) chain
conformation. The concentration dependence of the normalized
cooperative intensities Ic(q ) 0) for these samples are shown
in the inset.
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fitted very well by eq 7 using a diameter b ) 0.8 nm,10

whereas the curve corresponding to the fit of eq 7 with
b ) 1.7 nm is also shown for comparison in Figure 4b
for S7 toluene solutions. This value is almost half the
value used to describe the translational diffusion data
(Figure 2a) representing the hydrodynamic diameter of
the chain; the latter might be sensitive to the presence
of long flexible side chains. From the osmotic compress-
ibility data of PPPS in TCE and CHCl3 the adjustable
parameter b was found to be different; as for S3 in
CHCl3 we obtain the best fit using b ) 1 nm (the
corresponding to b ) 0.8 nm curve according to eq 7 is
also shown in Figure 4c). For S3 in TCE the best fit is
otained by using b ) 1.3 nm. It appears that the value
of b deduced from the thermodynamic quantity (∂π/∂c)
reflects more the diameter of the chain backbone.

(ii) Cooperative Diffusion. The variation of Dc
with concentration is visualized for four PPPS samples
in Figure 2; the linear Dc(c) at low concentrations allows
the estimation of D0 at c f 0. To reveal the c
dependence of Dc at higher concentrations, it is more
appropriate to examine the reduced quantity Dc/D0 - 1
implied by the general form

where kc and ν are material constants depending on the
solvent quality. The phenomenological description of
Dc by eq 9 may describe the behavior of the cooperative
diffusion of semistiff and rodlike polymers. Neverthe-
less, a more rigorous analysis of data in an effort to
check the theoretical predictions requires the separation
of the frictional from the thermodymamic contribution

in Dc. In such a case, if for example eqs 4, 5 and 7 are
combined, a complicated expression for the cooperative
diffusion is obtained that is difficult to be verified using
Dc data unless the thermodynamic or the frictional
contribution can be accounted for. We have already
confirmed the ability of the SPT to describe the ther-
modynamic behavior of solutions of the present stiff
PPPSs. Next, it should be examined whether the
friction coefficient involved in the cooperative diffusion
(eq 4) represents the self-diffusion friction. The latter
quantity is actually predicted by several theories which
deal with the self-diffusion of wormlike or rodlike chains
in solution as discussed in section II.

Self-diffusion data on synthetic stiff polymers are
rather limited. Measurements were carried out with
solutions of PBLG,32 mainly by force Rayleigh scattering
and indicated a decrease of the Ds with c. The work of
Tinland et al.33 with biological wormlike xanthan mol-
ecules is also worth noting; using several molecular
weights they reported a sigmoidal-type curve of reduc-
tion of Ds with c, i.e., constant in the dilute, decreasing
in the semidilute region, and leveling off in the concen-
trated region. More recently, Bu et al.34 measured the
self-diffusion of PBLG by fringe pattern recovery after
photobleaching and again found two or three regimes
depending on the molecular weight.

The cooperative friction fc can be computed from eq 4
and compared with the self-diffusion Ds of the PFG-
NMR experiment. The concentration dependence of
these friction coefficients per unit length (corrected for
the different solvent viscosities) is shown in Figure 5.
As expected, both frictions increase with concentration,
but unexpectedly fc reveals a dependence on the chain
length. S1 appears to display lower friction than the
shorter S9 chain, which might be attributed to the
larger dynamic flexibility of the former. Note that the
orientational times at high concentrations are also
faster in S1 than in S9 (Figure 8 of part 1). The self-
friction for the S3 solutions in chloroform obtained from
Ds shows stronger c dependence than fc reflecting the
different nature of these two physical quantities. The
large disparity between fc and fs makes therefore any
attempt to associate the composite cooperative diffusion
with wormlike theories rather questionable (all models
assume that cooperative and self-frictions are the same).

