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Coupling of concentration fluctuations
to viscoelasticity in highly concentrated

polymer solutions

Abstract Photon correlation spectro-
scopy in the polarized geometry has
been used to systematically inves-
tigate the complex dynamics of

a highly concentrated entangled
polymer solution in a nominally good
solvent, poly(butylacrylate) in
dioxane. In addition to the well
known fast cooperative diffusion
process, a slow virtually g-inde-
pendent mode is detected, where ¢ 1s
the scattering wavevector, in
agreement with previous experi-
mental works on semidilute solutions.
This mode is attributed to the
viscoelastic nature of the transient
physical network, formed by the
entanglements, which relaxes its
elastic stress induced by the concen-
tration fluctuations, as confirmed by
small amplitude oscillatory shear
measurements; the latter reveal

a terminal relaxation time com-
parable to the characteristic time of
the slow relaxation process. Results,
especially in terms of concen-
tration and temperature dependence,
are evaluated and discussed in view
of the existing theoretical treatments
in the field, predicting the existence
of the slow viscoelastic relaxation.
The relationship between dynamic
light scattering and mechanical
spectroscopy is established.

Key words Polymers — concentrated
solutions — entanglements ~ dynamics
— photon correlation spectroscopy

Introduction

Photon correlation spectroscopy (PCS) is a well estab-
lished technique for studying the dynamics of solutions of
linear flexible polymers over several decades in time,
ranging from microseconds to seconds [1]. In the case of
dilute solutions, the subject has been exhausted [2]. It is
well known that for gR, < 1, where ¢ is the scattering
wavevector and R, the radius of gyration of the polymer
coils, the concentration fluctuations decay exponentially
with a rate I' = Dg?, where D is the translation diffusion
coefficient of the monodisperse polymer chains. On the

other hand, for gR, > 1, smaller scale relaxations are de-
tected [3]. In the limit of infinite dilution, the diffusion
coefficient is related to the hydrodynamic radius of the
coil, Ry.

As the concentration increases above the overlap con-
centration ¢* (= M/(4/3nN,R]), where M is the molecu-
lar weight and Ny is the Avogadro number), the semidilute
concentration regime is reached; it is characterized by the
overlapping of polymer coils and formation of the “en-
tanglements” at concentration ¢ > ¢*. The situation is now
much more complex, and the problem of polymer dynam-
ics in the entanglement regime is far from being resolved.
As a general observation, PCS experiments have revealed
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the presence of a slow, non-diffusive mode, in addition to

a fast diffusive mode [4-8]; the latter is the cooperative

diffusion (with coefficient D, ), which represents the relative
random motion of blobs in the entangled polymer net-
work, formed by the overlapping chains. A decrease of
solvent quality (thus of temperature) will enhance the
amplitude of this slow decay of concentration fluctuations.
The key question here is what is the origin of the slow
g-independent mode. A suggestion, based on the molecular
weight dependence, that it is due to self-diffusion [6], has
been dismissed in view of strong disagreement with pulsed-
field-gradient NMR. [9] and forced Rayleigh scattering
measurements [10]. An alternative suggestion related to
the presence of large clusters [11] has been also discarded,
since “cluster modes” are diffusive and moreover are tem-
perature-dependent [12]. Finally, several attempts to
explain the dynamics of semi-dilute solutions, and in par-
ticular to relate the slow g-independent mode to the visco-
elasticity of the entangled polymer solution have been
made, and will be reviewed in the next section.

At much higher polymer content, in the highly concen-
trated regime towards the undiluted bulk state, the density
fluctuations gain importance and can also couple to
the concentration fluctuations, which decay through co-
operative diffusion. In this case the faster g-independent
mode is related to local segmental relaxations associated
with the glass transition dynamics [13].

Dynamic shear mechanical measurements in the limit
of linear viscoelasticity, indicate that a semidilute solution
exhibits elastic gel behavior at short times and viscous
behavior of long times, both in good and poor solvents.
The two regimes are separated in time through the lifetime
of the physical “transient network” (gel), formed by the
entanglements [ 14]. Therefore, it is apparent that the slow
relaxation mode detected by PCS may be associated to the
viscoelastic terminal relaxation (e.g. reptational motion in
the Doi-Edwards model) of polymer chains through the
entanglement network. This was recently discussed by
Koike et al. [15] who carried out PCS and rheological
measurements in aqueous semudilute solutions of
poly(vinyl alcohol); the characteristic times of the slow
relaxation mode and the terminal relaxation, respectively,
were in very good agreement. Similar results were ob-
tained for the case of aqueous cationic surfactant solutions
as well [16].

