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The physical understanding of nondilute polymer solutions
rapidly improved after de Gennes introduced the blob concept1

for a general description of semidilute solutions. Recently, the
applicability of the concept was experimentally confirmed also
for highly concentrated solutions using flexible linear polymers
with high molecular weights.2 However, the applicability to
solutions of semirigid polymers3 remains questioned since they
have a relatively small number of Kuhn segments, typically<20.
Polymers are fully flexible only when the contour length is at
least 2 orders of magnitude4a,b longer than the Kuhn segment
length,4 lk. When the molecular weight,Mw, is decreased so
that the number of Kuhn segments becomes small, the physical
properties change dramatically. For example, if linear polymers
with sufficiently highMw are dissolved in a good solvent below
the overlap concentration, the chains are fully swollen; i.e., the
fractal dimension,5 ∆, of the chain is 5/3 (see Figure 1).
However, whenMw is decreased such that the radius of gyration
of the chain,Rg, becomes smaller than the thermal blob radius,4

êτ, the chains cannot be swollen even in a good solvent since
the local segmental stiffness starts to suppress two-body
excluded-volume interactions.2a,4a,6Consequently, the chains are
ideal (∆ ) 2). Moreover, whenRg reacheslk/2 with decreasing
Mw, the chains become “flexible-rod-like”2,7 (∆ ) 1). Therefore,
when Mw is small, various static properties such as the mesh
size and conformation of the polymer network and also dynamic
properties such as collective diffusion and specific viscosity
strongly depend onMw above the overlap concentration. This
is in sharp contrast to the behavior of flexible polymer
solutions.1,4b,6,8Here, we have examined the generality of the
blob concept using solutions of styrene chains with different
molecular weights, as a model system for linear chains with
different numbers of Kuhn segments. We show for the first time
that the blob concept is applicable also to solutions of semirigid
chains.

The blob concept1,2c,6,8 describes the structure of nondilute
polymer solutions. Each chain in a nondilute solution is highly
overlapping with other chains. Therefore, only shorter segments,
i.e., subchains, have no effective interactions with other chains.9

According to the concept, each subchain will thereby occupy
its own territory (the so-called blob) and thus retain a conforma-
tion identical to that in a dilute solution. Two independent

parameters can describe the blobs: the radius of gyration of
the subchain,ê, and the number of monomers of the subchain,
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Figure 1. Relation between the molecular weight,Mw, of linear chains
and the expected conformations in dilute solutions in a good solvent.
∆, êτ, lk, lb, andRg are the fractal dimension of the chain, thermal blob
radius, Kuhn segment length, the bond length of the backbone, and
the radius of gyration of the chain, respectively. The thickness of blue
lines indicates an approximate length scale.

Figure 2. (A) Collective diffusion coefficient,Dc, as a function of
chain volume fraction,φ, for solutions of atactic styrene chains with
different molecular weights (Mw ) 972-301 600) in toluene at 25°C,
obtained from different techniques (indicated in the figure). Our new
data forMw ) 972,Mw ) 4850, andMw ) 10 300 are displayed with
filled diamonds, crosses, and filled circles, respectively. The vertical
arrows indicate simple estimates of the overlap volume fractions,φ*,
for Mw ) 972-10 300, using the relationφ* ) 1/(2A2Mw) with literature
data22 for the second virial coefficientA2. Note thatφ* < 0.01 forMw

) 96 400-301 600. (B) Local effective viscosity,ηeff, vsφ for solutions
of atactic styrene chains at 25°C. Filled and open circles indicate the
data forMw ) 18 000 andMw ) 100 000-280 000, respectively. The
curve represents a free volume theory expression23 fitted to the data
for Mw ) 100 000-280 000.
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g. The parameterg is inversely proportional to the number of
interchain contacts per chain which will increase asφ(n-1) with
increasing chain concentration,10 whereφ is the chain volume
fraction andn is the effective number of chains at interchain
contacts.11 Therefore, the radius of gyration of the subchain (ê)
will decrease with increasing concentration, following a simple
relation: ê ∼ g1/δ ) φ-(n-1)/δ, whereδ is the fractal dimension
of the subchain. However, bothδ andn have different values
in different concentration regimes. Therefore,ê(φ) will follow

