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Power laws in polymer solution dynamics
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The dynamical screening lengthjh in semidilute to highly concentrated polymer solutions of poly~methyl
methacrylate! in propylene carbonate has been examined using photon correlation spectroscopy and pulsed
field gradient nuclear magnetic resonance. A crossover between different concentration dependent regimes,
jh;f2a, wherea is found to be'0.5, '1, and'2, is observed when the local viscosity is taken into
account. Heref is the volume fraction of polymer in the solution. Well-defined crossovers betweena50.5 and
a51 corresponding to a transition from a marginal solvent to au solvent behavior have been predicted to
occur due to the reduction of excluded-volume effects between the spatially correlated polymer segments with
increasing polymer volume fraction. However, a clear experimental validation of the crossover has never been
presented before. The third regime (a'2) is observed in the highly concentrated region where the static
screening length is comparable to the persistence length of the polymer. The observation indicates that the rigid
rod model previously used to describe concentrated solutions is an oversimplification valid only in the very
high concentration limit. The obtained results at high concentrations are discussed in the frame of a simple
physical model where segments at the persistence length scale are treated as flexible rodlike segments.
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I. INTRODUCTION

Following the seminal work by de Gennes@1# polymer
solution dynamics in the dilute and the semidilute regi
have been extensively studied over the past three deca
Due to the overlap of polymer chains, different concentrat
dependent dynamical regimes were predicted. Experime
efforts have to a large extent focused on semidilute solutio
for which the distance between the contact points, or
dynamical screening length for the hydrodynamic inter
tion, jh , is anticipated to follow a simple power law@1,2#:

jh;f2a. ~1!

Here a is 0.75, 0.5, and 1 in a good, a marginal, and au
solvent, respectively, andf is the volume fraction of the
polymer. Experimentally, the validity of Eq.~1! has been
examined with photon correlation spectroscopy~PCS! by
probing the collective diffusion coefficientDc , related tojh
via the Stokes-Einstein relation@1#, i.e.,

Dc5
kBT

6phsjh
, ~2!

wherekB , T, andhs are the Boltzmann constant, the abs
lute temperature, and the viscosity of the pure solvent,
spectively. Thereby, a scaling prediction similar to Eq.~1! is
obtained forDc :

Dc;fa. ~3!

In the semidilute regime~typically f<0.1) the above powe
laws have been confirmed for several systems@3#.
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Theoretical work@1,4–6# about two decades ago pre
dicted that the exponenta would be dependent not only o
the solvent quality but also on the polymer concentrati
With increasingf, transitions from good solvent behavio
(a50.75), over marginal solvent behavior (a50.5), to u
solvent behavior (a51) are predicted. The polymer fractio
dependence originates from the commonly accepted ‘‘th
mal blob model’’@7# of polymers, which describes the distr
bution of the polymer sequences at different length sca
Short sequences are approximated as ideal inside a the
blob with a radius ofjt , i.e., the two-body excluded-volum
effect is eliminated due to the chain stiffness@8,9#. Long
sequences compared to the size of the thermal blob are
swollen due to intramolecular interactions. Even in a go
solvent, an exponenta50.75 is predicted only if the two-
body excluded-volume effect dominates. Thus the polym
fraction should be low~typically f<0.1), so thatjt is much
lower than the static screening length for the exclud
volume interactionjs . The static screening lengthjs can be
observed experimentally with, for example, x-ray and ne
tron scattering techniques and is assumed to be proporti
to jh , i.e.,jh'2js , see, e.g., Ref.@3# and references therein
When the solution is concentrated further, a marginal solv
behavior (a50.5) and au solvent behavior (a51) succes-
sively take the place of the good solvent behavior due to
decrease in two-body excluded-volume effects at thejs
length scale. A marginal solvent behavior is predicted wh
the two-body excluded-volume effects become weak, i
whenjs is roughly equivalent tojt . A u solvent behavior is
predicted when the two-body excluded-volume effects v
ish due to the fact thatjs is much smaller thanjt . Further-
more, whenjs approaches the persistence length of the po
mer, no further polymer fraction dependence (a50) is
predicted because a rigidlike segment is correlated ove
own length. The above concepts are hereafter referred t
the ‘‘polymer fraction dependence theory.’’e
©2003 The American Physical Society03-1
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UEMATSU et al. PHYSICAL REVIEW E 68, 051803 ~2003!
The polymer fraction dependence theory is experim
tally very controversial. Schaeferet al. @2,5# have reported
that a large amount of experimental data onDc support the
polymer fraction dependence theory. However, the expon
found in the marginal and theu regimes are substantiall
lower than the theoretical values. Brown and Nicolai@3#, on
the other hand, used a common power law (a'0.7) to de-
scribe the polymer fraction dependence up to approxima
f50.3 for well-studied polystyrene in a variety of good so
vents. This result is in conflict with the polymer fractio
dependence theory since, atf'0.3, literature data@3,8#
yield js'1 nm andjt'5 nm, and thus a crossover to au
solvent behavior should have occurred. Furthermore, i
number of studies of polymer solutions atf>0.5, Dc is
observed to decrease, thereby causing an increase injh ac-
cording to Eq.~2! @10–13#. This is in sharp contrast to th
a50 scenario predicted by the crossover picture.