However, despite the above developments, there are
a number of open questions which need to be clarified
before this problem is fully understood. They relate to the
effects of concentration in highly concentrated polymer
solutions, the g-dependence of the slow mode and its
physical origin, and the effects of temperature. In this
paper we address these issues through a systematic experi-
mental study of the dynamics of an entangled polymer

solution in good solvent, by utilizing PCS in the polarized
geometry and mechanical spectroscopy in the limit of
linear viscoelasticity. In the remainder of this paper, a re-
view of the existing theoretical treatments is first present-
ed. Then, the experimental procedures and resulting data
are discussed, with an emphasis on the slow g-independent
relaxation -process. Next, the results are evaluated and
discussed by comparing optical and mechanical measure-
ments, in light of the theoretical developments addressing
the problem. It is confirmed that the slow mode is a vis-
coelastic relaxation process. Finally, the main conclusions
of this investigation are summarized.

Theoretical background

de Gennes and Brochard [17] have presented a theoretical
description of the dynamics of concentration fluctuations
in semidilute polymer solutions including hydrodynamic

-interactions. In the case of @ solvent, the polymer chain is
-self-entangled (in addition to the usual entanglements),

and thus the characteristic mesh size is much smaller than
the correlation length £ of concentration fluctuations. In
this “transient gel” regime, where g¢ <« 1, they introduced
the “two-fluid” model, ie., they considered the polymer
solution as consisting of two independent constituents, the
solvent and the solute. Then, the macroscopic longitudinal
displacement of a polymer chain u(g, w), where o is the
frequency, is determined by the equation of motion, ex-
pressing a balance between restoring forces (arising from
both osmotic pressure and elastic modulus of the chain)
and frictional forces (viscous forces between solvent and

polymer):

iwcu/p + [K + M(w)]qg?u =0, (1)

where u is the effective mobility per monomer, K
( = c(8II/dc), II being the osmotic pressure) is the osmotic
bulk modulus, and M is the longitudinal elastic modulus
of the transient gel, which is frequency-dependent:

iR
M(CO) = Mg (I—l—z—an:R) P (2)

where g is the characteristic lifetime of the network con-
tact points. At low frequencies wtz <« 1 the polymer solu-
tion exhibits liquid-like behavior (hydrodynamic regime),
with a characteristic rate I' = (u/c) Kg* = D.q?; during the
diffussion time (D.q?)” ', the chains can disentangle. On
the other hand, at high frequencies wtg> 1, the polymer
solution exhibits gel-like behavior with a characteristic
rate I' = (u/c)[K + M,]1q*> = D,q*, where D, is the gel
diffusion coefficient; during the diffusion time (Dgq*)™ ",
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entanglements may be considered to be “frozen” (M, > K)
and the concentration fluctuations relax as in a permanent
gel. Further, at wavevectors g larger than a threshold g, for
which the diffusion time (D,gZ)™" of the concentration
fluctuations becomes g, two relaxation processes govern
the structure factor S(g, t): the solvent moves through the
chain and the chains disentangle at later times. The faster
diffusive motion is controlled by the equilibration between
osmotic pressure and elastic stress. The chain disentangle-
ment (viscous relaxation of stress) is proportional to the
characteristic time tg. In this case,

S(g,t)=Aje T+ Ao (3)

where subscript 1 denotes the “fast” mode, subscript 2 de-
notes the “slow” mode, with 4, + 4, = 1, and,

D K D
LN d A,=-%. 4
M, an 2 D. 4)

Iy=D.q* In=

D,

The slow process is-a g-independent structural relaxation
and related to the viscoelasticity of the entangled polymer
solution. A first experimental confirmation of the presence
of these two modes in polystyrene solutions in theta sol-
vents was reported by Adam and Delsanti [ 18], who have
also extended the above theory of deGennes and Brochard
by relaxing the assumption of frozen gel (M, > K); for the
g-range of interest here the results were essentially the
same as above, described by Egs. (3) and (4).

Dot and Onuki [19] have recently presented a general
phenomenological theory to account for the coupling be-
tween stress and diffusion in polymer solutions and blends
in quiescent state and under the presence of flow. They
used the two-fluid model of Brochard and de Gennes [17].
They argued that the stress ¢ in entangled polymer
systems is supported by chains, and if there is an imbal-
ance in stress (because it is not acting equally on all chains)
this creates a net force on the chains, resulting in their
migration relative to the solvent. An important considera-
tion is that since this stress arises from network deforma-
tioms, it is determined by the gradient of polymer velocity
only. The physical network extra stress is given by a con-
stitutive equation [20]. By comnsidering further a gener-
alization of Brochard’s mutual diffusion approach, ie.,
accounting for the stress gradient in the diffusion equation
by including the elastic energy of polymers in addition to
the energy of mixing, Doi and Onuki assembled the impor-
tant ingredients for the development of a general model for
the effect of viscoelasticity on entanglement dynamics.
Their calculation of the time correlation function of
the concentration fluctvations under the assumptions
qép<<1 (&, being the blob size), M, (1) ® M exp( — t/1x),
D.q* x> 1, revealed a structure factor of a similar general

form to Eq. (3):

£2
gve e — t/Tg (5)