a series of power laws.2,6,10If flexible polymers, i.e., polymers
with sufficiently highMw, are dissolved in a good solvent just
above the overlap concentration,δ is initially 5/3 since the
subchain is swollen, andn is 9/4 since two-body excluded-
volume interactions dominate.1 However, whenê becomes
smaller thanêτ with increasing concentration, similarly as for
dilute solutions (see Figure 1),δ becomes two (ideal). Simul-
taneously,n becomes two since two-body excluded-volume
effects vanish on the length scale ofêτ.10 When the concentration
exceeds the volume fraction where three-body interactions start
to dominate,n becomes three.12 Finally, whenê reacheslk/2
with increasing concentration,δ becomes unity (flexible-rod-
like).2 Therefore,ê in flexible polymer solutions will experience
four power law regimes with increasing concentration:φ-0.75

(δ ) 5/3, n ) 9/4), φ-0.5 (δ ) 2, n ) 2), φ-1 (δ ) 2, n ) 3),
and finally φ-2 (δ ) 1, n ) 3).13

The parameterê can experimentally be observed as the
dynamic correlation length,1,2,8,10êh, that reflects the screening
length for hydrodynamic interactions.êh can be derived from
the Stokes-Einstein relation14 using the collective diffusion
coefficient,Dc, taking into account the solvent backflow1,10,15

and the effective local viscosity,2 ηeff. Recently, we demonstrated
that the observedêh for solutions of high-Mw atactic polystyrene
in toluene, i.e., a good solvent, follows the theoretical predictions
for flexible polymer solutions.2c Here, we have investigatedêh

in solutions of atactic styrene chains with lower molecular
weights in toluene, using both literature data (Mw ) 4750-
18 000)16-18 and new results (Mw ) 972, Mw/Mn ) 1.12; Mw

) 4850,Mw/Mn ) 1.05; Mw ) 10 300,Mw/Mn ) 1.03).19 A
comparison is made with literature data2c for high-Mw atactic
polystyrene solutions.

Experimentally,Dc can be obtained using various techniques
[photon correlation spectroscopy (PCS),2,8,10 thermal diffusion
forced Rayleigh scattering (TDFRS),16,17and classical gradient
diffusion, (CGD)20]. In the present study, the PCS technique
has been used (see Supporting Information). Figure 2A shows
Dc data as a function ofφ for styrene chain solutions with

Figure 3. Dynamic correlation length,êh, as a function of chain volume
fraction, φ, for solutions of atactic styrene chains with different
molecular weights (Mw ) 972-301 600) in toluene at 25°C, obtained
from the Dc and theηeff curve shown in Figure 2. The symbols for
data and the vertical arrows are as in Figure 2A. The horizontal arrows
indicate the hydrodynamic radius8 of the intermediate and low-Mw

(972-10 300) chains at infinite dilution, derived fromDc data at infinite
dilution.10 The dashed and dash-dotted lines are least-squares fits to
the data for highMw (96 400-301 600) using theoretical exponents
for flexible polymer solutions in a good solvent and the theoretical
power law dependence for flexible polymer solutions in a good solvent,
respectively. The solid lines represent least-squares fits to the data for
intermediate and lowMw (972-10 300) using the theoretical exponents
discussed in the text. The dotted lines show a weak concentration
dependence ofêh below φ ≈ φ* also for the solutions.

Figure 4. Relation between the molecular weight,Mw, of linear chains and the expected chain networks in nondilute solutions in a good solvent.
∆, êτ, Rg, lk, lb, ê, δ, n, andφ are the fractal dimension of the chain, thermal blob radius, the radius of gyration of the chain, Kuhn segment length,
the bond length of the backbone, the radius of gyration of the subchain, the fractal dimension of the subchain, the effective number of chains at
interchain contacts, and chain volume fraction, respectively. The color and thickness of solid lines represent the individual single chain and the
approximate scale of each chain network, respectively. Note thatê is directly related to the dynamic correlation lengthêh according to the blob
concept.1,2c,8,10
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different molecular weights, i.e., highMw (96 400-301 600),
intermediateMw (4750-10 300), and lowMw (972), roughly
corresponding to 120-400, 6-13, and 1 Kuhn segments,
respectively.4a An indication of the changes in∆ (see Figure
1) is seen for solutions withMw smaller than the intermediate
value,21 where Dc strongly depends onMw even above the
estimated overlap volume fraction,4b φ* . This is in contrast to
the behavior of the high-Mw polystyrene solutions.

