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In nondilute polymer solutions, the chains are highly
congested with other chains. The various properties of
the solutions thus become strongly dependent on poly-
mer concentration, in contrast to the behavior of better
investigated dilute solutions.!=* In the 1970s, de Gennes
introduced the blob model together with the reptation
concept,! which were later used to predict the compli-
cated concentration dependence of the different proper-
ties over a wide range of concentrations.!* For example,
the concentration dependence of the mesh size of
polymer networks, the network conformation, and the
gyration radius of the polymer were predicted. Simi-
larly, the concentration dependence of dynamic proper-
ties, such as the polymer self-diffusion and collective
diffusion, were also predicted. These static and dynamic
properties are fundamental in, for example, adsorption,
adhesion, swelling, and viscoelasticity, which in turn are
of importance for basic understanding of biomacro-
molecular networks.? Despite the success of the blob
model in the semidilute regime,?3 the general ap-
plicability has been questioned since the experimental
observations on the dynamics in concentrated solutions
were in poor agreement with the model.* Recent work
on collective diffusion and polymer self-diffusion has
implied that the disagreement is due to the conventional
treatment of the local solvent viscosity, which neglects
the concentration dependence.6-8

Here, in a thorough investigation of the static and
dynamic properties of polystyrene solutions, we present
the first incontrovertible support for the applicability
of the blob model from semidilute to highly concentrated
solutions by taking the local solvent viscosity into
account. Polystyrene solutions have been chosen since
they are archetypal in this context, thus providing a
wealth of literature data.

According to the blob model,!2 an individual chain in
a nondilute solution is visualized as a succession of
blobs, of radius &, in which the chain experiences no
effective interactions with other chains. Thus, the
segmental conformation of the chain inside the blob
(denoted later as “the partial chain”) is identical to that
in a dilute solution (see Figure 1).
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The model can be described by only two parameters:
the number of monomers per blob, g, and &. The main
results from the model!™%¢ can be summarized as
follows: With increasing polymer concentration, the
parameters g and thereby & decrease due to decreasing
interchain contact distance. When £ decreases, different
regimes with different concentration dependence of g
and £ are discerned. If the polymer is dissolved in a good
solvent at sufficiently low concentrations, the partial
chain is swollen (¢ ~ g%6). On the basis of scaling
arguments,! it is found that g ~ ¢~125, where ¢ is the
polymer volume fraction, resulting in & ~ ¢ %7 in this
semidilute regime (I) (see Figure 1). With increasing
concentration, the scaling approach breaks down when
the blob becomes smaller than the so-called thermal
blob,3%? of diameter &, in which segmental stiffness
prevents the chain from swelling. Consequently, above
the corresponding polymer concentration, the swollen
partial chain becomes ideal (§ ~ g%5), then when &
approaches the persistence length® (L), the partial
chain becomes “flexible-rod-like” (& ~ g1), and finally
when £ approaches the bond length?® (L), it becomes
“rigid-rod-like”® (¢ ~ Ly,). The concentration dependence
of g experiences another crossover as the number of
interchain contacts per blob increases with increasing
concentration. According to mean-field arguments,*6
four power law regimes besides regime I are predicted:
a marginal solvent regime (II), a ® solvent regime (III),
a flexible-rod regime (IV), and a rigid-rod regime (V).
Figure 1 visualizes the complex theoretical picture from
regime I to V, showing the resulting power law behav-
iors of £ and g in each regime.

Various experimental techniques can give information
related to £ and g. For example, static techniques (small-
angle X-ray'9~12 and neutron!!~13 scattering) yield the
static correlation length,? &. Dynamic techniques (pho-
ton correlation spectroscopy, PCS,%6.7-14 thermal diffu-
sion forced Rayleigh scattering, TDFRS,'%16 and clas-
sical gradient diffusion, CGD!?) give the dynamic
correlation length,2 &,. From the blob model,?2 both
correlation lengths will be directly related to &; however,
the origin of the two is different. While &; reflects the
screening length for the static excluded volume, &,
reflects the screening length for hydrodynamic interac-
tions. Theoretically, we expect the relation & > &, > &
at least in regime 1.18 If we consider neutral polymer
solutions, the static property of g, gs, can be obtained
from the osmotic pressure.!® Similarly, the hydro-
dynamic property, the number of monomers, gy, inside
a radius &, can be obtained from the osmotic rigidity.1®
Since gs ~ g, we expect the relation g5 > gy at least in
regime 1. Here, we have examined the properties related
to & and g using literature data*10-17.20-22 on nondilute
polymer solutions of atactic polystyrene in toluene
(M =96 400—280 000 g/mol, M/M, < 1.08)?3 and also
new data on &, for atactic polystyrene (M,, = 301 600
g/mol, M/M,, = 1.04) in toluene, obtained from PCS.
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Figure 1. Schematic picture of polymer networks with increasing polymer volume fraction, ¢, and a double-logarithmic schematic
representation of the ¢ dependence of the blob radius, &, and the number of monomers, g, per blob. Roman numerals -V indicate
a semidilute, a marginal solvent, a © solvent, a flexible-rod, and a rigid-rod regime, respectively. The thickness and color of the
solid lines in the schematic picture represent the approximate scale of each network and a single chain, respectively. &; is the
thermal blob size. ®@;_; denotes ¢ at the crossover from regime i to regime j. Note that blobs from regime I to IV are located within

the interchain contacts.

(For the details see Supporting Information.) The overall
data cover the concentration range from regime I to
V1924 or V.