S(gt)x Aye Pt 4
(q ) ' DC‘CR+5\%€

with ¢&,. being a characteristic length of the viscoelastic
process, with &2, = 0.65 E2(n/ns), where n and 5s are the
solution and solvent zero-shear viscosities, respectively;
this expression for &,, is valid for entangled homopolymer
solutions. The physical significance of £, is that it deter-
mines the strength (on a spatial scale) of dynamic coupling
between concentration fluctuations and stress (viscoelas-
ticity), which results in the presence of the slow structural
relaxation process. The blob size is given by &, = 1.3&y5 in
the semidilute regime [21], with &y = kg T /(6715 D, ) being
the hydrodynamic correlation length (kg is the Boltzmann
constant and T the absolute temperature). The first decay
is the short-time g*-dependent relaxation. The second is
actually g-independent. It is noted that under the assump-
tion &2« D, 1y, the amplitude of this second slow process
is essentially of the order of the shear modulus divided by
the bulk modulus, which is much smaller than 1 for good
solvents and of 0(1) for @ solvents, again pointing to the
enhancement of the effect in the latter case.

Semenov [22] has accounted for both the elastic defor-
mation of the entanglement network and the entanglement
dynamics of individual chains (some investigators have
considered an undeformable network and attributed the
relaxation of concentration fluctuations to the viscoelastic
relaxation, e.g. reptation [23]). His generalized mean-field
method for calculating the concentration time correlation
function takes into consideration the volume interactions
between the segments (which correspond to long-range
forces betwen the segments of different chains or distant
segments of the same chain), in addition to the “classical”
entanglement interactions (which correspond to short-

range forces between segments that prohibit them from

intersecting each other). For concentrated polymer solu-
tions, S(g, t) is'a three-step relaxation function:

1
S(g,t) = - [A4:.9.(q, 1) + Argr(q, 1) + Aragralq, )], (6)

where v is the volume interaction parameter (v =
(1/cT (0L /0ck}; Aey Ag, Aol refer to the relative ampli-
tudes of the cooperative, Rouse and terminal (longest)
relaxation modes, respectively (A, + Ag + A, = 1), and
ge, gr and g, are the corresponding normalized decay
functions. As a result of the initial deformation of the
entanglement network, parts of the network are stretched
and parts are compressed, i.e., the stress is nonuniformly
distributed along tube axes in the entanglements [197. The
macromolecules will then tend to redistribute their links
along the tubes in order to smooth out the stress, and this
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relaxation process is characterised by a Rouse time. At
longer times, chain relaxation-type motions of the macro-
molecules along their tubes give rise to a relaxation pro-
cess characterized by times of the order of the longest
viscoelastic relaxation time. Depending on the value of the
scattering wavevector relative to the size of the polymer
chains (radius of gyration, R,), the molecular weight and
the entanglement molecular weight, either all three or only
the cooperative and terminal relaxation modes are ex-
pected to be detectable.

In a different approach, Wang [24] has presented a hy-
drodynamic theory based on the statistical mechanical
equation of Bearman and Kirkwood (BK) for a binary
solution. Fluctuations in density and concentration pro-
duce random fluctuations in the dielectric constant of the
medium. To account for the latter, which is a measure of
the polymers’ dynamics, it is necessary to start from the
linearized hydrodynamic equations describing the poly-
mer motion, supplemented by the constitutive equation of
the viscoelastic fluid. The link to the dynamics of concen-
tration fluctuations is provided by the BK equation.
It is important to point out that the stress tensor of
the polymer component is assumed to be related to the
polymer solution velocity, rather than the velocity of the
polymer component itself, as described by Doi and Onuki
[197. The result in the regime gR, < 1 is that diffusion due
to concentration fluctutations and viscoelasticity of the
solution are connected through a coupling parameter, f.
This parameter represents the increase of polymer solution
density, p, with concentration, ¢, [ = (c¢/p)(0p/0c) p.
When B is non-zero, a second slow g-independent vis-
coelastic mode appears in the light scattering spectrum,
in addition to the fast cooperative diffusion mode. How-
ever, for =0, only the diffusive process is predicted.
Recently it was recognized that the role of f is not always
justified. For instance, Akcazu et al. [25] presented a
different treatment of the coupling of diffusion to stress,
which resulted in the prediction of a slow g-independent
viscoelastic mode even for isopycnic polymer solutions
(8 =0). Later, however Wang revisited the problem
and argued for the original role of f, both theoretically
and experimentally [26]. Furthermore, a systematic ex-
perimental investigation of the effects of f on the dynamics
of concentrated polymer solutions in poor solvents indi-
cates that even under f ~ 0 the slow viscoelastic mode is
detected with substantial amplitude [27]. Despite this con-
troversy, however, the theory predicts for f #0 a dual
structure factor of the type of Eq. (3). When the two
processes are well separated in time, the amplitudes are
given by:

Ay = (7)

BM, + K

For p =0, A; = 0. On the other hand, for a very concen-
trated polymer solution or a melt, BM,>» K, thus 4, = 1,
and the viscoelastic mode dominates the light scattering
spectrum. Further, for f =1, A, = M,/K; this is a result
identical to those of Brochard—de Gennes [17] and
Adam-Delsanti [ 18], although derived from a completely
different approach. Wang emphasized that his theory is
more general, since it does not make use of the transient
network. However, the slow mode has been observed only
in entangled polymer solutions.

