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ABSTRACT: Photon correlation spectroscopy in the polarized (VV) and depolarized (VH) geometries has
been utilized in order to investigate the aggregation dynamics in toluene solutions of a hairy-rod polymer,
poly(p-phenylene) with flexible dodecyl side chains. Static and dynamic results from the dilute regime
suggest that polymer molecules form small aggregates, typically trimers, even at very low concentrations.
In the semidilute regime, results at different scattering wavevectors (q) in both the VV and VH geometry
reveal two new relaxation processes (slow and ultra slow), in addition to the faster cooperative diffusion
and reorientation of the trimers, respectively. They are attributed to the formation of large anisotropic
clusters (of typical size 570 nm), with inherent crystallization, as revealed by X-ray scattering. After
about 2 weeks the clusters settle under the action of gravity and form an opaque sediment. Assessment
of the aggregation modes has been carried out by sediment redispersion. The first stages of this process,
which exhibit multiple scattering, reveal a steeper than exponential relaxation, associated with a
sedimentation-induced velocity gradient in a transient pseudonetwork formed by the dispersed clusters.
In the single scattering limit, reached at later stages, the two relaxation processes are related to
reorientation (slow) and number density fluctuation (ultraslow) of the anisotropic clusters. On the basis
of simple thermodynamic arguments, we argue that rodlike macromolecules exhibit a larger activation
energy barrier compared to their flexible counterparts, in agreement with the experimental evidence.

I. Introduction
Rigid-rod polymers are materials of substantial sci-

entific and technological interest due to the wide range
of astonishing properties they exhibit; these are mainly
the isotropic-nematic and other transitions, the aniso-
tropic diffusion, and the strong coupling between trans-
lational and rotational diffusion.1 The underlying factor
behind these properties is their anisotropic shape, which
is of course characteristic of the rodlike architecture,
in contrast to the more common flexible polymers. In
addition, and in contrast to the most widely studied
rigid-rod polymers (such as poly(γ-benzyl L-glutamate),
hydroxypropylcellulose, denaturated DNA, and tobacco
virus), poly(p-phenylene)-based polymers exhibit sig-
nificant inherent optical polarizability anisotropy; this
property can provide valuable information concerning
the reorientational dynamics,2 as well as the conforma-
tion of the macromolecules in solution.3 Strong molec-
ular anisotropy is necessary for the measurement of the
above mentioned distinct physical properties of rigid-
rod polymers, by utilizing static and dynamic depolar-
ized light scattering, which is an extremely sensitive
probe of collective orientation fluctuations, and thus
structural changes or transitions, even at a molecular
scale. Of particular importance is the coupling of
orientational to translational degrees of freedom, since
it is related to the complicated interactions of these rigid
macromolecules, especially at high concentrations.1,2,4
In fact, in such systems it is desired to control the
balance between attractive and repulsive dispersive
forces in order to be able to measure truly molecular
properties (avoiding interference with aggregation
phenomena). Typically, the attractive forces (of the van

der Waals type) are short-ranged, and rods attract each
other preferentially in the parallel configuration.4

On the practical side, it is not possible to obtain highly
concentrated isotropic solutions of hairy-rod molecules,
due to solubility limits, despite the fact that the side
chains were introduced to improve solubility;5 further,
dynamic light scattering investigations reveal the oc-
currence of aggregation, manifested as an extra slow
relaxation process.6-9 Moreover, macroscopic observa-
tions of areas of opaqueness, accompanied by increased
dichroism10 with time at high concentrations, support
the aggregation picture. All this evidence points to the
important role of attractive interactions in the physical
properties of concentrated solutions of hairy rods and
underlines the need to fundamentally understand the
association of these materials. The latter, which is
precisely the scope of the present paper, can be ac-
complished through a systematic investigation of the
dynamics of both concentration and orientation fluctua-
tions at various concentrations above the overlap con-
centration, as a function of temperature and time.
In addition to the important considerations presented

above, it is necessary to stress the great potential of
hairy-rod polymers for technological applications; in
particular, these materials exhibit nonlinear optical
properties and can be used as films in the photonics and
electronics industry.11 In this respect, it is essential to
control these properties, in terms of their relationship
to their molecular and microsctructural characteristics,
and thus a full-scale characterization (both in solution
and in the melt) is imperative.
In this paper we present a thorough investigation of

the association dynamics in dilute and concentrated
solutions of a poly(p-phenylene) with flexible dodecyl
side chains, and its relationship to cluster sedimenta-
tion, as a function of temperature and time. In the
remainder of this paper, the following aspects are
covered: Section II presents a concise review of the
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relevant aggregation phenomena, with an emphasis on
the open questions in the field of hairy-rod polymers.
Section III represents a detailed description of the
systems used and the experimental procedure followed.
The results are presented and discussed in view of the
various physical parameters in section IV. Finally,
section V summarizes the main conclusions of this work.

II. Main Features of Aggregation Processes and
the Challenge for Rigid Rods

The association of molecular or larger entities repre-
sents a very broad scientific field, that has been studied
extensively for almost a century. Most of the work to
date deals with the behavior of colloidal dispersions, and
significant advances have been made in recent years due
to developments in both experimental instrumentation
and theoretical concepts. Setting aside the flocculation
induced by electrostatic forces,12 or kinematics,13 ag-
gregation in a stabilized colloidal dispersion is a function
of the volume fraction of the suspended particles.14-16

Initially, single colloidal particles undergo Brownian
motion until small clusters are formed (with increasing
concentration); then cluster and particle diffusion re-
sults in formation of larger aggregates, and so on. The
key factor controlling the formation of aggregate struc-
tures is the balance among short-range interparticle
forces.1,4 The process of cluster growth, when irrevers-
ible, has a fractal structure and is characterized by two
limiting modes, depending on whether the sticking
probability is about 1 or much smaller than 1.17

Directly related to the aggregation problem is the
sedimentation of colloidal particles. This process is
controlled by the combined action of the Brownian
motion and gravity. The coupling between these two
driving forces gives rise to a rich variety of physical
phenomena, ranging from cluster formation to cluster
deposition and settling of a gelled suspension.12,18
Furthermore, the sedimentation of aggregates can
induce further aggregation, controlled by the convective
transport of the aggregating material.19 Thus, in order
to understand the mechanism and dynamics of aggrega-
tion under these circumstances, it is imperative to
control the coupling between cluster diffusion time and
cluster settling time.18,20

Dynamic light scattering represents a powerful tool
for the investigation of the aggregation process, since
it provides information on the aggregation dynamics and
size of association of the various moieties through a
combination of scattered intensity and relaxation rate
measurements.21,22 Moreover, depending on the system
investigated, the measurement of depolarized, in addi-
tion to the polarized light scattering, is essential because
of its sensitivity and unique information on the struc-
ture and shape of the aggregates.23-25

It has been known for several years that rodlike
polymers in solution aggregate in various solvents.6,26
The physical grounds of this process are not clearly
understood yet, but it seems that the balance of inter-
particle forces results in a dominance of van der Waals
attractions, leading to aggregation. It is recognized,
however, that the nature of interparticle forces cannot
be easily determined for solutions of anisotropic par-
ticles, since electrostatic and hard-core forces act on the
particles positions and orientations in a different way;
typically, with increasing concentration hard-core repul-
sion induces a nematic order of the particles, whereas
uniformly charged rods tend toward a perpendicular
orientation.1,4 There is clear evidence that aggregation
can be observed in fresh solutions (within 24 h from

preparation), but the kinetics of this process is charac-
terized by much longer times.27 Phenomenology sug-
gests that a simple mass-action model28 can describe
the main features of aggregation in terms of cluster
formation (dimers and higher-order associations), as
shown recently in the case of poly(p-phenylene tereph-
thalamide) solutions.29 However, it cannot explain the
origin of aggregation. The probable relevance of the
aggregation of rigid polymers to their phase behavior,
and in particular to transitions such as gelation, crys-
tallization, or isotropic-nematic, is one of the central
questions in this field. In this direction, recent work30
on the phase separation of poly(γ-benzyl L-glutamate)
in benzyl alcohol, suggests that gelation is due to a
combination of crystallization and phase separation via
spinodal decomposition. Although molecular aggrega-
tion is not explicitly discussed, it is clearly implied that
this process is indeed associated with the mechanism
of gelation; it is interesting to note in that respect, that
two modes of aggregation are considered, namely the
binary associations resulting in small clusters, and the
associations of the latter into larger aggregates.30,31
An attempt to put together the ideas from colloidal