The experimental observations discussed above wer
based on the assumption that the local viscosity involved
the collective diffusion is equal to the bulk viscosity of th
pure solvent,hs . However, the local viscosity is anticipate
to increase with increasing polymer fraction. For examp
due to the local viscosity factor, the solvent self-diffusion
polystyrene solutions observed by pulsed field gradi
nuclear magnetic resonance~pfg-NMR!, is significantly de-
creased by more than a factor of 3 atf50.3 @14–17#. In
order to take into account the increase of the local visco
with increasing polymer concentration, the following rel
tions were recently proposed@18#:

Dc5
kBT

6ph localjh
, ~4!

Dsol5
kBT

6ph localRh
s

. ~5!

Here Dsol , h local, andRh
s are the self-diffusion constant o

the solvent, the local viscosity, and the hydrodynamic rad
of the solvent molecules, respectively. These relations
based on the assumption that the solvent molecules fee
same viscosity as the polymer segments involved in the
lective diffusion. That is, the influence of topological co
straints due to the entanglements of the polymer chain
neglected. The assumption is appropriate becauseDc , even
at this high concentration, is driven by the osmotic longi
dinal elastic modulus~isothermal process! and not by the
adiabatic elastic longitudinal modulus related to the topolo
cal factor@11,18#.

The present paper focuses on the concentration de
dence of jh in solutions of poly~methyl methacrylate!
~PMMA! in propylene carbonate~PC! over a large polymer
concentration range. Using PCS and pfg-NMR we have b
able to determinejh from Dc after taking account ofh local
usingDsol and Eq.~5!. The present work is, to the best of o
knowledge, the first investigation of polymer fraction depe
dence ofjh in PMMA solutions from the semidilute regim
to the concentrated regime. PC has a high solubility
PMMA over the investigated concentration range and a
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volatility with a very high boiling point~513 K!. This system
is thus convenient also for the study of temperature dep
dence ofDc andjh . In this work measurements at 300 an
400 K have been performed.

II. EXPERIMENTAL DETAILS

A. Materials

In order to investigate the polymer fraction dependence
jh in the semidilute and concentrated regimes the polym
solutions were prepared by mixing PC~Aldrich, high perfor-
mance liquid chromatography grade! with high molecular
weight PMMA ~Aldrich Chemicals,Mw5996 000,Mw /Mn
56.97). The composition of the samples ranges from 0 to
wt % PMMA. In order to check that the polydispersity of th
polymer has no large influence on the collective diffusi
above the dilute regime, two standard monodisperse PM
samples (Mw5850 000, Mw /Mn51.05 and Mw
52 480 000,Mw /Mn51.16) were also used for the polyme
solutions from 1 to 5 wt % PMMA. The whole range o
compositions starting from 0.5 wt % PMMA was invest
gated by PCS while the range 0–40 wt % PMMA was exa
ined with pfg-NMR. To calculate the volume fractionf from
the weight percent of the PMMA, a semiempirical electr
density calculation@19# was employed resulting inVPMMA
5155 Å3 andVPC5114 Å3, where the PMMA volume frac-
tion is obtained for the monomer. The samples were prepa
by adding anhydrous PC to PMMA in a cylindrical samp
cell. The mixture was then sealed under argon atmosph
and heated to around 400 K for 1 h to 1 day,depending on
the polymer concentrations. The obtained samples were
tically transparent and dust-free. The samples were fin
equilibrated at room temperature for at least three mon
before the experiments.