As a matter a completeness, the recent theoretical work
of Genz [28] is included. She has developed a theoretical
framework, based on the random phase approximation, in
order to describe additional slow g-independent modes,
which are due to the so-called memory effects, i.e., polymer
viscoelasticity. In her microscopic approach for a polymer
solution, the solvent is considered as an “inert” back-
ground, and thus the motion of polymer chains (or their
statistical segments) dominates the dynamics. Long time
effects are accounted for through generalized transport
functions, which are determined from memory equations.
When the time scales of the dynamics of internal motion
inside statistical segments are well separated from the
main chain motion, then high frequency processes are
introduced by a friction constant, or a time-independent
mobility function. This theory predicts the cooperative
diffusion in the limit of short times, and the viscoelastic
mode at longer times. Its main drawback is that it provides
expressions for amplitudes and rates, which are related to
complicated material properties and thus it is not very
easy to compare against experiments.

In summary, a slow viscoelastic relaxation mode is
predicted by two different approaches. It seems that the
transient entanglement network ideas are physically more
sound in explaining the coupling of concentration fluctu-
ations to stress; the latter conclusion is supported by
experimental results, as discussed in the sections below.
Thus, these theories provide the framework for comparing
dynamic light scattering and rheological experiments in
concentrated polymer solutions and justify the investiga-
tion of the effects of solvent quality, concentration and
temperature in highly concentrated systems.

Experimental
Materials

Solutions of polybutylacrylate (PBA) in dioxane were pre-
pared by thermal polymerization directly in the measuring
cells [29]. This procedure is the most reliable to yield high
optical quality samples, which are suitable for photon
correlation spectroscopy experiments, justified by the
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presence of only inherent scattering, The catalyst used was
ditert-butyl peroxide at concentration 107% M with re-
spect to the monomer. The polymerization proceeded for
72 hours at 60°C and then for 48 hours at 80°C. The
conversion achieved was 96% for volume fraction of PBA
¢ = 0.1, and increased with ¢, reaching 99% for the bulk
PBA. Solutions of various volume fractions were prepared,
namely ¢ = 0.09, 0.17,0.27, 0.36, 0.46, 0.56, 0.66, 0.77, 0.88
and 1.00 (bulk). The corresponding molecular weight of
the samples was about 100 000 (number of monomer units
N =775), and varied slightly with increasing concentra-
tion, the total increase being not more than a factor of
2 [29]. The entanglement molecular weight in the melt,
M., estimated from viscoelastic measurements of the equi-
librium plateau modulus, 1s about 14000, and hence the
concentrated solutions above about 27% are entangled.
The glass transition temperature of the bulk PBA is
—50°C.

Methods
Dynamic light scattering

Photon correlation spectroscopy (PCS) was utilized in
the polarized geometry (VV). The correlation function
Gvv(g, 1) of the VV light scattering intensity at different
scattering angles 0 was measured with an ALV-5000 full
digital correlator, with a dynamic range 10~ ® — 10° s. The
light source was an Ar* laser (Spectra Physics 2020) with
150 mW, single mode, at wavelength A =488 nm, and
a Nd:YAG dye-pumped laser (ADLAS DRY 325) with
140 mW, single mode, at A = 532 nm. At a given wavevec-
tor g, the measured homodyne intensity autocorrelation
function G(q, t) is expressed as [17:

Gyv(g, ) =[1 +f*laClg, 1)I*], )

where g = 4nn/Asin(0/2), n 1s the refractive index of the
polymer, f* is the instrument factor, « is the fraction of the
total polarized scattered intensity arising from fluctuations
with correlation times above 1 us, and C(g, t) is the nor-
malized field correlation function. Before each measure-
ment, the test samples were always left to equilibrate for at
least 1 h. During the measurement the intensity of the
scattered laser light remained constant. Usually, the analy-
sis of the experimental correlation functions C(g, t) was
carried out by performing their inverse Laplace transform
(ILT), using the program CONTIN [30]. This method
assumes that C(g, 1) is represented by a superposition of
exponentials

aC(g, t) = Of L{lntyexp( — t/1)d(In 1) 9)

which describe a continuous spectrum of relaxation times
L(In7); the latter is used to determine the average charac-
teristic relaxation times, 7. In some cases, however, the
correlation functions were represented by the Kohl-
rausch—Williams—Watts (KWW function:

C(g. 1) = exp [( — t/rf"™], (10)

where Pxww 1is the shape parameter (usually 0 <
Prww < 1, with frww = 1 corresponding to a single ex-
ponential relaxation mode). This method was chosen in
order to get a direct estimate of the breadth of the relax-
ation modes detected. It is noted that the characteristic
time 7t determined from CONTIN corresponds to that
from KWW for a given Brww. Measurements were per-
formed at temperatures covering a range between — 40°C
and 40 °C. Several concentrations of PBA were measured,
from 0.34% up to 100% (bulk) per volume using, either
different samples (with slightly different molecular weight,
as mentioned above), or one sample with successive dilu-
tions with dioxane.