aggregation and dynamic light scattering from semidi-
lute solutions of side-chain liquid crystalline polymers
was presented in ref 9. These workers observed cluster
formation at a critical concentration independent of the
molecular weight, and suggested that it is due to
attractive interactions. Clusters were very large and
with nonfractal structure, whereas no evidence of long-
range liquid crystalline order inside these aggregates
was found, from static depolarized light scattering.
Similar findings were also reported on the behavior of
concentrated colloidal suspensions of anisotropic poly-
(isobutene)-grafted boehmite rods, using static and
dynamic light scattering.32 At high volume fractions
they found an extra relaxation process, attributed to the
presence of clusters.
In our opinion the following crucial questions remain

open: (i) the deeper understanding of the origin and
mechanism of aggregation; (ii) the ordering of the
molecules and the characteristic size and shape of the
aggregate structures; (iii) the kinetics of aggregation
and its relation to sedimentation, which usually ac-
companies this process; and (iv) the potential relevance
of macromolecular self-assembly to polymer-solvent
phase separation or transitions such as gelation or
isotropic-nematic. These questions will be addressed
in the rest of this paper, with the aim to provide some
insight into the complex problem of self-assembly in
rigid-rod polymers.

III. Experimental Section
Materials. The synthesis of a series of hairy-rod poly(p-

phenylenes), abbreviated as PPP, with dodecyl side chains (the
hairs) has been reported elsewhere.33 In the present work a
PPP (Chart 1) with number-average molecular weight Mn )
9900 was used. The Mn was determined by membrane
osmometry and the polydispersity was estimated to beMw/Mn

≈ 3, based on static light scattering measurements in a mixed
cyclohexane/chloroform solvent, at 25 °C. The number-average
contour length was Ln ) 257 Å. Thus, the onset of the
semidilute region is c* ()1/L3) ≈ 0.11% by weight, and that of

Chart 1. Hairy-Rod Poly(p-phenylene) with Dodecyl
Side Chains
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the concentrated region c** ()1/dL2, d being the average
diameter of the molecule) is 5.7% by weight if we take d ) 5
Å, and 1.7% if we take d ) 17 Å (in the latter case we take
into account the side chains as well2). In the present study,
we have investigated both dilute and semidilute PPP solutions
in toluene, with concentrations in the range 0.1%-0.4% and
3.5%-5%, respectively. Solutions were prepared by dissolving
the appropriate amount of PPP in spectroscopic grade toluene
under continuous strong stirring for about 24 h. Dust-free
samples were subsequently obtained by careful filtration
through a 0.22 µm Teflon Millipore filter into a dust-free light
scattering cell (o.d. 12.5 mm).
Photon Correlation Spectroscopy (PCS). The autocor-

relation function of the polarized or depolarized light scattering
intensity, G(q,t) ) 〈I(q,t) I(q,0)〉/〈|I(q,0)|〉2, with I(q,0) the mean
light scattering intensity at a wavevector q (IVV(q,0) for the
polarized geometry and IVH(q,0) for the depolarized geometry),
was measured at different scattering angles, θ, mainly with
an automated ALV goniometer and an ALV-5000 full digital
correlator (320 channels) over the time range 10-7-103 s. The
light source was a Nd:YAG dye-pumped air-cooled laser (Adlas
DRY 325) with a single mode intensity of 160 mW and λ )
532 nm. For experiments at temperatures above 50 °C, a
homemade fixed-angle PCS setup was used in conjunction with
the ALV-5000 correlator. It uses an Ar+ laser light source, at
300 mW single mode and wavelength λ ) 488 nm, and
measures intensity autocorrelation functions simultaneously
(using a fiber optics probe) at two scattering angles, namely
45 and 135°. At a given value of the scattering wavevector, q
) (4πn/λ) sin(θ/2), where n is the refractive index of the
medium, the measured homodyne normalized light scattering
intensity autocorrelation functionG(q,t) is given by the Siegert
relation:34

where f* is an experimental instrument factor calculated by
means of a standard, R is the fraction of the total scattered
intensity arising from fluctuations (with correlation times
above 0.1 µs), and C(q,t) is the normalized field correlation
function:

where E(q,t) represents the scattered electric field at scattering
wavevector q and time t. Before each measurement, the test
samples were always left to equilibrate for at least 1 h (unless
measurements were carried out in the transient settling
regime, as discussed below). During the measurement the
intensity of the scattered laser light remained constant.
Whenever possible, the analysis of the experimental correla-
tion functions, C(q,t), was carried out by performing their
inverse Laplace transform (ILT), using the program CON-
TIN.35 This method assumes that C(q,t) is represented by a
superposition of exponentials:

which describe a continuous spectrum of relaxation times
L(lnτ); the latter is used to determine the average character-
istic relaxation times, τ. In some cases involving relaxation
processes decaying faster than single exponential, the ILT
analysis was not adequate, and the correlation functions were
represented by the Kohlrausch-Williams-Watts (KWW) func-
tion:

where â is the shape parameter (usually 0 e â e 1, with â )
1 corresponding to a single exponential relaxation mode; the
rare case â > 1 is associated with steeper than single
exponential decays).
Static Light Scattering. The ALV automated setup used

for PCS was employed for the static measurements as well.
The range of angles scanned was 15-150°.

X-ray Scattering. X-ray diffraction patterns of various
PPP sediment samples were recorded with a curved position-
sensitive detector (INEL-CPS 120) using a Guinier focusing
camera equipped with a bent quartz monochromator (Cu KR1).
PPP powder was measured with a Rigaku D/max-2400 dif-
fractometer, equipped with a graphite monochromator, utiliz-
ing a 12 kW rotating anode X-ray generator (Cu KR1).
Experimental Protocol. The studies carried out are

divided in two main parts: (a) dilute regime and (b) semidilute
regime. In the former case, the key question is whether one
can measure truly molecular transport properties. In the
latter case, the main concern is the understanding of the
mechanism, nature, and kinetics of association, as well as the
effects of temperature and sedimentation on the experimental
correlation functions. In each case the experimental tool was
a combination of static and dynamic (PCS) light scattering,
performed on equilibrated systems at various concentrations,
temperatures, scattering angles, and settling regimes.

IV. Results and Discussion

A. Dilute Regime. Static and dynamic light scat-
tering measurements were carried out in dilute solu-
tions (concentration range 0.07%-0.39% by weight), at
various temperatures, and in two different solvents
(toluene and chloroform).
(i) Statics. Static light scattering measurements

were carried out in toluene, at concentrations 0.084%,
0.159%, and 0.39% by weight (corresponding to a c/c*
range from 0.8 to 4.4, respectively), and temperatures
25, 50, and 80 °C. The purpose of these measurements
was to estimate the second virial coefficient A2 and
hence the solvent quality. The data revealed a weak q
dependence of the intensity at scattering angles above
30°, whereas at lower angles an enhanced intensity was
observed. Due to the careful way of collecting static
data (the trace of the scattered intensity remained
constant, without any fluctuations whatsoever), the
presence of dust can be excluded as a potential cause of
the observed excess intensity at low angles. This sharp
intensity deviation at low q’s is normally attributed to
aggregation36 and has been reported in several other
systems.8,32
For all concentrations tested, the VV intensity at q )

0 (IVV(0)), obtained from the IVV(q)-1 versus q2 plot (a
typical plot is depicted in Figure 1, at 25 °C), increases
as the temperature decreases. A smaller change is
found at lower concentrations. It should be noted that

G(q,t) ) [1 + f*|R C(q,t)|2] (1)