Figure 4. Experimental and theoretical concentration de-
pendence of the normalized osmotic modulus for different Mw
and solvents: (a) S1 in toluene (9), solid line, SPT theory (eq
7), b ) 0.8 nm and Lw and Mw from Table 1 of part 1;1 dotted
line, Onsager theory (eq 6), b ) 0.8 nm; dashed line, RG theory
with b ) 0.8 nm. (b) S7 in toluene (b); solid lines, SPT theory
for b ) 0.8 and 1.7 nm. (c) S3 in CHCl3 (O), solid lines, SPT
theory with b ) 1 and 0.8 nm.

Dc ) D0 (1 + kcc
ν) (9)

Figure 5. Normalized mutual friction coefficient (eq 4) in four
PPPS samples as a function of the reduced concentration in
three solvents: S1 (9), S7 (b), S9 (2) in toluene, S3 in
chloroform (O) and TCE (3). Inset: Concentration dependence
of the self-friction coefficient in S3/chloroform solutions from
PFG-NMR data.

6144 Petekidis et al. Macromolecules, Vol. 31, No. 18, 1998



Figure 2b depicts the speed-up of Dc, above c* due to
increasing intermolecular interaction and excluded
volume effects encompassed in eq 4. For semistiff
chains, sizes of length 2l move in a more correlated
fashion compared to flexible chains in semidilute solu-
tions with smaller correlation length of the order of the
blob size; the c-dependence of the latter is responsible
for the scaling Dc ∝ (c/c*)0.77 in good solvents. For
concentrations between 5c* and 200c*, the reduced Dc
data in Figure 2b show a scaling exponent ≈0.9. The
deviations observed at the higher concentrations (c >
100c*), where the slope of the cooperative diffusion with
c is smaller (especially for the higher molecular weight
S1), reflect the domination of the friction effects in this
concentrated regime.

C. Intermediate Diffusive Process. As already
mentioned in the Experimental Section, the polarized
intensity correlation functions (Figure 1) display a slow
diffusive process (see below) in addition to the main fast
cooperative diffusion. In the intermediate time scale,
a third relaxation process contributes to the experimen-
tal C(q,t) in the nondilute solutions of PPPS. Figure 6
visualizes the situation for two concentrations of S1 in
toluene for which the contribution of the slow process
is weak. At relatively low concentrations, e.g., 13.3%
(c/c* ) 283), the rate of the intermediate process
obtained from the second peak of the distribution L(ln
τ), is found to be diffusive (inset in Figure 6a). At higher
concentrations, the depolarized intensity becomes im-
portant and its dynamics fall into the time regime of
the intermediate mode; recall the VH contribution

(4/3IVH) to the VV scattering.11 In this case, the analysis
of the intermediate process is obscured, and the pure
diffusive character of its rate is clearly affected by the
VH process, as shown in Figure 6b for a c ) 38.6% (c/c*
) 821) solution. Due to this ambiguity in the analysis,
the high concentration regime will be excluded in the
discussion of the diffusive rate and the intensity of this
new isotropic process.

The molecular weight polydispersity of the PPPS
samples might be an obvious reason for the observation
of the intermediate process. In such case, the polydis-
persity-induced contrast would allow the probing of
composition fluctuations relaxing via self-diffusion.
This mechanism has been identified in several systems
including colloidal spheres,35 rods,8 diblock copolymers,36

and more recently multiform star polymers;37 the char-
acteristic diffusion decreases while the intensity, in all
but the case of multiarm stars, increases with c. To
examine this possibility, we have measured the inter-
mediate mode in a equimolar mixture of the largest (S1)
with the smaller (S9) species in toluene solution. In
disagreement with self-diffusion mechanism, no inten-
sity enhancement was observed as shown by the com-
parison of the Ii data in Figure 7. A pertinent finding
in this figure is the observation that DI does not
decrease with concentration, as expected from the
increase of the self-friction, fs, in Figure 5; instead, DI
slightly increases with concentration. Moreover, the
insensitivity, within experimental error, of the intensity
Ii to the c variation makes the association of the
intermediate process to the self-diffusion very unlike.
Instead, the former resembles the behavior of the fast
cooperative diffusion.