The local effective viscosityηeff can be derived from the
Stokes-Einstein relation using solvent self-diffusion data
obtained from pulsed field gradient NMR.2 This technique
probes solvent dynamics on the same time scale asDc is
probed.2c Figure 2B showsηeff data as a function ofφ, derived
from toluene self-diffusion data2c,18 for styrene chain solutions
with different molecular weights (Mw ) 18 000-280 000). The
ηeff data increase withφ but show no observable dependence
onMw. Therefore, the predicted curve2c of a free volume theory23

for high-Mw polystyrene solutions can describe the data also
for lower Mw (18 000) chain solutions. According to a recent
study24 on similar polystyrene solutions, the solvent self-
diffusion coefficient does not vary even whenMw is reduced to
∼1000. Therefore, we expect that the obtainedηeff data are
applicable even to solutions of the lowestMw (972) chains in
the present study.25 It is further noted for Figure 2 thatηeff has
a stronger concentration dependence thanDc for the solutions
of intermediate- and low-Mw chains and thus of great importance
when determiningêh.

Figure 3 showsêh as a function ofφ. As previously
demonstrated,2c theêh data for the high-Mw polystyrene solutions
(Mw ) 96 400-301 600) follow the theoretical power laws for
flexible polymer solutions. In contrast, a different concentration
dependence ofêh is found for intermediateMw (4750-10 300)
and low-Mw (972) chains aboveφ ≈ φ* before theêh data
collapse on those for the high-Mw chain solutions at high
concentrations. As expected,êh belowφ ≈ φ* remains roughly
the hydrodynamic radius of the chain at infinite dilution, which
is approximately equal toRg.8

The observed change in the concentration dependence ofêh

with decreasingMw is due to changes inδ and/or n as Mw

decreases (see Figure 4). At intermediateMw (4750-10 300),
the chain is ideal (∆ ) 2) even in a good solvent sinceRg is
smaller thanêτ (≈7 nm).4a,b Therefore,δ is two just above the
overlap concentration, andn is also two since two-body
excluded-volume effects vanish on the length scale ofêτ. When
the concentration is increased such thatêh becomes smaller than
lk/2 (≈1 nm),4a δ becomes unity since the subchain will be
flexible-rod-like. However,n remains two since two-body
interactions still dominate due to the reducedMw.26 When the
concentration reaches the volume fraction whereêh enters a
regime withφ-2 (δ ) 1, n ) 3) for high-Mw chains, finallyn
becomes three since the rodlike subchains start to experience
three-body interactions. Therefore, for intermediate-Mw chains,
two new regimes withêh ∼ φ-0.5 (δ ) 2, n ) 2) and thenêh ∼
φ-1 (δ ) 1, n ) 2) are expected with increasing concentration.
At the low Mw (972), the chain becomes flexible-rod-like (∆ )
1) sinceRg is smaller thanlk/2. Therefore,δ is unity just above
the overlap concentration, andn is two since two-body excluded-
volume effects have already vanished. Thus, for this chain, one
new regime withêh ∼ φ-1 (δ ) 1, n ) 2) is expected. To
examine the predicted regimes for these chains withMw ) 972-
10 300, we have performed least-squares fit to the data above
φ ≈ φ* using the theoretical exponents (see Supporting
Information). We find that the exponents give an excellent
description27,28 of all the data (see Figure 3).

In summary, asMw of chains decreases, the correlation lengths
(êh) and their concentration dependence dramatically change
for nondilute solutions. The observed changes indicate new
structures of the chain networks. However, the present findings
can still be explained with the blob concept. The present study,
for the first time, demonstrates structural changes of chain
networks when the number of Kuhn segments is decreased. The
findings therefore provide new insight into the physics of various
semirigid polymeric systems including biopolymers like cel-
lulose derivatives, DNA fragments, and filamentous actin.
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