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The physical understanding of nondilute polymer solutions High Molecular weight M,, Low >

rapidly improved after de Gennes introduced the blob coAcept _. . . . .

. L . Figure 1. Relation between the molecular weight,, of linear chains
for a general description of semidilute solutions. Recently, the 5,4 the expected conformations in dilute solutions in a good solvent.
applicability of the concept was experimentally confirmed also A, &, I, I, andR, are the fractal dimension of the chain, thermal blob
for highly concentrated solutions using flexible linear polymers radius, Kuhn segment length, the bond length of the backbone, and
with high molecular weight3.However, the applicability to  the radius of gyration of the chain, respectively. The thickness of blue
solutions of semirigid polyme?semains questioned since they "eS indicates an approximate length scale.

have a relatively small number of Kuhn segments, typica®p. A) I < ”
Polymers are fully flexible only when the contour length is at 5 ¢ e
least 2 orders of magnitutfe longer than the Kuhn segment 4 ‘ -
length? I. When the molecular weightl,, is decreased so 3 N W% x X b+ faﬁ S
that the number of Kuhn segments becomes small, the physical . e e N.gpo
properties change dramatically. For example, if linear polymers - " f @@ép
with sufficiently highM,, are dissolved in a good solvent below <6 oS
the overlap concentration, the chains are fully swollen; i.e., the E 1077 06?06
fractal dimensio®, A, of the chain is 5/3 (see Figure 1). e 0®°
However, wherM,, is decreased such that the radius of gyration 7 )
of the chainRy, becomes smaller than the thermal blob radius, :: © e PCSIM =972
&, the chains cannot be swollen even in a good solvent since % TDFRS® + PCS: M= 4 750, 4 850
the local segmental stiffness starts to suppress two-body 2 M TDFRS™'" @ PCS: M= 9100, 10300
excluded-volume interactior?d*2Consequently, the chains are 0 PCS, TDFRS, CGD M= 96 400-301 600
ideal (A = 2). Moreover, wherR, reachesd/2 with decreasing 107 Ll TR
M, the chains become “flexible-rod-lik&” (A = 1). Therefore, (B) 10
whenM,, is small, various static properties such as the mesh -
size and conformation of the polymer network and also dynamic g
properties such as collective diffusion and specific viscosity % o
strongly depend oiM,, above the overlap concentration. This £ 17 . |
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is in sharp contrast to the behavior of flexible polymer 8
solutionst4b68Here, we have examined the generality of the 0.01
blob concept using solutions of styrene chains with different Figure 2. (A) Collective diffusion coefficientD., as a function of
molecular weights, as a model system for linear cha'lns \.Nlth chain volume fractiong, for solutions of atactic styrene chains with
different numbers of Kuhn segments. We show for the firsttime gigterent molecular weights., = 972—301 600) in toluene at 2%,
that the blob concept is applicable also to solutions of semirigid obtained from different techniques (indicated in the figure). Our new
chains. data forMy = 972, M,, = 4850, andVl,, = 10 300 are displayed with

The blob conceptct8describes the structure of nondilute filled diamonds, crosses, and filled circles, respectively. The vertical
) T . L arrows indicate simple estimates of the overlap volume fractighs,
polymer solutions. Each chain in a nondilute solution is highly 5\ "= 97210 300, using the relatiof* = 1/(2AMy,) with literature

overlapping with other chains. TheI'Efore, 0n|y shorter Segments, data&? for the second virial coefficiem,. Note ’[ha’[¢* < 0.01 forMy,
i.e., subchains, have no effective interactions with other cifains. = 96 400-301 600. (B) Local effective viscosityer, vs¢ for solutions
According to the concept, each subchain will thereby occupy of atactic styrene chains at 2&. Filled and open circles indicate the
its own territory (the so-called blob) and thus retain a conforma- 9ata forM. = 18 000 andVl, = 100 006-280 000, respectively. The

. . . . . . . curve represents a free volume theory expregéifitted to the data
tion identical to that in a dilute solution. Two independent o, \., = 100 000-280 000.