C(q,t) )
〈E(q,0) E(q,t)〉

〈|E(q,0)|2〉
(2)

RC(q,t) )∫-∞

∞
L(ln τ) exp(-t/τ) d(ln τ) (3)

C(q,t) ) exp[(-t/τ)â] (4)

Figure 1. Polarized (VV) static light scattering results for
PPP in toluene at 25 °C and various concentrations: (O) 0.39%
by weight; (9) 0.16%; (3) 0.084%. Solid lines represent fits to
the high-wavevector (q) region. Inset: Determination of mo-
lecular weight by extrapolation of Kc/RVV at q ) 0 (9), at
infinite dilution (solid line).
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the extrapolation at q ) 0 for IVV was always done using
the data from scattering angles above 30°, due to the
significant scattering at low angles. It is also noted that
in contrast to IVV, IVH does not exhibit an upturn at low
q’s. This behavior can be rationalized as the existence
of a few isotropic clusters, even at low concentrations.
A2 was estimated from the dependence of Kc/RVV on
q2, where K is a constant containing the refractive index
n and refractive index increment dn/dc, c is the concen-
tration of the polymer, and RVV is the Rayleigh factor,
computed from the known RVV of the solvent toluene.
A2 was found to be negative at all temperatures inves-
tigated, with a nearly unchanged value of -5 × 10-4

cm2/g. This result suggests that the solvent quality is
not good, and the system will eventually phase separate
and aggregate under these solvent conditions.
In addition to A2, static measurements revealed that

the z-average radius of gyration, (Rg)z, was 220 Å.
Using the formula37 (for a rod of diameter 17 Å)

where m is the polydispersity index (m ) (Mw/Mn -
1)-1), the weight-average contour length Lw was found
to vary from 385 to 440 Å, whenm varies from 0.5 to 1.
It is noted that from eq 5 d appears insensitive to the
calculation of Lw. Furthermore, the weight-average
molecular weight Mw was determined from extrapola-
tion of Kc/RVV at infinite dilution (inset of Figure 1),
yielding Mw ≈ 100 000 at 25 °C, Mw ≈ 74 000 at 50 °C,
and Mw ≈ 52 500 at 80 °C. In chloroform at 20 °C and
c ) 0.07%, Mw ≈ 36 900. These results seem to be in
disagreement with those reported in a mixed solvent of
cyclohexane and chloroform, where it was found that
at 25 °C,Mw ≈ 29 700,33 and support the idea that rods
are probably aggregated into small units, probably
trimers or tetramers under these conditions. We shall
term these small aggregates as trimers (typical size) in
the rest of the paper. Based on the above numbers, the
degree of aggregation amounts to 3.3 for a solution in
toluene at 25 °C. Setting aside the slight difference in
temperature, which cannot account for the observed
deviation, the clear message is that PPP tends to
associate in toluene. If the semiflexible conformation
of the polymer chains is taken into account (using the
wormlike model), the radius of gyration is given by37

From this equation, for a value of the persistence length
l between 150 and 220 Å, Lw varies between 740 and
500 Å, leading to similar results as in the rigid-rod case;
it is noted that given the polydispersity, the Lw esti-
mated from ref 33 is 770 Å.
(ii) Dynamics. PCS measurements were carried out

in the same dilute solutions in toluene and chloroform,
and in the temperature range 10-50 °C, yielding a
single relaxation process (translational diffusion). Be-
fore use, each solution was heated at a high temperature
(about 80 °C), where it was checked that one relaxation
process was present; it was subsequently cooled to the
test temperature and left to equilibrate for 1 h. Mea-

surements were repeated at several times, during a
period of 1 year, and indicated the same single relax-
ation process unchanged. This represents a direct
demonstration of the time stability of the solution
investigated. At this low concentration, the VH dynam-
ics associated with the rotational diffusion of PPP is
faster than 10-6 s and thus falls outside the time
window of the correlator, as inferred from the flat
correlation functions.
Figure 2 depicts the corresponding VV and VH

scattered intensities due to the polymer (normalized to
the corresponding VV intensity of toluene), at q ) 0.
An unexpected increase of both intensities as the
temperature drops is clearly observed. IVV(0) and IVH-
(0) exhibit a 90% and 180% increase, respectively, as
the temperature is decreased from 50 to 10 °C. In
contrast, IVH remained q-independent in the scattering
angle range 15-150°. The behavior of IVV represents
strong evidence of a decrease of the solvent quality as
the temperature is decreased, which suggests that this
system becomes more strongly interacting as the tem-
perature is reduced. Further, the behavior of IVH may
indicate a strong increase of the orientational pair
correlations, even at low concentrations. The intensity
information points to the issue of association of the
molecules; in such a case IVH is very valuable, since it
may suggest potential ways of how the molecules
associate to form clusters. This issue will be discussed
extensively in the subsequent sections.
Dynamic measurements at lower concentrations were

also carried out in both toluene and chloroform (Figure
2, inset), from which the translational diffusion coef-
ficient D0 at infinite dilution, extrapolated at q ) 0, was
determined; the latter is assumed to be the self-
diffusion. By using the relation of Broesma,1,38 the
contour length L of the rodlike PPP trimers can be
determined, by assuming absolute stiffness and a
certain value of the rod (trimer) diameter, d. This
expression relates D0 to the geometric characteristics
of the trimers:

(Rg
2)z )

(m + 2)(m + 3)

(m + 1)2
Lw

2

12
+ d2

8
(5)

(Rg
2)z )

(m + 2)
3(m + 1)

lLw - l2 +

2l3

Lw(1 - l
m(m + 1)[((m + 1)

Lw
)2 -

(m + 1
Lw

)m+2

(m + 1
Lw

+ 1
l)m]) (6)

Figure 2. Total scattering intensities I* for polarized (VV)
and depolarized (VH) PCS measurements, extrapolated at q
) 0, for the 0.21% by weight PPP/toluene solution, as a
function of temperature. Both intensities are normalized to
the VV intensity of toluene. Lines are drawn to guide the eye.
Inset: Translation diffusion coefficients at various concentra-
tions of PPP/toluene (b) and PPP/chloroform (9) for determi-
nation of diffusion at infinite dilutionD0. Solid lines represent
best fits.

D0 )
kBT
3πηL[ln(2Ld ) - γ] (7)
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where γ is a function of the aspect ratio L/d. For the
toluene solution, the measured diffusion coefficient is
D0 ) (3.41 ( 0.22)× 10-7 cm2/s, while for the chloroform
one, D0 ) (5.65 ( 0.44) × 10-7 cm2/s. Assuming d ) 17
Å,2,9 the corresponding values of L are 878 and 441 Å,
respectively. It is noted that for polydisperse samples
the z-average diffusion coefficient is actually measured,
which for eq 7 is related to Lw. Further, from the value
of L in toluene, which appears large, the rotational
diffusion constant1

where ú is a function of L/d, can be calculated; its value
is Dr,0 ) 33 757 s-1 for T ) 25 °C. The relevant
characteristic time, τr ) (6Dr)-1, is then estimated to
be 5 × 10-6 s, indicating that the VH process should be
observable inside the time window of the correlator. The
fact that we do not get any VH dynamics strongly
suggests that the aspect ratio of the scattering moieties
is smaller; the diameter should be larger, and this
represents more evidence of aggregation. The assump-
tion of absolute stiffness can be relaxed by considering
semistiff chains. In such a case, the Hearst-Stock-
mayer relations1 are used:

and

where h is the length of the repeating unit (14.9 Å), l is
taken typically as 220 Å3, and d ) 17 Å. Application of
eq 9 in the case of the solution in toluene leads to L )
1050 Å. Then, from eq 10 Dr,0 ) 41 837 s-1 and τr ) 4
× 10-6 s, which is in agreement with the stiff-rod results
above. Therefore, it can be concluded that chain flex-
ibility (or rigidity) should not be the reason for the
observed effects or the lack of VH dynamics in the time
window available. Furthermore, from the measured
diffusion constant in toluene and for an average Lw )
650 Å (as determined from static light scattering, using
the wormlike model) we get a hydrodynamic diameter
of d ) 60 Å. Compared to the value of d ) 17 Å
considered above, this result is in agreement with the
static results above, suggesting that the scattering
moieties (in toluene) are rather small aggregates (typi-
cally trimers, as discussed before) lying parallel to each
other. The actual number of molecules forming these
small aggregates depends on the conformation of the
molecules, and mainly the side chains, but on the basis
of the above numbers, as well as the wormlike confor-
mation of the macromolecules, the static and dynamic
information on aggregation is consistent; but again,
typically, they are trimers. This parallel alignment is
not surprising, since this orientation is necessary for
the van der Waals forces to dominate and aggregation
to take place,4,39 and is also consistent with the VH
intensity behavior (Figure 2).
In concluding this section it can be stated that we

have the means to determine the nature of dynamic
processes taking place in dilute solution. However, for
the system PPP/toluene even at concentrations as low

as 0.084% by weight (c/c* ≈ 0.76), it is not possible to
obtain single molecules; instead, small clusters are
present, termed as trimers. Further, it is clear that
interactions are of significant importance in this system,
especially as the temperature decreases. This points
to the need to study systematically the formation of
associations at higher concentrations.
B. Semidilute Regime. (i) Phenomenology. We

now turn to the higher concentrations with the aim of
investigating the dynamics of self-assembly of the hairy
rods. We start with a semidilute solution of concentra-
tion 3.9% (c/c* ≈ 35), which was measured 6 days after
preparation at three successive temperatures, namely
25, 50, and 80 °C, respectively. It is noted that, before
each measurement, the samples were always left to
equilibrate, as already mentioned. Results in terms of
GVV(q,t) and the distributions L(ln τ) (eq 3) are depicted
in Figure 3. It is noted that all GVV(q,t) shown in this
paper have been corrected for the instrumental factor
f* and hence represent net normalized intensity time
correlation functions. At the end of the measurements,
the sample was left at 80 °C overnight and measured
again the second day after cooling at the same temper-
ature.
It is clear that on the first day there is a second

process at 25 °C, slower than the main one; the latter
is attributed to cooperative diffusion of the rigid rods.
This extra process seems to be an induced one, since it
disappears with increasing temperature. Further, it
does not reappear on the second day, upon cooling to
25 °C and keeping the solution at that temperature for
24 h. The corresponding total intensity for the second
day increases (by about 60%) as the temperature drops
from 80 to 25 °C and is depicted in the lower left inset
of Figure 3. Further, in the temperature range studied
(25-80 °C) the dynamics of the main process scales with
the solvent viscosity. This suggests that, besides the
disappearance of the extra slow process, no breakup of
the original scattering moieties, i.e. trimers (in the
“entangled” state), takes place at the specific concentra-
tion, as the temperature increases.
The presence of the extra slow process originally at

25 °C, together with its disappearance at 80 °C and the
corresponding intensity behavior, represents evidence

Dr,0 )
3kBT

πηL3[ln(2Ld ) - ú] (8)

D0 )
kBT
3πη0L[ln(

L
h) + 0.166(L2l) + h

d
- 1] (9)

Dr,0 )
kBT

πη0L
3[3 ln(Lh) - 7 + 4(hd) + L

2l(2.25 ln(Lh) -

6.66 + 2(Lh))] (10)

Figure 3. Polarized (VV) intensity correlation functions for
a 3.9% by weight PPP solution in toluene, at a scattering angle
of 45° and a temperature of 25 °C, before (squares) and after
(circles) a temperature treatment at 80 °C. Corresponding
distribution of relaxation times and intensity profiles during
the experiments are depicted in the upper and lower right
insets, respectively. The mean total polarized intensity nor-
malized to that of toluene, I*, is shown at different tempera-
tures in the lower left inset.
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of the significance of the role of the thermodynamic
interactions in this phenomenon, which appears to be
time-dependent. Further, it is noted that the temper-
ature treatment described in Figure 3 leads to a GVV-
(q,t) at 25 °C with no extra process within at least 24 h,
indicating a way to obtain a semidilute solution without
additional intermolecular processes (among trimers, as
discussed in the dilute regime section) within a certain
time; this is important for studying molecular (rather
trimer) dynamics under such conditions. The above
information suggests that interactions in the system are
increased at lower temperatures (while dynamics still
probes only one molecularsrather trimersrelaxation
process), and this of course brings up the issue of phase
separation, which will be discussed in subsequent
sections.
(ii) Kinetics of Aggregate Formation. Using the

information from Figures 2 and 3, it was decided to
perform these investigations at 10 °C and a concentra-
tion of 5% (c/c* ≈ 45), since under these conditions the
observed effects are anticipated to be more dramatic.
The solution was left for at least 1 day at 80 °C to break
up any potential intermolecular aggregates, as con-
firmed by the single relaxation process at that temper-
ature. It was then cooled down to 10 °C, where
successive static and dynamic light scattering measure-
ments were carried out for a period of about 3 weeks.
Figure 4 shows the time evolution of the GVV(q,t) for
this solution at a scattering angle of 45°. The first day
corresponds to the fresh solution, pretreated at 80 °C,
as already described, and measured within 24 h after
reaching the final temperature of 10 °C. Only one
relaxation process appears, which is attributed to the
cooperative diffusion of the molecules (trimers) in the
semidilute solution. This process has a characteristic
time which remains constant at about 0.5 ms, from the
first to the 15th day. However, with elapsed time we
observe an additional slow process (third day), which
appears to be more pronounced as time evolves and
comprises actually two separate relaxation modes (15th
day). Meanwhile, the total intensity (inset of Figure 4)
increases and exhibits significantly larger fluctuations.
On the 15th day, the second process, which we call

“slow”, has a characteristic time in the range of 20 ms,
while the third one, which we call “ultraslow”, has a
characteristic time of about 350 ms.
From this discussion, it follows that the time of the

evolution of these processes is of the order of 2 weeks.
The GVV(q,t) of the 15th day indicates that the first
process is a stretched exponential (eq 4), with a typical
value of the shape parameter â ) 0.7. This is expected,
since in semidilute solution the coupling between rota-
tion and translation or other relaxation mechanisms,
may interfere with the cooperative diffusion, in addition
to polydispersity effects.2 The slower processes can be
characterized either from the GVV(q,t) of the 15th day
or from the corresponding one right after the distur-
bance (e.g. 16th day), as discussed below. The second
slow process is typically nearly single exponential or
slightly steeper (â ) 1.1), while the main characteristic
of the third ultraslow mode is its clearly steeper than
single exponential shape; when fitted with a KWW
function (eq 4) it gives a shape parameter with a typical
value of â ) 1.4. Further, the times of the three
processes, exhibit different q dependencies, as discussed
in section C below.
The formation of clusters, related to the slow and

ultraslow processes, was accompanied by sedimentation.
This was observed visually, by gently removing the
sample cell from the light scattering setup, at the end
of the 15th day. A cloudy off-white sediment was
apparent in the bottom of the sample cell, filling a small
volume fraction of the solution. When the sample was
examined by PCS after 1 h, the amplitude of the two
slow processes, as well as the total intensity and its
fluctuation increased substantially, as can be seen in
Figures 4 and 5 and their insets. Meanwhile, the
amplitude of the main process is apparently decreased.
Note that in Figure 4 one correlation function (16th day)
is divided by 2, since its contrast is very high, as
discussed below (section C). This dramatic effect is
certainly due to the slight disturbance of the sample,
associated with the gentle removal of the sample cell
from the goniometer setup and its subsequent return.
As a result of that, some clusters, probably mostly from
the top surface of the sediment, break apart from it and