Shear rheology

Small amplitude oscillatory shear measurements were car-
ried out using a Rheometric Scientific RMS-800 rheometer
in the parallel plate geometry (plate diameter was 25 mm
and the gap was set to 0.5 mm). Isothermal frequency
sweeps were obtained over the frequency range 0.01-
100 rad/s, for temperatures between — 10° and 30 °C; tem-
perature control was achieved with liquid nitrogen or air
convection under nitrogen atmosphere. The time-tempet-
ature superposition principle was found to hold by shifting
the moduli at various temperatures along the frequency
axis; shift factors were fitted using the WLF equation [31].
The crossover between storage (G') and loss (G”) moduli in
the terminal regime defines the characteristic longest relax-
ation time of the entangled polymer chains.

Results and discussion

As already mentioned, a prime concern was the optical
quality of the samples; they were indeed of supreme quality
for the light scattering experiments, as confirmed by the
correlation functions obtained (see for example Fig. 2 be-
low) and the high fraction of scattered intensity from the
bulk PBA, arising from density fluctuations (about 0.5, in
Fig. 2 below). This represents one uniqueness of this work
and is also reflected in the quality of the correlation func-
tions, which are discussed below. Further, the transition
from dilute to semidilute regime was determined from the
change of the scattered VV intensity at a scattering angle
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Fig. 1 Total polarized scattering intensity Iyy at an angle of 90°
versus concentration of PBA in dioxane at 20°C. The peak corre-
sponds to the overlap concentration c* (3.5%). The horizontal arrow
indicates the range of concentrations studied by PCS with respect to
the slow relaxation mode

of 90° with concentration, illustrated in Fig. 1. The concen-
tration of maximum intensity is taken as the ¢* (about
3.5% by weight). The results discussed here refer mostly to
the range 36-66%, which fall well within the concentrated
regime. Thus, the concept of physical entanglement net-
work is relevant, and extends the concentration range of
the previous experimental studies, which were mainly fo-
cused in the semidilute regime [15, 32].

Before proceeding further, it is important to check the
quality of the solvent. This task has been carried out by

measuring the translation diffusion coefficient, D, of sev-
eral mostly dilute PBA concentrations, from 0.3% to 9%,
obtained from the original 17% sample by successive dilu-
tions in dioxane; the experimental conditions were 20 °C,
0 =90°, and /1 = 488 nm. The concentration dependence
of D in the dilute regime is given by:

where kp, is the concentration coefficient and ¢ the concen-
tration. This expression holds for good solvents with
kp > 0, whereas under @ solvent conditions kp < 0 due to
increased interactions (e.g. friction) among chains. The
results revealed a coefficient kp = 33.5 cm?/g, which im-
plies that dioxane is a good solvent for PBA. This result is
in fairly good agreement with results from similar studies
on polystyrene solutions in toluene [33].

Figure 2 represents the experimental net intensity cor-
relation (normalized with the instrument factor f*, which
is a measure of the coherence area and calculated by
means of a PS/CCl, standard) function at two concentra-
tions: one corresponding virtually to the early stages of the
semidilute regime ¢ = 0.17 g/cm® (17%), and one corre-
sponding to the concentrated regime ¢ = 46% > c*, both
at temperature 20 °C and scattering angle 45°. The correla-
tion function of the bulk PBA is also included in this
figure; it was obtained at much lower temperature
(—45°C) and revealed only one process observed, the
a-relaxation. The 17% solution exhibits a single relaxation
process as well, corresponding to a cooperative diffusion.
It is noted that measurements were also carried out at very
low concentrations (below 3.5%), where a single process
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Fig. 3 Net normalized squared

field correlation functions 0.25
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(o) and 56% (a), at 45° and
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was also observed. In the 46% solution, which is asso-
ciated with the presence of entanglements, two relaxation
processes are detected: the fast cooperative diffusion mode,
which just appears in the time window of the correlator,
and a much slower (by about 4 orders of magnitude) mode
with a nonexponential shape; its amplitude is still lower
compared to that of the fast mode. It 18 emphasized that
the latter relaxation mode is a true one, and not an experi-
mental artifact, as, for example, transient heterogeneities.
This is confirmed by the quality of the samples discussed
before, as well as the nearly constant intensity traces dur-
g the measurements of the correlation functions, shown
as insets in Fig. 2. It is thus evident that in order to detect
the slow mode under the present good solvent conditions
(at least up to 10%), it is necessary to reach substantial
entanglements in the solution. The left inset of Fig. 2 de-
picts the ILT analysis (Eq. (9)) of the 46% solution, signify-
ing the difference between the fast and slow relaxation
modes. It is clear therefore, that the slow process cannot be
detected in the bulk in the experimental time window.
Moreover, the fast process in concentrated solutions has
nothing to do with the g-independent s-relaxation in the
bulk; for the latter the KWW fit (Eq. (10)) revealed a shape
parameter of fxww = 0.30. The appearance of a clear slow
mode with substantial amplitude under good solvent con-
ditions, apparently contradicts previous claims that this
essentially cannot be observed [18, 27]. Of course, it is not
possible to assess at this stage how enhanced the ampli-
tude would have been in a @ solvent. Neither is it clear
whether we are still under good solvent conditions in the
highly concentrated regime, since Eq. (11} is valid only in