B. PCS

The collective diffusion of the solutions was investigat
at 300 and 400 K. The incident radiation was provided b
frequency doubled Nd-Vanadate laser~Coherent Inc.!, oper-
ating at 532 nm, with vertical polarization and a typical ou
put power of 100 mW. The scattered light was detected
homodyne fashion through a vertically oriented polariz
digitized and fed to a correlator~ALV-5000/ FAST!. The
correlator covers the time range from 1027 to 104 s and cal-
culates the normalized autocorrelation functiong2(q,t) of
the scattered intensity, which is related to the structural
laxation function or the field autocorrelation functio
g1(q,t) by

g2~q,t !511sug1~q,t !u2. ~6!

Here s is the instrumental coherence factor, which in o
setup is close to unity, andq is the wave vector.

C. pfg-NMR

The self-diffusion experiments were performed with
probe dedicated for diffusion measurements~DOTY Sci.,
USA! on a Varian Unity Inova 500 spectrometer. The ec
3-2
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POWER LAWS IN POLYMER SOLUTION DYNAMICS PHYSICAL REVIEW E68, 051803 ~2003!
decay obtained in a pfg-NMR self-diffusion experime
when performed on a monodisperse molecule as PC is
pressed in terms of the normalized signal intensityI /I 0 as

I /I 05exp~2kDsol!. ~7!

For sine-shaped gradient pulses,k5g2g2d2(4D2d)/p2,
whereg is the gradient pulse strength,d is the gradient pulse
length,D is the time separation between the leading edge
the gradient pulse pair, andg is the 1H magnetogyric ratio.
The gradient pulse strength was varied from 0 to maxim
0.4 T/m.D was 100 ms andd was 4 ms in all experiments
The maximum gradient strength was 4.8 T/m, so that exp
ments were all performed in the safe limit with regards
gradient mismatch and eddy currents. The effect of temp
ture gradients was carefully investigated by measuring
PC self-diffusion constantDsol for different D. If tempera-
ture gradients induced flow inside the NMR tube, this wou
be seen as aD-dependent diffusion constant. No such depe
dence was observed. The temperature in all experiments
300 K.

III. RESULTS

A. Collective diffusion constants observed by PCS

In Fig. 1~a! the experimentally obtained autocorrelatio
function g2(q,t) for different polymer concentrations i
shown, where three relaxation processes can be observe
shown in Fig. 1~b! the corresponding field correlation func
tion g1(q,t) is well described by

1.0

0.5

0.0

g 1
(q

,t)

10-7  10-5  10-3  10-1  101  103

 t (s)

2.5

2.0

1.5

1.0

g 2
(q

,t)

(a)

(b)

FIG. 1. Experimental data forg1(q,t) and g2(q,t) at q52.41
31023/Å21 at 300 K. ~a! The lowest to the top open circles de
notesg2(q,t) data for 0.5, 5, 10, 20, 30, and 50 wt % PMMA
respectively. The data are vertically shifted for clarity.~b! The open
circles and the solid line representg1(q,t) for 30 wt % PMMA and
the total curve fit, respectively. The dash-dotted line, the das
line, and the dotted line represent the fast, the intermediate, an
slow components, respectively.
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g1~q,t !5(
i 51

3

Ai expS 2
1

t i
D b i

. ~8!

HereAi is the amplitude of the processi, t i is the relax-
ation time, andb i is the stretching parameter. In general, t
fast process is observed as a simple exponential deca
similar behavior is observed for the slow process althoug
occurs at such long time scales that it is difficult to pro
with PCS. Accordingly, curve fits of Eq.~8! to experimental
data are performed under the conditionb151 andb351 in
order to increase the stability of the fitting procedure.