In Figure 2A, we show & as a function of ¢ and a
least-squares fit to the &5 data with fixed theoretical
power law exponents for &, while the crossover volume
fractions are free parameters. We find that the model
can describe all the data despite the fact that the data
is collected from several studies. These results are also
corroborated by independent static data (gs); a least-
squares fit using the theoretical power law exponents
for g to the gs data shown in Figure 2B reveals a II/III
crossover, consistent with the & crossover. (For details
concerning the fitting procedure see Supporting Infor-
mation.)

The dynamical correlation length (&) is derived via
the Stokes—Einstein relation?® using collective diffusion
data obtained from the above-mentioned dynamic tech-
niques.?* Conventionally, the solvent viscosity term
included in the Stokes—Einstein relation has been the
neat solvent viscosity,'24 5 (= 0.56 mPa s in the present
system). The & derived using this approach gives little
support to the theoretical model (see Figure 2A). Only
one crossover, apparently from regime I to II, might be
found for the high-M, samples after a least-squares fit
analysis. (For the details see Supporting Information.)
A different approach®7 is to experimentally derive the
so-called “effective local viscosity”,26 7.s, from solvent
self-diffusion data obtained via, for example, pulsed field
gradient NMR. This technique can detect local solvent
viscosity on the same time scale (i.e., millisecond time
scale) as the dynamical methods (e.g., TDFRS, CGD)
probe collective diffusion. It is to be noted that the time
scale is of great importance since solvent dynamics
measured on other time scales (e.g., picosecond time
scale) yields rather different local solvent viscosity.2”
The accordingly obtained #7es from the solvent self-
diffusion data2-22 in atactic polystyrene (M, = 100 000—
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Figure 2. (A) Static correlation length, &, and the dynamic
correlation length, &,, derived using the neat solvent viscosity,
vs polymer volume fraction, ¢. The shapes of symbols indicate
different techniques. (B) Number of monomers per blob, g5, vs
¢. The data presented in (A) and (B) are literature data and
our new data (open circles) for polystyrene solutions in toluene
at 25 °C. The solid and open symbols indicate data for 96 400
g/mol < M,, < 190000 g/mol and 190 000 g/mol < M, =<
301 600 g/mol, respectively. The solid lines represent least-
squares fits using the theoretical power law exponents for &
and g. The arrows and the dotted lines indicate crossovers
between the different regimes numbered in roman numerals.

280 000 g/mol) solutions increases significantly at higher
concentrations, in contrast to #s, thereby following the
predictions of a free-volume theory based model pro-
posed by Vrentas and co-workers?® for solvent dynamics
in polymer solutions (see Figure 3A).
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Figure 3. (A) Effective local viscosity, 7.s, vs polymer volume
fraction, ¢. The curve is from the free-volume theory fitted to
the data. The free-volume parameters are consistent with the
literature. (B) Dynamic correlation length, &,, derived using
the 7.x curve vs ¢. The shapes of symbols are as Figure 2A.
(C) Number of monomers, gn, within 2&, vs ¢. In (A) to (C),
the data are literature data and our new data (open circles)
for polystyrene solutions in toluene at 25 °C. The solid and
open symbols are as in Figure 2. In (B) and (C), the solid lines,
the arrows, the dotted lines, and the roman numerals are as
in Figure 2.

Figure 3B shows &, vs ¢ when 7 is taken into
account. By applying a least-squares fit with the theo-
retical exponents for &, we find that the blob model now
gives a good description of all the data covering the
regimes from I to IV,2* which has been indicated
previously.® Furthermore, we performed complementary
curve fit with also the four exponents as free param-
eters. Such a curve-fit procedure yields the exponents
that are, within the errors, equal to their theoretical
values. The observed crossover volume fractions except
the I/IT crossover volume fraction for &, are slightly
lower than those for & within the errors. The shift for
the II/ITI crossover is theoretically expected due to their
different physical origins.?® The &, data presented in
Figure 3B are also corroborated by independent hydro-
dynamic gy, data; a least-squares fit using the theoretical
power law exponents for g to the g, data shown in
Figure 3C reveals a II/III crossover in excellent agree-
ment with the &, crossover. A further quantitative
agreement is found since the gy value reaches unity at
the concentration where &, reaches the bond length
(~0.2 nm). (For details concerning the fitting procedure
see Supporting Information.)

The blob model estimates that the crossover volume
fractions for the I/II crossover and the II/III crossover
are @ = 162(1 — 2%)/(7‘[0003) and Dy ~ 1 — 2%,
respectively.* Here, y is the Flory—Huggins interaction
parameter, and C. is the characteristic ratio. In our
system,?0 y ~ 0.43 and C., = 9.85, which yields @1y ~
0.01 and ®1p—11 & 0.1. This result is consistent with the
crossover values (see Supporting Information) found
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from the fit procedure for both static and dynamic data
shown in Figures 2 and 3B,C.

The model predicts that the III/IV crossover occurs
as a consequence of the partial chain becoming rodlike.
On the basis of the results®! on dilute solutions of atactic
polystyrene in toluene, the rodlike transition will occur
when & reaches ~ 1.4 nm. In the present analysis, the
III/IV crossover is observed when &, (~0.67& (see ref 18))
reaches ~1 nm, in good agreement with the prediction.

To summarize, the theoretical picture of the length
scales described by the combination of & and g is also
valid for highly concentrated solutions when the local
solvent viscosity is taken into account. Since the blob
model is a general description of polymeric systems, the
present findings will promote the fundamental under-
standing of various macromolecular systems, including
natural polymers like DNA and actin filaments, over a
wide range of polymer concentrations.
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