10° 10" 10% 10° 10*

t(s)

the dilute limit; as the concentration increases, the solvent
quality is expected to decrease due to more cancelations of
segment—segment interactions.

In order to better appreciate the slow process, the
square of the net field correlation function, normalized
again with the instrument factor *, is depicted in Fig. 3,

-for the 36% and 56% solutions, again at temperature

20°C and scattering angle 45°; the quality of the correla-
tion functions is also confirmed by the intenstiy traces. It is
now evident that the slow mode 1s very broad with charac-
teristic ttme about 4 orders of magnitude longer than the
cooperative diffusive process for the 36% solution, and
nearly 7 orders of magnitude for the 56% solution; the
shape parameter obtained from the KWW in the concen-
tration range from 36% to 66% is nearly constant
Prww = 0.37. Further, from this figure, along with its inset
depicting the distribution of relaxation times (from ILT),
and in combination with Fig. 2, the effects of concentration
become apparent (taking into account the small change of
molecular weight from sample to sample, as already dis-
cussed). It 18 noted that it was not possible to measure the
slow. relaxation in solutions above 66%, since its decay
time is longer than 10* s, the upper limit of the correlator.
Even in the 66% solution, the slow process is not fully
relaxed within the time window of the correlator.

Based on the theoretical approaches on the entangle-
ment dynamics presented before, if the slow relaxation
mode is associated with the viscoelasticity of the concen-
trated polymer solution, then it should be g-independent.
This is indeed shown in Fig. 4, which depicts the intensity
autocorrelation functions of a 46% solution at 20°C and
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Fig. 4 Net normalized intensity 0.25
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two scattering angles, namely 45° and 135°, as functions of
the reduced quantity g°t; in such a representation, the
g*-dependent modes collapse in a single mastercurve,
whereas actually the g-independent modes do not super-
impose. It is thus clear from Fig. 4 that while the fast mode
is g?-dependent (cooperative diffusion), the slow one is
truly nondiffusive. It should be noted, of course, that
usually broad relaxation processes [13] are characterized
by a very weak g-dependence for low light scattering ¢’s, if
at all, and the current work is no exception. The lower
inset of Fig. 4 confirms this finding, as reflected in the
distribution of relaxation times, from the ILT of the cor-
relation functions. Furthermore, the characteristic times
from the ILT analysis of the two processes arc plotted as
functions of g in the upper inset of Fig. 4. From the above
data it is established that within the g-range and time
range of our PCS technique, and for the specific polymer
system used, only two processes can be detected: the fast
cooperative diffusion and the slow g-independent vis-
coelastic network relaxation. This result confirms the
predictions of Semenov [22], according to which in the
regime A, < g ! < A, (with ; and 2, being characteristic
lengths determined below) only two relaxation processes
are detectable, namely the cooperative diffusion and the
slow chain relaxation process (for example, of the repta-
tional type, assuming validity of the Doi-Edwards model);
the Rouse relaxation is “mixed-up” with the cooperative
diffusion, due to the similar characteristic length scales,
reflecting similar relaxation times. Actually, the Rouse
times from mechanical measurements (Fig. 5 below) lie in

the range of the cooperative diffusion times of light scatter-
ing, confirming the prediction of only two distinctly differ-
ent processes.

For the PBA/dioxane system of this work, 4; =
R,(N/N)Y*=29x10"%cm and 1,=N'? ], =81x
107° cm; thus, the above inequality is always valid for
the ¢ range of our light scattering experiments
(0.13 x 10® — 0.32 x 10° cm ™ !). A further assessment of the
relation of the slow viscoelastic mode can be made by
considering the two main theoretical alternatives offered,
namely the idea of a physical entanglement network and
that of coupling of concentration fluctuations to viscoelas-
ticity through the parameter f. The latter was checked by
measuring directly 8/0c at 25°C and over the concentra-
tion range from 9% to 25%; this increment was found to
be — 3.85x 1073, resulting in a negligibly small value of
B =9.82x 107 for the 25% solution. This suggests that
Wang’s argument concerning the necessity of nonzero f in
order to detect the viscoelastic mode may not always hold,
in agreement with the recent experimental results of
Brown and Stepanek [27]; on the other hand, it should be
mentioned that Wang et al. very recently reported on
experiments with semidilute isopycnic polymer solutions
(polystyrene in diethyl malonate), suggesting no slow vis-
coelastic mode [26b]. However, based on the molecular
weight (185 000) and concentrations used (0.1% — 22.5%),
nearly none of the solutions investigated was in the en-
tangled state, with the exception of the highest concentra-
tion which can be considered are marginally entangled.
This assessment was made by considering the expression
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Fig. 5 Master curves of storage (G’) and loss (G") moduli for
PBA/dioxane solutions at three concentrations, namely 27% (G': a;
G": a), 56% (G': @ G”: ©) and 66% (G': wm; G": ). Reference
temperature is 20°C