Previous investigations of roughly identical systems ha
shown that the fast and slow processes are of diffusive na
@20#. This conclusion was based on the following observ
tions: ~i! single exponential decay in the intermediate sc
tering function,~ii ! decreasing relaxation time with increa
ing wave vector, and~iii ! an Arrhenius temperature
dependence of the relaxation time. All these typical featu
for diffusive processes are also observed for the present
tem. The fast process is attributed to the so-called collec
diffusion process extensively discussed in the literature@3#.
This collective diffusion process has a concentration fluct
tion signature, which is confirmed by the fact that the proc
has a significantly smaller amplitude when the polarizer
oriented horizontally. The intermediate relaxation proce
has previously been related to segmental mobility of
polymer matrix@20#. This conclusion was supported by th
fact that this process exhibits~i! a stretched exponential fo
the intermediate scattering function,~ii ! a non-Arrhenius
temperature dependence of the average relaxation time,
~iii ! no systematic wave vector dependence. We there
attributed the intermediate process to the network dynam
characterizing the structural~longitudinal stress! relaxation
of the binary solution@21,22#. In the present work the
stretching parameter is in the range 0.2,b2,0.4, with the
smallest values obtained for the highest concentrations
discussed above also the slow process possesses all th
tures expected for diffusive dynamics. The slow process
therefore be attributed either to the reptation process of
polymer @2# or to the heterogeneity of the system@23#. This
slow relaxation process is prominent in the highly conce
trated regime but the amplitude decreases rapidly with
creasing polymer concentrations.

The collective diffusion constantDc is obtained from the
short scattering vector limit as

Dc5
1

t f astq
2~12f!

uq→0 , ~9!

whereq is the scattering vector and (12f) corrects for the
solvent backflow@1,2,24#. A double logarithmic plot ofDc
versusf at 300 and 400 K is shown in Fig. 2. Up tof
'0.02 at 300 K,Dc is within error independent of the poly
mer fraction. A very weak polymer concentration depend
Dc is also expected below the number concentration,r*
53Mw(NA4pRg

3)21, where the chains begin to overla
HereMw is the molecular weight andNA is Avogadro’s num-
ber. The present observation is in agreement with results

d
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UEMATSU et al. PHYSICAL REVIEW E 68, 051803 ~2003!
Dc in other dilute PMMA solutions reported recent
@22,25#. From this fraction the average gyration radiusRg

can be obtained:Rg ~300 K! '30 nm. However, at 400 K a
very weak polymer concentration dependenceDc could not
be observed, indicating a largerRg than the one at 300 K
i.e., Rg (400 K)>40 nm. This is probably a result of
larger excluded volume effect. Whenf is increased further
Dc increases monotonously until the highly concentrated
gime (f'0.4). Above this concentration, the rate of i
crease inDc at 400 K is observed to slow down considerab
while a substantial drop is observed at 300 K. This lat
phenomenon is well known from studies of polystyrene
lutions @10–13# as mentioned in the Introduction. The resu
for solutions with standard monodisperse PMMA were fou
to be within errors identical to the results obtained with po
disperse PMMA. Thus, the polydispersity of the polym
sample does not have any significant influence on the co
erative dynamics in our investigated concentration regim

B. Solvent self-diffusion constants observed by pfg-NMR

The solvent self-diffusion constantDsol at 300 K is shown
in Fig. 3. It is found thatDsol decreases significantly from
the dilute regime in the same way as observed for ot
polymer solutions@14–16#. From the bulk value@26# for the
viscosity of PC,hs52.25 mPa s at 300 K, via Eq.~5!, we
obtained a hydrodynamic radius of the solvent molecu
Rh

s50.16 nm at 300 K, which is approximately equal to t
rotation radius of the solvent molecule@27#. By assuming
thatRh

s is independent of the polymer concentration@18#, the
polymer fraction dependence ofh local at 300 K is obtained
using Eq.~5! as shown in Fig. 3. It is apparent thath local at
300 K has a strong polymer concentration dependence. T

5
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D
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0.1

2 4 6

φ

FIG. 2. Polymer volume fraction,f, dependence ofDc at 300 K
~the solid circles! and at 400 K~the open circles!. The open triangle
and open diamonds represent the data for the solutions with s
dard monodisperse PMMA ofMw5850 000 andMw52 480 000,
respectively.
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a correction, taking the local solvent viscosity into accou
significantly influences the calculation of the dynamic
screening length.