* To whom correspondence should be addressed:+#é+31-772 3352; parameters can describe the blobs: the radius of gyration of
Fax +46-31-772 2090; e-mail uematsu@fy.chalmers.se. the subchainé, and the number of monomers of the subchain,
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Chain volume fraction ¢

Figure 3. Dynamic correlation lengttg,, as a function of chain volume
fraction, ¢, for solutions of atactic styrene chains with different
molecular weightsNl, = 972-301 600) in toluene at 2%, obtained
from the D and thenes curve shown in Figure 2. The symbols for

data and the vertical arrows are as in Figure 2A. The horizontal arrows

indicate the hydrodynamic radiusf the intermediate and lowh,
(972—-10 300) chains at infinite dilution, derived froDy data at infinite
dilution.1° The dashed and daslkotted lines are least-squares fits to
the data for highM,, (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,

Notes 2001

a series of power law&810|f flexible polymers, i.e., polymers
with sufficiently highMy, are dissolved in a good solvent just
above the overlap concentratiod,is initially 5/3 since the
subchain is swollen, and is 9/4 since two-body excluded-
volume interactions dominateHowever, when& becomes
smaller thanZ; with increasing concentration, similarly as for
dilute solutions (see Figure 1), becomes two (ideal). Simul-
taneously,n becomes two since two-body excluded-volume
effects vanish on the length scaleff° When the concentration
exceeds the volume fraction where three-body interactions start
to dominate,n becomes thre& Finally, whené& reachedy/2
with increasing concentratiom, becomes unity (flexible-rod-
like).2 Therefore £ in flexible polymer solutions will experience
four power law regimes with increasing concentratighm?-7>
(0=5/13,n=9/4),¢p~ 950 =2,n=2),¢71 (0 =2,n=3),
and finally¢p=2 (6 = 1,n = 3).13

The paramete can experimentally be observed as the
dynamic correlation length2810&, that reflects the screening
length for hydrodynamic interaction§, can be derived from
the StokesEinstein relatiof* using the collective diffusion
coefficient, D, taking into account the solvent backflo¥:15
and the effective local viscosifyyerr. Recently, we demonstrated
that the observeé, for solutions of highM,, atactic polystyrene

respectively. The solid lines represent least-squares fits to the data forin toluene, i.e., a good solvent, follows the theoretical predictions

intermediate and lowl,, (972—10 300) using the theoretical exponents

for flexible polymer solutiond¢ Here, we have investigateg

discussed in the text. The dotted lines show a weak concentrationin solutions of atactic styrene chains with lower molecular

dependence of, below ¢ ~ ¢* also for the solutions.

0. The parameteg is inversely proportional to the number of
interchain contacts per chain which will increasepéis® with
increasing chain concentratiéfywhereg is the chain volume
fraction andn is the effective number of chains at interchain
contactst! Therefore, the radius of gyration of the subchdin (
will decrease with increasing concentration, following a simple
relation: & ~ g = ¢~ whered is the fractal dimension
of the subchain. However, bothandn have different values
in different concentration regimes. Therefoép) will follow

weights in toluene, using both literature datd,(= 4750-
18 00036718 and new resultsMy, = 972, M,//M, = 1.12; My,
= 4850, M,,/M,, = 1.05; My, = 10 300,My/M, = 1.03)1° A
comparison is made with literature d&téor high-M,, atactic
polystyrene solutions.

Experimentally D can be obtained using various techniques
[photon correlation spectroscopy (PCS)°thermal diffusion
forced Rayleigh scattering (TDFR%)17and classical gradient
diffusion, (CGDYY. In the present study, the PCS technique
has been used (see Supporting Information). Figure 2A shows
D. data as a function of for styrene chain solutions with

| 5=5i3,n=9/4 | |é=2,n=2] |6=2,n=3] |6=1,n=3|
§ Flexible-rod-like
|6:2,n—2| [ 6=1,n=2] [6=1,n=3 |
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Figure 4. Relation between the molecular weighy, of linear chains and the expected chain networks in nondilute solutions in a good solvent.