M. (c) = M c ¢, with d between 1 and 1.3 [34]; M.(c)is the
entanglement molecular weight at a given concentration c,
and M, the molecular weight of the bulk polymer. There-
fore, there is evidence that the observed viscoelastic slow
mode is the relaxation of the concentration fluctuations
— induced elastic stress of the transient physical network,
formed by the entangled polymer chains.

In order to examine the relation of the slow relaxation
mode in the light scattering spectrum to the terminal
relaxation of the PBA/dioxane entanglement network, dy-
namic shear rheological measurements were carried out, as
already discussed. Typical results are presented in Fig. 5,
which depicts the master curves of G’ and G” as functions
of frequency for three concentrations, namely 27%, 56%
and 66%, with reference temperature 20 °C. First of all, it
is pointed out that these measurements were carried out in
solutions obtained from the original 77% with successive
dilution. This means that the molecular weight was un-
changed in all rheological data reported. Further it is
noted that the principle of time-temperature superposition
holds for all concentrations, as expected; shifting was done
only along the horizontal (frequency) axis. It is clear that,
within the frequency window of the instrument used, in the
27% solution the whole terminal relaxation process is
detected, whereas in the more concentrated solutions only
the Rouse-like and rubber plateau regions are measured,
including the crossover between G’ and G” at the onset of
terminal relaxation, which signifies the longest relaxation
time. The shift factors were found to follow the WLF
behavior. The corresponding times are in good agreement

w
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Fig. 6 Log-log respresentation of the relaxation rates of the fast
cooperative (a; scattering angle was 90°) and slow viscoelastic (0)
modes, as functions of concentration, at 20 °C. Solid line through the
cooperative rates represents the 0.75 scaling perdiction. Also in-
cluded are the terminal relaxation times from rheology (v). Solid line
represents the 1.6 scaling law in good solvents

with the light scattering relaxation times.of the slow mode
(see Fig. 6 below).

A further analysis of the dynamics of the entangled
polymer solutions is presented in Fig. 6, which depicts the
relaxation rates of the two processes as functions of con-
centration. The much stronger dependence observed in the
slow “viscoelastic” time, g represents by itself another
evidence of the assignment of this process to chain relax-
ation-like large-scale motion. Essentially there is a differ-
ent scaling of the cooperative diffusion time, 7, and 7y with
concentration [31, 35]:

—

Te~¢C and tg ~ ¢’

(13)

where o = 0.75 for good solvents and 1 for theta solvents,
while the corresponding values of y are 1.6 and 3, respec-
tively, without accounting for friction effects. It should be
noted that the scaling for . may not hold as the concentra-
tion increases in the highly concentrated regime, as already
pointed out by other authors [13]. The actual data cover-
ing the whole concentration range (from 9% to 66%) scale
with a slope approaching 0.75, suggesting good solvent
scaling. The slope of the experimental 7 at concentrations
¢ = 27% is very large, nearly 10, and does not conform to
the above scaling predictions. It represents a clear evidence
that at these very high concentrations the viscoelastic
behavior of the solutions is dominated by the polymer
friction. To further confirm this statement, we carried out
rheological measurements at lower concentrations, in the
semidilute regime (from 15% to 20%); as can be seen in
Fig. 6, the corresponding longest relaxation times scale
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Fig. 7 Arrhenius plot of the relaxation rates of the fast cooperative
(o) and slow viscoelastic (0) modes, for the 46% solution at a scatter-
ing angle of 90°. Also included are the shift factors a; from rheology
(a). Solid lines are drawn to guide the eye

with nearly the good solvent prediction, 1.6. Concerning
the light scattering 1y data, it is important to emphasize
that the molecular weight varies a bit from concentration
to concentration, due to the preparation procedure for
each sample (thermal polymerization); thus, exact quantit-
ative information on the scaling at very high concen-
trations cannot be extracted. Nevertheless, despite this
inherent uncertainty, the good agreement with the
rheological measurements mentioned above, reflected in
the terminal relaxation times which are also shown in Fig.
6, as well as the drastically different concentration depen-
dence of the two relaxation processes, are evident and
worth noting. Despite the differences in molecular weights,
both rheological and light scattering data clearly suggest
that PBA/dioxane above 27% cannot be considered being
under good solvent friction conditions (despite
D, ~ ¢%73), due to the increased segmental friction. Thus,
irrespective of whether the solvent quality decreases or not
at high concentrations (with respect to the measurements
of solvent quality in dilute solution, mentioned before), it is
apparent that the slow relaxation mode is dominated by
segmental friction.