In a two-component rigid rod/solvent system, DSO
theory9 predicts a bimodal relaxation for the concentra-
tion fluctuations as the nematic transition is approached
from the isotropic state (see section II). In this model,

Figure 6. (a) Polarized field correlation function for S1
solution in toluene (115 mg/mL) at q ) 0.025 nm-1 (θ ) 90°)
along with the corresponding distribution L(ln τ) (multiplied
with the normalized intensity) and the diffusive rate of the
intermediate mode (inset). (b) Polarized (VV) and depolarized
(VH) field correlation functions for S1 solution in toluene (335
mg/mL) at q ) 0.034 nm-1 (θ ) 150°) with the corresponding
L(ln τ) (multiplied with the normalized intensity). The varia-
tion of the rate Γi with q for the intermediate mode in the
dynamic VV scattering is shown in the inset.

Figure 7. Diffusion coefficient Di (a) and the intensity II(0)
(b) associated with the intermediate mode in the polarized
correlation function of PPPS solutions: S1 (9), S7 (b), S9 (2)
in toluene, and of the equimolar mixture of S1 and S9 (0).

Macromolecules, Vol. 31, No. 18, 1998 Diffusion Dynamics of Hairy-Rod Polymers 6145



the fast cooperative process dominates over the slow one
as the concentration increases toward the nematic
transition. The slow diffusion is associated with the
relaxation of the total concentration fluctuations in the
isotropic regime through both translational and rota-
tional motions of the rods, while the fast diffusion
proceeds predominantly through axial diffusion without
changing the orientation of the rods. In the present
case, however, it is the slow diffusion and not the fast
cooperative diffusion that appears at nondilute solutions
of PPPS, which noticeably do not exhibit a mesophase
assumed by the DSO model.9 Nevertheless, we can
speculate on the origin of the intermediate diffusion
process in the isotropic scattering based on the preferred
distance in the orientation fluctuations (see also part
11). These orientationally correlated pairs can affect the
cooperative diffusion as additional (slower) chain dis-
placements are probably necessary to relax fully the
thermal concentration fluctuations in the hairy-rod
solutions.

D. Slow Diffusion in Hairy-Rod Solutions. Al-
beit the PPPS samples are very soluble up to high
concentrations, a slow process is present in the semi-
dilute and concentrated regimes. As already mentioned
in section II above, the intensity of the slow diffusive
process is the lowest in toluene and highest in TCE
increasing with c above c* in all three solvents. This
cluster-like mode in the polarized scattering represents
the diffusive translational motion of a group of mol-
ecules with different refractive index from the rest of
the polymer solution. For all PPPS samples but the
shortest S10 (see below), the observed clusters form
optically isotropic structures, as inferred from their
negligibly low anisotropic (VH) scattering. The size of
the clusters can be estimated from the q-dependence of
the polarized intensity of Islow(q) for the slow mode,
shown in Figure 8 for different concentrations in
chloroform at 25 °C. It was found that Islow(q) cannot
be adequately described by the common Ornstein-
Zernicke equation: Islow(q) ) Islow(0)/(1 + q2ê2). Instead,
the Debye-Bueche expression,1,11 Islow(q) ) Islow(0)/(1 +
q2ê2)2, provides a satisfactory representation of the Islow-

(q) data, with a characteristic length ê. The Debye-
Bueche expression is based on the pair distribution f(r)
) exp(-r/ê) corresponding to a medium with two
randomly distributed species (clusters and molecules),
with sharp interfaces between each other.1 The size ê
in the examined concentration range (0-20%) increases
from about 50 to 90 nm (inset of Figure 8).

The concentration dependence of the slow diffusion
Dslow for four PPPS samples is shown in Figure 9. The
strong slowing down of Dslow is dominated by the
significant increase of the solution viscosity η0 with c
(see Figure 9 of part 11 and discussion in section IV.B).
For S7 toluene solutions, the quantity Dslowη0 (≈kT/6πê)
depicted as an inset in Figure 9, reveals an increasing
ê (60 to 200 nm) with concentration, in qualitative
agreement with the static Islow(q) (Figure 8). In confor-
mity to this finding, the intensity Islow(0) clearly deviates
from the linear dependence on concentration, expected
from the constant ê, as shown in the lower inset of
Figure 9.