Figure 4. Polarized intensity correlation functions for a 4% by weight PPP solution in toluene, at a scattering angle of 45° and
a temperature of 10 °C, at various elapsed times from solution preparation, namely the 1st, 15th, 16th, 18th, and 20th days
(indicated by the arrows). The correlation function of the 16th day exhibits a pronounced contrast and is divided by 2 (×0.5) for
clarity. Inset: Traces of the corresponding total scattering intensities.
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are redispersed to the top solution giving rise to ad-
ditional intensity fluctuations, as well as enhanced
average intensity and contrast. Eventually, at steady
state these dispersed clusters will settle down, as will
be discussed below, in (iii).
An additional feature associated with the extreme

sensitivity of the correlation functions to mechanical
disturbance, is the fact that the increased contrast of
the slow modes now provides a means to characterize
them systematically; this was a rather difficult task to
do before this disturbance, as can be inferred from the
correlation function of the 15th day (Figure 4). From
Figures 4 and 5, it is apparent that during the 16th day
the slow and ultraslow processes are very pronounced,
but they decrease with time rather significantly; for
instance, on the 18th day, their contrast has dropped.
Finally, on the 20th day, i.e. 5 days after the sample
disturbance, the fast main process dominates the cor-
relation function, whereas the total intensity is de-
creased and becomes smooth (no fluctuations). This
behavior is clearly a result of the sedimentation of
aggregates and any potential larger formations, which
appear as the off-white cloud, dispersed in the solution.
The q dependence of the dynamics of the various
processes is unaffected: the fast process is q2-dependent,
the slow weakly q-dependent, and the ultraslow one
almost q-independent. It should be mentioned, how-
ever, that it is difficult to determine the characteristic
times with high accuracy, due to the uncertainty
involved in the experimental procedure.
In this context it must be noted that although it is

widely recognized that the optimum way to analyze the
experimental G(q,t) is by means of the ILT analysis (eq
3), the treatment of the G(q,t) exhibiting cluster modes
was carried out using a double or triple KWW fit (eq
4), and not ILT, since the correlation functions of the
slow processes are sharper than single exponential. The
characterization of the slow and ultraslow modes is
completed by measuring the dynamics in the VH
geometry, as seen in Figure 5. The tail seen in Figure
5, just at the fast edge of the time window of the
correlator, is real and represents the fast VH process
due to molecular reorientation, which slows down
significantly with increasing concentration of the rodlike
chains.1,2 Setting this mode aside, we clearly see two

slow VH processes, with intriguing similarities with the
respective VV relaxation functions: they lose amplitude
from the 16th to the 20th day; their times are the same
in magnitude as the corresponding VV times, within
experimental error. The fact that both slow and ul-
traslow processes are VH active indicates that they are
anisotropic; this suggests possible ways of formation of
the clusters and larger associations. As already men-
tioned, when the slow and ultraslow processes were
dominant in the period between the 16th and 18th days,
both in VV and VH (Figures 4 and 5), the total contrast
exceeded the full contrast of our setup. The only
explanation that can be given at this point is the
statistical bias due to the presence of large and sudden
fluctuations of the scattered intensity; this breaks up
the translational time invariance of the scattered in-
tensity, and as a result the process is no longer “station-
ary stochastic”.40 Under these circumstances, the Sieg-
ert relation (eq 1) may not hold anymore. This problem
makes the calculation of the amplitudes of the relax-
ation processes somehow ambiguous. To overcome this
difficulty, we assume that the contrast of the fast well-
resolved (in the polarized geometry) process is true and
that the rest of the contrast needed to reach full contrast
is split into the two extra processes according to their
apparent contrasts. Results of the amplitude analysis
are discussed in section C.
Before proceeding with the detailed discussion of the

nature of the aggregation modes and the heating cycle
and sedimentation studies, it is illustrative to explain
the physical layout of these investigations. As can be
seen schematically in Figure 6A, the static and dynamic
experiments on cluster formation “look” at a fixed
position of the sample cell, near the top surface (indi-
cated by the horizontal arrow). At the beginning of the
kinetic experiment, the sample is homogeneous, as in
day 1, for instance (see also Figure 4). Then, with time
some aggregation nuclei are formed, which may cross
the probe volume, on day 3 for example. Later, on day
15, some clouds are formed, which seem to be in
equilibrium with smaller moieties. Finally, sedimenta-
tion of the various associations (also clouds) takes place;
there is a large concentration gradient toward the
bottom of the sample, and eventually at steady state

Figure 5. Depolarized intensity correlation functions for the
4% by weight PPP solution in toluene, at 45° and 10 °C, at
the 16th, 18th, and 20th days (indicated by the arrows), from
solution preparation. The correlation function of the 16th day
exhibits a pronounced contrast and is divided by 2 (×0.5) for
clarity. Inset: Traces of the corresponding total scattering
intensities.

Figure 6. Schematic of the measured PPP sample, illustrat-
ing the position of measurement and formation and sedimen-
tation of the cloud (A) or the dispersion of the sediment and
settling of a uniform suspension (B). Arrows indicate the
position of PCS measurement. (A) Cluster formation: (day 1)
homogeneous solution; (day 2) aggregation nuclei formed; (day
15) cloud formation; (day 20) final equilibrium between sedi-
ment and top clear solution. (B) Sediment dispersion: (uniform
dispersion) immediately following shaking; (final equilibrium)
sediment with top clear solution, after about 1-2 h, depending
on shaking.
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there is a top clear solution in equilibrium with the
sediment, at day 20.
(iii) Intervention of Sedimentation. It is now

clear that since the associations settle under gravity
once they grow beyond a certain size, understanding the
sedimentation process is a crucial task. To this end,
the behavior of the semidilute phase-separated system
(with the sediment, at the end of the 20th day) was
studied systematically at various temperatures, in order
to determine the “onset-of-melting” temperature, cor-
responding to a single relaxation process, as discussed
below. The first temperature examined was 25 °C. The
situation is illustrated schematically in Figure 6B,
where the two-phase system was agitated manually in
order to obtain a macroscopically uniform suspension.
Due to the extreme sensitivity of the system under
investigation to mechanical disturbance, it is obvious
that these shaking experiments are not quantitatively
reproducible. This means that the characteristic times
for the beginning and end of the transient settling
regime are not reproducible, but vary depending on the
shaking. Nevertheless, the physical picture remains
unchanged. A typical sedimentation kinetics experi-
ment is illustrated in Figure 7a, which depicts the total
scattered VV intensity, normalized to the polarized
intensity of toluene at 45°, as a function of time.

Initially, the sample is uniformly dispersed and the
intensity is constant. After about 1 h settling has
started and becomes evident through the sharp decrease
of intensity. Eventually, after about 200 min the
intensity reaches a lower plateau, indicative of steady
state. From this experiment, we can determine when
steady (upper and lower plateau) or transient conditions
have been reached. Further, the upper plateau corre-
sponds to multiple scattering, as will be discussed in
the next section, since the sample is opaque, due to the
dispersed clusters which form amacroscopically uniform
dispersion. The lower plateau corresponds to a homo-
geneous solution, more dilute than the original 5% one,
in equilibrium with the sediment, where practically one
main relaxation process is observed. Finally, in the
transitional regime the settling of the aggregates gives
rise to large intensity fluctuations. These aspects are
addressed in the following sections.
The real time behavior of the dispersed sediment in

terms of sedimentation is described in Figure 7a,
discussed above. Characteristic results from PCS mea-
surements of VV dynamics are depicted in Figure 7b.
The first intensity correlation function, taken from the
uniform dispersion corresponds to the upper intensity
plateau, at about 50 min (referring to Figure 7a). The
nearly opaque dispersion gives rise to multiple scatter-
ing, as confirmed by the low transmitted intensity
(about 8%), the identical VV and VH correlograms, and
visual observation. The relevant intensity trace was
rather smooth and stable. The correlation function
exhibits one dominant relaxation process, which is
clearly sharper than single exponential (â varies be-
tween 1.6 and 1.9), and a rather weak slow process
(Figure 7b). For the first hour, the intensity decreases
only slightly with time (nearly constant), but there is a
significant increase of fluctuations (insets of Figure 7b).
After 55 min this increase becomes dramatic and the
correlation function exhibits clearly a slow process with
significant amplitude, while the process seen under
multiple scattering conditions is slowed down with
respect to the first measurement. After the first hour
the intensity starts decreasing sharply, and at the end
of the third hour it drops to 1/6th of its initial value.
The polarized intensity correlation functions after 2