The temperature dependence of the dynamics was in-
vestigated for the 46% solution over the temperature
range from — 5°C to 30°C and at a scattering angle of
90°. First of all, the correlation functions obtained suggest
that the viscoelastic mode is more affected than the
cooperative diffusion mode. The amplitude of the former
seems to increase with decreasing temperature, presum-
ably due to a decrease of solvent quality, which enhances
the light scattering signal, as discussed in the theoretical
section. The relaxation rates (at a scattering angle of 90°) of

both processes are depicted in the Arrhenius plot of Fig, 7.
It is apparent that the temperature dependence of the slow
mode is stronger compared to that of the fast one. In the
latter, the increase of D, with temperature is actually
attributed to the corresponding decrease of solvent visco-
sity, which appears to affect the concentration dependence
of D, (Fig. 6). However, in the case of viscoelastic network
relaxation, on top of that we have the chain friction res-
ponsible for its terminal relaxation (for example reptation).
This is indeed reflected in Fig. 7, where the shift factors
from the rheological measurements are also plotted
and- follow virtually the same trend. The data suggest
the following scaling: t, ~ exp(— 818/T), and 15 ~
exp( — 2270/T). The activation energy of the slow vis-
coelastic process is nearly three times as large as that of the
fast cooperative one. It is further noted that although the
light scattering slow 1 data follow the shift factors closer
than the 7. data, there is a deviation especially at the
lowest temperatures, as seen in Fig. 7; this can be explained
by the fact that the PCS measurements at low temper-
atures are ambiguous, since the long-time relaxation tail of
the correlation function is outside the window of the tech-
nique, thus introducing an uncertainty in the determina-
tion of 3.

The issue of time-dependence of the amplitude and
relaxation time distribution of the slow relaxation mode,
firstly addressed recently by Wang et al. [36], has been
investigated by measuring the field correlation function of
the same sample (46%) under the same conditions (20 °C,
0 =90°) twice, with a time interval of 16 months. The
results clearly show no time dependence whatsoever, in
contrast to those of Wang et al. [36], and confirm the high
quality of the carefully prepared and equilibrated samples,
without the presence of clusters. -

Finally, for a more quantative test of the theoretical
predictions, the relative amplitude of the slow mode was
performed using the approach of Doi and Onuki [19]; the
latter provides A, as a function of parameters which can
be easily measured or determined independently, as seen in
Eq. (5) above. The first important remark is that A4, is
g-independent. This was confirmed from our experiments
at scattering angles of 45°, 90° and 135°, the measured
AZ, expt ( = aslow/(afast + aslow): Xslow and Xfast being the am-
plitudes of the slow and fast relaxation processes, respec-
tively) was found to be 0.49, 0.50 and 0.47, respectively, i.c.,
constant within experimental error. Further, at 25°C and
a scattering angle of 135°, for concentrations 46% and
66%, the measured A, ., are 0.49 and 0.60, respectively.
The corresponding predictions A4, are 0.58 and 0.90, re-
spectively. Given the experimental uncertainties, the un-
certainties in the determination of quantities such as &,,, for
eample, as well as the non-constant molecular weight, the
agreement is quite satisfactory. Similar results are reported
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for the temperature dependence as well. More specifically,
for the 46% solution, at a scattering angle of 90°, as the
temperature varies from 0° to 14° to 30 °C, the measured
A, varies respectively from 0.85, to 0.70 to 0.65. The
corresponding predictions A, ., are 0.95, 0.87, and 0.56,
respectively. It is interesting to note that the observed
trend of enhanced amplitude of the slow mode at lower
temperatures is nicely predicted by the theory. It may be
related to the decreased solvent quality, or increased seg-
mental friction, as the temperature is decreased. It is thus
clear from the above results that the slow viscoelastic
mode can be attributed to the relaxation of the transient
entanglement network, which releases its elastic stress in-
duced by the concentration fluctuations.

Summary

Photon correlation spectroscopy in the polarized ge-
ometry has been utilized in order to investigate the com-
plex dynamics of highly concentrated polymer solutions.

The appearance of a second slow g-independent relaxation
mode, in addition to the fast cooperative diffusion process
has been confirmed. A direct association between this
mode and the terminal region in dynamic shear rheologi-
cal measurements has been established. Therefore, this
mode is of structural origin and due to the viscoelasticity
of the transient physical network, formed by the entangle-
ments. The latter result is also supported by theoretical
treatments based on the idea of a transient physical en-
tanglement network, which relaxes through the release of
the elastic stress induced by the concentration fluctuations.
The concentration and temperature dependencies, the for-
mer dominated by friction, of this mode are also consistent
with rheology and these transient network ideas.
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