For the shortest S10, the slow diffusive process is
depolarized (VH) active (Figure 2 of part 1), implying a
nonspherical shape for the clusters with finite optical
anisotropy. Assuming a wormlike shape created mainly
by an end-to-end association of the rodlike S10, the
values of the rotational diffusion DR ()(1/6)ΓVH,qf0) and
Dslow at very dilute concentrations allow the estimation
of the average dimensions. Using l ) 25 nm, eq 4, and
Hearst-Stockmayer expression for the rotational dif-
fusion coefficient of semistiff chains27 leads to a contour
length of 580 nm and diameter of 5.5 nm. The tendency
for an end-to-end aggregation in S10 compared to the
spherical isotropic clusters of the other PPPS is probably
due to the larger chain-ends concentration and reduced
solubility (low chain flexibility) for the former. The
average size of the cluster is rather constant, as inferred
from the linear increase of the depolarized light scat-
tering intensity IVH with c (inset in Figure 10) unlike
the situation in the other PPPSs (see Figure 9). Owing
probably to their wormlike shape, DR for the dominant
aggregates in S10 exhibits a concentration dependence
close to the theoretical predictions for rodlike and
wormlike chains (see part 11), as shown in Figure 10.
Similar behavior was observed for different poly(p-

Figure 8. Variation of the intensity associated with the slow
process in the dynamic polarized scattering from S3/chloroform
solutions with wavevector q at different concentrations: 0.5
wt % (0), 2.2 wt % (2), 4.2 wt % (O), 9.4 wt % ([), 15.4 wt %
(1). The correlation length ê obtained from the fit of Debye-
Bueche relation to the intensity data is given in the inset as
a function of S3 concentration.

Figure 9. Variation of the slow diffusion coefficient and the
associated intensity (lower inset) with the reduced concentra-
tion for four PPPS samples: S1 (9), S7 (b), S9 (2) in toluene,
S3 in chloroform (O) and TCE (3). The concentration depen-
dence of Dslowη0 (η0 is the zero-shear solution viscosity from
Figure 9 of part 1) for S7 sample is shown in the upper inset.
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phenylene) systems representing associates of aniso-
tropic shapes.

V. Concluding Remarks

In this work we employed photon correlation spec-
troscopy in the polarized geometry in order to system-
atically investigate of model hairy-rod substituted poly-
(p-phenylenes) in solution and at very high concentrations
(up to about 60%). The main findings of these studies
can be summarized as follows:

(i) The total concentration fluctuations were found to
exhibit a two-step decay. The fast relaxation process
was the dominant one and was actually the “classical”
cooperative diffusion found in other semiflexible poly-
mers.3 This process was controlled by the osmotic
pressure of the system described by scaling particle
theory (eq 7) for wormlike spherocylinders. On the
other hand, the second relaxation process was also
diffusive, but it was not related to self-diffusion (as
confirmed by independent PFG-NMR measurements)
and could not be accounted for by any of the existing
theories.

(ii) The self-friction coefficient, fs, was found to exhibit
a very strong concentration dependence, with a slope
more than two times that of the cooperative friction
coefficient, fc; thus, the behavior of fs was clearly
different from fc. This finding clearly contradicts the
assumptions of similar friction coefficients, used in the
various studies for rodlike and wormlike polymers.

(iii) At high concentrations, a diffusive cluster mode
was detected, despite the high solubility of these poly-
mers in the three different solvents. The characteristics
of this mode were found to depend strongly on the
solvent and the molecular weight; clusters resulting
from large chains (closer to flexible behavior) were
isotropic, whereas those from the short ones (closer to
rodlike behavior) were anisotropic.
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Figure 10. Concentration dependence of the diffusion coef-
ficient Dslow (b) and the orientation relaxation rate ΓVH (0) for
the slow process in S10 toluene solutions. The intensities
associated with these processes are shown in the inset.
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