and 4 h (Figure 7b) consist of three processes: the fast
cooperative diffusion of the trimers, which can be barely
observed due to its relatively low contrast, and the slow
and ultraslow processes, both with very large contrasts.
The second slow process has a shape parameter of â ≈
1.1, whereas the third ultraslow one is even steeper,
with â ≈ 1.4. The corresponding intensity has dropped,
due to sedimentation, and the intensity fluctuations are
high. These fluctuations can be seen by eye as large
spikes in the scattering volume (and may be due to the
large moieties which are translating or reorienting in
and out of the illuminated volume). After 9 h the
intensity has dropped substantially, and the large
fluctuations are more rare. The two slow processes lose
amplitude and are not easily discriminated anymore,
whereas the fast diffusive process becomes now domi-
nant. After 32 h, the intensity is almost constant and
the correlation function reveals the main fast process
(â ≈ 0.7) and an extra very small slow relaxation, which
comprises the slow and ultraslow processes.
(iv) Heating and Cluster Breakup. We have

repeated the above experiment (statics and dynamics)
at various temperatures above 25 °C, in order to
determine the temperature corresponding to the melting
of the associations. At 40 and 50 °C the solution was
observed for a few days. The decrease of the intensity

Figure 7. Upper part (a): Polarized light scattering intensity,
normalized by the polarized intensity of toluene, as a function
of time, after a macroscopically uniform suspension was
obtained through sediment dispersion (Figure 6B). The arrows
indicate the times at which polarized intensity correlation
functions were recorded: (1) 10 min; (2) 45 min; (3) 2 h; (4) 4
h; (5) 9 h; (6) 32 h. The sediment resulted from aggregation of
PPP in a 5% toluene solution. Measurements were carried out
at a scattering angle of 45° and a temperature of 25 °C. Lower
part (b): Relevant correlation functions along with their
corresponding traces of the total scattering intensity. All
measurements were carried out under steady state. The
correlation function of the 2nd and 4th hours exhibit a
pronounced contrast and are divided by 2 (×0.5) and 3 (×0.33)
for clarity. Arrows indicating times correspond to those of the
upper part (a).
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occurred just after the first day (corresponding to the
uniform dispersion of Figure 6B), and the correlation
functions revealed the same dynamics as in the case of
25 °C, suggesting that on the average the clusters did
not break up. At 65 °C the solution became clear
immediately, but a further decrease of the intensity,
accompanied by a decrease of the amplitude of the slow
process was observed. The corresponding VH correla-
tion function also exhibits a decrease of the amplitude
of the slow processes. No sediment was apparent
visually at the bottom of the sample cell. This can be
explained by both a melting of most of the last ag-
gregates and/or their sedimentation (which is minimal,
and thus does not produce any visually observed sedi-
ment). Finally, the solution was agitated and put at
75 °C. There was a slow process (small in amplitude)
apparent in the VV and the VH function which disap-
peared after 3 days. It is important once again to note
the sensitivity of the VH dynamics to these experiments.
This heating-dissolution experiment is better illus-
trated in Figure 8, which depicts the total polarized
intensity of the scattering moieties, normalized by that
of toluene, as a function of temperature and time.
Actually, by time we refer to the first and last measure-
ments; the latter were undertaken between the 3rd and
6th day, depending on the temperature. It can be
clearly observed that above 65 °C steady state was
reached immediately, suggesting that this temperature
corresponds to dissolution (complete breakup of the
aggregates). Further, from the intensity ratio of the
first and last measurements, we can obtain the change
of concentration of the upper phase (referring to Figure
6A) with temperature. As the temperature rises from
28 to 75 °C, the concentration increases from 3.8% to
5% by weight. The inset of Figure 8 depicts the total
steady state (in final equilibrium) VH intensity as a
function of temperature. This plot represents an un-
ambiguous way to determine the melting temperature,
where all aggregates are broken apart, and we are back
to the homogeneous solution of trimers.
C. Aggregation Modes. In order to characterize

the slow and ultraslow relaxation modes, their q de-
pendence was investigated at the three extreme cases:

(a) at t ) 0, corresponding to the cloudy dispersion,
where multiple scattering dominates; (b) at t ) 3 h,
corresponding to the transient settling regime, where
the contrast is pronounced; and (c) at t ) 30 h,
corresponding to the lower intensity plateau, where the
usual single scattering conditions are established. It
is noted that the measurements in the transient regime
were carried out at a different time than those of Figure
7, and hence the corresponding relaxation rates of the
slow and ultraslow modes are different. Nevertheless,
the underlying physics behind these processes is the
same, as already discussed and will be seen below.
(i) Initial Regime: Multiple Scattering. In this

regime, the dynamics is practically q-independent, and
nearly the same, in both the VV and the VH geometry.
The sample is opaque and the transmission, T ) I/Itol,
measured with a power meter (with a sensitive area of
radius 1 cm, in a distance of about 12 cm from the
sample cell) in the forward direction is about 8% in case
a and about 60% in case c. It is thus apparent that light
is scattered multiply from our sample, and that the
single scattering formalism cannot be applied here. On
the other hand, the sample, although opaque, is not
milky, allowing thus the path of light to be observed;
this suggests that in this situation we have not yet
reached the limit of light diffusion in the sample, which
can be treated quantitatively using the theory of dif-
fusive wave spectroscopy (DWS).41 Furthermore, al-
though the transmission from a multiply scattered
sample in a slab geometry is T ) (5l*/3L)/(1 + 4l*/3L)
(where l* is the transport mean free path, i.e. the length
scale at which the direction of light is randomized,41 and
L is the thickness of the slab), yielding l* ) 0.05 L,
which is a reasonable number for applying DWS, this
is not the case in the present experiment. The reason
has to do with the geometry of the scattering cell used
(cylindrical), as well as the way the actual transmission
measurement was carried out, which did not measure
the light transmitted and scattered by the last scatterer
in a solid angle of 2π in the forward direction, but rather
only a part of it. Given the above complications, in lack
of another alternative, we try to assess the experimental
observations qualitatively, and start from the theory of
DWS, according to which the light is assumed to follow
a random walk inside the scattering medium, and the
scattered field autocorrelation function is given by:41

where Ep is the amplitude of the scattered electric field
along a path with p scattering events, 〈I〉 the average
total scattered intensity at the detector, and ∆φp(t) is
the phase shift of light along the path p.
In the case of independent successive scattering

events, caused by scatterers undergoing Brownian mo-
tion, and independence of the scattering wavevector qi
from the displacement of the scatterer ∆ri(t), we get

where s is the length of the path of the light, P(s) is the
probability that light will follow this path, k0 is the
scattering wavevector at an angle θ ) 180°, and
〈∆r2(t)〉 is the mean square displacement of the scatter-
ing particle, which in the diffusion limit here is given
by 6Dt with D being the diffusion coefficient.

Figure 8. Total polarized scattering intensity from a 5% PPP
solution in toluene, normalized to the corresponding intensity
of toluene, as a function of temperature and time. Circles (b)
and squares (9) refer to the first and last (5th or 6th) days of
measurement at each temperature. Inset: Total depolarized
scattering intensity (I*VH) from the 5% PPP solution in toluene,
normalized to the corresponding intensity of toluene, as a
function of temperature, at the last day. Solid lines are drawn
to guide the eye.