A, &, Ry, I, In, &, 0, n,and¢ 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. Noteftigtirectly related to the dynamic correlation lendthaccording to the blob
concept.2¢:8.10 CDV
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different molecular weights, i.e., higkl,, (96 400-301 600),
intermediateM,, (4750-10 300), and lowM,, (972), roughly
corresponding to 126400, 6-13, and 1 Kuhn segments,
respectively*2 An indication of the changes in (see Figure
1) is seen for solutions witM,, smaller than the intermediate
value?! where D strongly depends om,, even above the
estimated overlap volume fractidhgp*. This is in contrast to
the behavior of the hig,, polystyrene solutions.

The local effective viscosityyert can be derived from the
Stokes-Einstein relation using solvent self-diffusion data
obtained from pulsed field gradient NMRThis technique
probes solvent dynamics on the same time scaldass
probed?¢ Figure 2B showsje data as a function af, derived
from toluene self-diffusion dat&'®for styrene chain solutions
with different molecular weightd\,, = 18 006-280 000). The
7ot data increase witky but show no observable dependence
onMy,. Therefore, the predicted cufi@f a free volume theoj
for high-M,, polystyrene solutions can describe the data also
for lower M, (18 000) chain solutions. According to a recent
study?** on similar polystyrene solutions, the solvent self-
diffusion coefficient does not vary even whih, is reduced to
~1000. Therefore, we expect that the obtaingd data are
applicable even to solutions of the loweéd{, (972) chains in
the present studi?. It is further noted for Figure 2 thats has
a stronger concentration dependence tbarfor the solutions
of intermediate- and low4,, chains and thus of great importance
when determiningp.

Figure 3 showsé, as a function of¢. As previously
demonstrated the &, data for the highvl,, polystyrene solutions
(My, = 96 400-301 600) follow the theoretical power laws for
flexible polymer solutions. In contrast, a different concentration
dependence df}, is found for intermediat®,, (4750-10 300)
and lowM,, (972) chains above ~ ¢* before the&;, data
collapse on those for the highly, chain solutions at high
concentrations. As expectefh, below¢ ~ ¢* remains roughly
the hydrodynamic radius of the chain at infinite dilution, which
is approximately equal t&y.®

The observed change in the concentration dependengg of
with decreasingVl,, is due to changes i@ and/orn as M,,
decreases (see Figure 4). At intermedisitg (4750-10 300),
the chain is ideal4 = 2) even in a good solvent sind®, is
smaller tharg, (=7 nm)*abTherefore ¢ is two just above the
overlap concentration, and is also two since two-body
excluded-volume effects vanish on the length scal& diVhen
the concentration is increased such thabecomes smaller than
/2 (=1 nm)# ¢ becomes unity since the subchain will be
flexible-rod-like. However,n remains two since two-body
interactions still dominate due to the reduddd.2® When the
concentration reaches the volume fraction whireenters a
regime with¢=2 (6 = 1, n = 3) for highM,, chains, finallyn

becomes three since the rodlike subchains start to experience

three-body interactions. Therefore, for intermedistgchains,
two new regimes witlg, ~ ¢~ 9% (6 = 2, n = 2) and therg, ~
¢~1 (6 = 1,n= 2) are expected with increasing concentration.
At the low My, (972), the chain becomes flexible-rod-lik& &

1) sinceRy is smaller thar/2. Thereforeg is unity just above
the overlap concentration, ands two since two-body excluded-

volume effects have already vanished. Thus, for this chain, one (12)

new regime withg, ~ ¢=1 (6 = 1, n = 2) is expected. To
examine the predicted regimes for these chains M= 972—

10 300, we have performed least-squares fit to the data above (13)

¢ ~ ¢* using the theoretical exponents (see Supporting
Information). We find that the exponents give an excellent
descriptiod”-28 of all the data (see Figure 3).
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In summary, ad/, of chains decreases, the correlation lengths
(&én) 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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