C(t) ) 〈∑
p

|Ep|2

〈I〉
exp(-i∆φp(t))〉 (11)

C(t) ) ∫P(s) exp(- 1
3
k0

2〈∆r2(t)〉 s
l*) ds (12)
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In the case of a scatterer in a velocity field (here, due
to sedimentation) we have41

where êv stands for the unit vector corresponding to the
light beam which emerges after the vth scattering event,
and Vh is the velocity of a scatterer at position Rh v. It is
thus evident from eq 12 that only a velocity gradient,
Γ, within the probe volume can produce a phase change;
in other words, in this case we detect the velocity
gradient of moving particles. The corresponding cor-
relation function is then

Comparing eqs 12 and 14, it is important to note the t2
dependence in the case of velocity gradient detection,
which in a sense relates to a deterministic motion, as
opposed to the t dependence in the case of random
Brownian motion. Further, we emphasize again that
the quantity related to the phase shift in the former case
is the velocity gradient and not the diffusion coefficient
(which is associated to the Brownian motion).
From eq 14 it is apparent that the decay of the

correlation function is faster, the larger the path s is.
This happens because in multiple scattering each
particle in the light path has to move only a small
distance in order for the entire path length to change
by one wavelength. Thus longer light paths give shorter
decay times. Further, the decay rate depends on the
scattering geometry (at different scattering angles the
light paths are different), rather than the scattering
wavevector directly. Thus, DWS predicts a decrease of
the characteristic time of a relaxation process under
multiple scattering conditions, compared to the same
process in the single scattering limit. This behavior
conforms with our experiments, as judged from the
correlation functions of Figure 7b. As the sedimention
proceeds with time, and the single scattering conditions
are approached, the relaxation process of the multiple
scattering case (a) becomes significantly slower. In
addition, the shape of the correlation function becomes
less steep, approaching a single exponential decay
(Figure 9a); this can be explained by the fact that during
the initial stage (a) we observe the motion of clusters
in a flow field (sedimentation), whereas in the late stage
(c) we mainly observe clusters undergoing Brownian
motion in the clear phase (single scattering; sedimenta-
tion is absent). The experimental data at various angles
between 15 and 150° reveal a nearly q-independent
dynamics; the characteristic relaxation rate at q ) 0 is
found to be about 500 s-1. From the fitting of the
correlation function we obtain the shape parameter â
) 1.9, which practically suggests that we are in the
velocity gradient limit (deterministic motion).
(ii) Intermediate Regime: Single Scattering

Limit. The main findings are depicted in Figure 9b.
Referring to the dynamics, depicted in Figure 9a,b, the
slow mode exhibits a very weak q dependence in the
relaxation rates, in both the VV and VH scattering,
whereas the ultraslow mode is characterized by q-
independent relaxation rates, in both the VV and VH
geometries. In terms of the static picture, and referring
to Figure 9b, the intensity of both the slow and the
ultraslow process is strongly q-dependent, in both the
VV and the VH, especially at low q’s. Moreover, it is

apparent that nearly all polarized light scattering
intensity is due to the anisotropy of the scattering
moieties. The former arises from both concentration
fluctuations, which are isotropic (Iiso) and orientation
fluctuations which are anisotropic (IVH). For indepen-
dently moving particles in an orientationally isotropic
enviroment, in the absence of translation-to-rotation
coupling and in the single scattering limit, the usual
expression for the polarized scattered intensity is34

For large scatterers, where intramolecular interference
is important, the above relation does not hold always.
Instead, there is an additional term, Icoupl, originating
from a coupling of concentration and orientation fluc-
tuations:34

where N is the number of scatterers, R is the polariz-
ability, âi is the inherent optical anisotropy, n is the
number of segments, and ri and θi are the position and
angle of segment i of the scattering moiety, respectively.

∆φp(t) ) kt∑
v)1

p

êv[Vh (Rh v) - Vh (Rh v+1)] (13)

C(t) ) ∫P(s) exp(- sl*
30
k0

2Γ2t2) ds (14)

Figure 9. (a) VV intensity correlation functions in the
intermediate single scattering regime (corresponding to tran-
sient settling in Figure 7a), at various scattering angles θ: 45°
(0); 75° (O); 120° (+); 150° (|). (b) Polarized and depolarized
intensities, normalized by the VV intensity of toluene, for both
slowmodes in the transient settling regime, following sediment
dispersion, as functions of q2. Key: VV slow (9); VV ultraslow
(b); VH slow (4); VH ultraslow (3); Isotropic contributions to
VV intensity, Iiso: slow (0) and ultraslow (O). Inset: Corre-
sponding relaxation rates Γ for the slow and ultraslow,
measured in the polarized and depolarized geometries as a
function of the scattering wavevector, q. Lines are drawn to
guide the eye.

IVV(q) ) Iiso(q) + 4/3IVH(q) (15)

Icoupl ≈ NRâi〈∑
i,j

n

(3 cos2 θi - 1) exp[iq(ri - rj)]〉 (16)
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This term always vanishes at q ) 0, or for scatterers
with completely randomly orientated segments.
The isotropic contribution estimated by substracting

only the 4/3rds of the VH intensity (according to eq 15)
is small for both the slow and ultaslow process (Figure
9b, inset); actually it amounts to about 15% of the VV
intensity, except in the high q’s where it can reach 30%.
In our experiments the extra term Icoupl (eq 16) is
probably also important, making thus the actual con-
tribution of the isotropic intensity even smaller. This
strongly suggests that the two aggregate processes
originate essentially from the anisotropic part of the
scattering intensity. Further, it is noted that the
amplitude ratio of the two processes (Rslow/Rultraslow,
where R is the amplitude of a particular relaxation
process) remains nearly constant. More specifically, in
the VV geometry it is about 0.8, whereas in the VH
geometry it is about 0.6, for all scattering angles
between 30 and 150°. Moreover, this ratio does not
change with time, within the same sedimentation
regime (transient or plateau).
The combined information on intensities and rates

provides the following picture of the light scattering
mechanism of the aggregate processes (slow and
ultraslow): Both have the same origin (due to the same
amplitudes), which is the orientational fluctuations of
the scattering moieties. The slow mode has a shape
parameter only slightly above 1 (Figure 9a), and thus
it can be attributed to rotational diffusion; it is treated
as a single exponential relaxation. The VH field cor-
relation function under the assumption of independent
translational and rotational diffusion is given by34

where Θ and D are the rotational and translational
diffusion coefficients, respectively. From the measured
rates in Figure 9a, we get Θ ) 34 s-1 and D ) 5 × 10-10

cm2/s. A single size RH cannot account for these values
through the usual expressions (for stick boundary
conditions42), namely Θ ) kBT/(4/3)πηR3 and D ) kBT/
6πηRH, respectively. Thus, in order to rationalize these
findings, we consider the diffusion coefficients for
ellipsoids.34,42 In particular, for an oblate ellipsoid with
large axis b and small axis a, the translational and
rotational diffusion coefficients are given by

with G(F) ) (F2 - 1)1/2 F arctan[(F2 - 1)1/2] and F ) b/a.
Using the above experimental values of Θ and D, we
get a ) 5590 Å and b ) 5785 Å. This result suggests
that scattering originates from slightly deformed spheri-
cal clusters with a hydrodynamic radius of about 5700
Å. For a moiety of such a size, qRg in the light
scattering range is between 2.7 and 19.6, and therefore
the form factor, independent of the shape, is already
vanishingly small (below 0.2).34 Moreover, the experi-
mental evidence apparently suggests that clusters are
rather loose structures, compared to their high optical
anisotropy; therefore, it is expected that the amount of
solvent inside each cluster (among the constituent rods)
is nonnegligible, making thus the refractive index
contrast, dn/dc, very small. Thus, it is expected that
the anisotropic contribution in the intensity dominates
over the isotropic one.

The ultraslow process is clearly steeper than single
exponential; this situation actually corresponds to an
intermediate regime between the diffusion limit and the
free translation limit. In such a case, quantitative
evaluation of the data is presently not possible. By
taking into consideration the presence of sedimentation,
as already discussed, we propose that this process is due
to sedimentation-induced number fluctuations,34,43 i.e.
large associations entering and leaving the probe vol-
ume. These moieties can be networks of anisotropic
clusters settling under gravity, rather than diffusing
randomly. The passage of the scattering moiety through
the probe volume is a translational motion, which
should give in the VV a translational diffusion process,
in addition to the number fluctuation one. We argue,
however, that this may not be visible in the VV due to
the very small structure factor. The small dn/dc also
supports the argument of a negligible VV process.
Further, the number fluctuations are related to non-
Gaussian concentration fluctuations, associated with a
small number of particles in the scattering volume (also
responsible for the increased contrast). We believe that
the latter is indeed the case in our experiments, because
the ultraslow process was observed after the settling
process was in progress (roughly in day 15, correspond-
ing to the intermediate regime, and referring to Figure
6A), meaning that the concentration in the area of the
measuring point was already reduced. Further, number
fluctuations can be VH active as well, simply due to the
anisotropy of the clusters. This picture is in agreement
with the strong q dependence of the scattering intensity,
which implies that clusters are large.
Finally, case c exhibits exactly the same dynamic

characteristics as case b above.
(iii) Tentative Interpretation of the Aggregation

Process. In order to obtain a better undertanding of
the structure of the aggregates, we performed X-ray
scattering studies of the sediment. Typical results are
depicted in Figure 10. It is interesting to note that the
peak observed at low scattering angles is clearly sharper
than what is usually expected in the nematic phase,
whereas in contrast to the expected amorphous halo at
higher angles, an extra structure in that range is also
observed. This is also in contrast to direct powder
diffraction measurements with the original material,
which showed the sharp peak at low angles and the
amorphous halo at high angles. From these measure-
ments it can be stated that the aggregates do not form
a nematic but rather a crystalline phase, characterized

Figure 10. Scattered X-ray intensity from PPP sediment in
toluene (produced from a 5% solution), as a function of
scattering angle (2θ), indicating crystalline structure. Values
of d1 and d2 represent characteristic distances between
macromolecular backbones and side chains, respectively.

C(q,t) ≈ Nâi
2 exp[-(6Θ + Dq2)t] (17)

D )
kBT
6πηa

G(F) and

Θ )
3kBT

16πηa3((2 - F)G(F) - 1

(1 - F2) ) (18)
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by two length scales: the distance between macromo-
lecular backbones (d1 ) 27 Å) and the distance between
side chains (d2 ) 6 Å). Thus the conformation of side
chains in the solvent seems responsible for the forma-
tion of crystallites. These findings are in harmony with
the strong anisotropy of the slow aggregation modes
discussed before. Further, it is noted that the fact that
the PPP powder does not exhibit any side chain crystal-
linity implies that during the slow nucleation process
resulting from aggregation, the side chains have time
to arrange in a crystalline phase, in contrast to the
situation of (quick) solvent casting, from which the
powder was obtained.
A remaining question emerging from the above dis-

cussion is whether the structures inferred by the
relaxation processes conform to the standard thermo-
dynamic picture of polymer solutions. To answer this
question, let us for simplicity assume that the hairy-
rod macromolecules (each of length L) “like” to form
clusters; each cluster is of length L and has a square
front surface of side ∼N1/2, N being the number of rods
in a cluster. If γs and γf denote the surface tension of
the side (with dimension LN1/2) and front of the cluster,
respectively, we have γf g γs. Then, the free energy gain
∆F of the cluster, relative to a homogeneous state of
isolated rods, can be written as

where -∆Gmelt is the free energy gain per rod on
aggregating and σ is the rod diameter. Equation 19
suggests that when 2γfσ2 > ∆Gmelt, there exists a
metastable region where nuclei of any size are unfavor-
able, i.e. ∆F > 0, independent of N. This result
represents a clear departure from the conventional
picture for flexible macromolecules, for which there is
always a critical size N, beyond which ∆F < 0 inside
the two-phase region. The implication of this is that
nucleation only happens for deep quenches. By consid-
ering now the situation where nucleation can occur, we
can calculate the activation energy ∆Fact required to
form a stable nucleus, from eq 19 by considering ∂(∆F)/
∂N ) 0. In the case ∆Gmelt . 2γfσ2, this leads to

By assuming ∆Gmelt ) L∆Gmelt
seg , where ∆Gmelt

seg is the
melting (or association) energy per segment, the above
equation reduces to

The above analysis indicates that the nucleation prob-
ability of rodlike polymers is lowered when compared
to their flexible counterparts, and most importantly that
the activation barrier for rodlike polymers is larger than
for their flexible counterparts, since it increases with
rod length. This in turn suggests a slow rate of
nucleation, which is indeed observed experimentally.
Furthermore, the above assumption of cluster length L
can be reconsidered. It is now clear that nucleation
cannot proceed with individual rods lined up end to end,
since there is no free energy gain in such a process. On
the other hand, two clusters (of length L) can come
together end-to-end, since this will minimize the front
surface energy. The question is whether it is possible

to form clusters of one rod length or not. To resolve this,
we have to decide whether a typical cluster is of size L
or Lc . L. When two rods, each of length L, are coming
together, they are approximately in parallel configura-
tion, as already discussed.4,39 The time for the rods to
line up is L2/D, where D is the diffusion coefficient. If
this time is shorter than the average time between
collisions, we have formation of clusters of size L,
otherwise of size Lc. The latter time is approximately
c-2/3/D, where c is the average number concentration of
rods per volume. Thus, for L2/D < c-2/3/D, or c < 1/L3
) c*, clusters of one rod length will be formed; this is of
course not favorable due to the side surface free energy
barrier (eq 20), as already discussed. However, for c >
c*, clusters of length Lc will be formed. This is the
typical case of aggregation proceeding by nucleation-
and-growth, which has been observed in our experi-
ments. Thus, in the dilute regime, no aggregation takes
place. As the concentration increases, in the semidilute
regime, aggregation is possible with slow growth, lead-
ing to formation of large clusters with nearly parallel
association, and/or networks of clusters associating end-
to-end. This thermodynamic analysis, which captures
the main features of the association dynamics, observed
experimentally, is actually consistent with the formation
of large aggregates (more than 30 associating mol-
ecules); it cannot account for the trimers formation.44

V. Concluding Remarks
The association dynamics of toluene solutions of a

hairy-rod poly(p-phenylene) with flexible dodecyl side
chains has been investigated thoroughly by photon
correlation spectroscopy in the polarized (VV) and
depolarized (VH) modes and by static light scattering.
Toluene was found to be not a good solvent. In the
dilute regime, molecules are assembled into small
aggregates consisting of about three to four molecules
in parallel configuration, termed trimers. In the semi-
dilute regime, two new relaxation processes were found,
which appeared at room temperature after about 1 week
from the preparation of the solution, and disappeared
with heating at about 65 °C. They are attributed to the
formation of clusters, of typical size 570 nm. The
substantial VH sensitivity indicates strong anisotropy
of the aggregates, which are crystallized, as revealed
by X-ray scattering. In both the VV and VH, the slow
process is characterized by weakly q-dependent dynam-
ics and strongly q-dependent intensity, and the ul-
traslow one exhibits q-independent dynamics and
strongly q-dependent intensity, whereas the amplitude
ratio of the two processes is essentially constant. These
processes are steeper than single exponential decay with
â ≈ 1.1 and 1.4 for the slow and ultraslow, respectively.
They are related to the orientational fluctuations of the
clusters, giving rise to slow reorientational motion with
negligible isotropic contribution, and ultraslow number
fluctuations of the anisotropic aggregates. A simple
thermodynamic analysis suggests that rodlike macro-
molecules exhibit a larger activation energy barrier
compared to their flexible counterparts, in agreement
with the experimental evidence. Furthermore, the first
stages of sediment redispersion exhibit multiple scat-
tering with a steeper than exponential relaxation pro-
cess (â ≈ 1.9), associated with a sedimentation-induced
velocity gradient in a transient pseudonetwork formed
by the dispersed clusters. Finally, it is noted that the
association processes described here are reversible, since
a heating cycle to 65 °C leads to cluster breakup and a
single relaxation process of the trimers in semidilute
solution.

∆F ) N(-∆Gmelt(φ) + 2γfσ
2) + 4LxN(γsσ2) (19)

∆Fact )
(2Lγsσ

2)2

∆Gmelt
(20)

∆Fact ) L
(2γsσ

2)2

∆Gmelt
seg

(21)
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