In order to takeh local into account also in the analysis o
Dc at 400 K, theDsol results from 300 K can be extended b
a free-volume theory based model proposed by Vrentas
co-workers@14–16#. For polymer concentrations less tha
about 50 wt %, the concentration and temperature dep
dence ofDsol is given @14,15# by

Dsol5Dsol
0 expS 2

vcVp
jump

~12v!Ks~T2T0s!
D , ~10!

whereDsol
0 is a pure solvent self-diffusion constant,v is the

weight fraction of the polymer, andc is the ratio of the
volume of the solvent molecule to the polymer jumping un
Vp

jump is the specific molecular volume for the polym
jumping unit, Ks is a free-volume parameter related to t
thermal expansion coefficient of the solvent, andT0s is the
temperature where the hole free volume of the solvent
comes zero.Vp

jump(50.933 cm3/g) can be obtained from the
monomer volume@19# VPMMA5155 Å3.

From the temperature dependence ofDsol
0 , Ks and T0s

can be obtained using the free-volume theory@14,15#:

Dsol
0 5D0 expS 2

Vsol
jump

Ks~T2T0s!
D . ~11!

HereD0 is a preexponential factor andVsol
jump is the specific

molecular volume for the solvent molecule (0.673 cm3/g),
which can be obtained from the solvent molecular volu
@19# VPC5114 Å3. Dsol

0 data can be obtained from literatur

n-
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FIG. 3. Polymer weight fraction,v, dependence ofDsol at 300
K. The solid circles and line represent experimental data an
free-volume theory based model proposed by Vrentas and
workers@14–16#, respectively. The inset shows thev dependence
of h local at 300 and 400 K. The open circles represent the calcula
data using Eq.~5!. The solid line and the dotted line represent t
free-volume theory at 300 and 400 K, respectively. The arrows
the main and inset figures show data atv50.
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POWER LAWS IN POLYMER SOLUTION DYNAMICS PHYSICAL REVIEW E68, 051803 ~2003!
data@26# of the solvent viscosityhs through the relation@16#
Dsol

0 5C0T/hs , where C0 is a constant.Ks and T0s were
obtained from a least-squares fit of Eq.~11! to theDsol

0 data,
yielding Ks5(1.266 0.04)31023 cm3/(g K) and T0s

5145.960.7 K.
The remaining unknown parameterc in Eq. ~10! was ob-

tained from a least-squares fit of Eq.~10! to Dsol at 300 K,
yieldingc50.5060.05. By substituting these three values
Eq. ~10!, the concentration dependence ofDsol at 400 K was
obtained. Finally,h local at 400 K was determined through E
~5! using the same assumption at 300 K, as shown in
inset of Fig. 3. The bulk value for the viscosity of PC at 4
K, hs50.77 mPa s used in Eq.~5! were obtained from an
extrapolation using extended free-volume theory@28,29#
with literature data@26#.

IV. DISCUSSION

A. jh obtained using bulk viscosity data

In Fig. 4 jh data obtained fromDc neglecting local vis-
cosity effects are shown. The solvent viscosity data@26# used
in Eq. ~2! are hs52.25 mPa s andhs50.77 mPa s corre-
sponding to 300 and 400 K, respectively.hs at 400 K is
extrapolated using the extended free-volume theory@28,29#
with literature viscosity data@26#.

At 300 K abovef'0.02 and at 400 K, two power law
regimes,jh;f2a, are observed. The exponentsa1 anda2
in the regimes were obtained from a least-squares fit inc
ing four free parameters using

3

4

5
6
7

1

2

3

4

5
6
7

10

2

ξ h 
an

d 
ξ s 

(n
m

) 

6 8
0.01

2 4 6 8
0.1

2 4 6 8

φ

α1 = 0.52

α1 = 0.37

α2 = 0.74

α2 = 0.74

FIG. 4. Polymer volume fraction,f, dependence ofjh at 300 K
~the filled circles! and 400 K~the open squares! obtained using bulk
viscosity data. The solid lines anda values represent least-squar
fits and the obtained exponent in each regime. Also included
comparison are literature data forjs ~the crosses! at room tempera-
ture @30#. The dotted lines represent fits to single power laws;a
50.45 anda50.61 at 300 and 400 K, respectively. The open t
angle and open diamonds denote results for monodisperse PM
05180
e

d-

jh5H j0f2a1, f<f1

j0f1
2a11a2f2a2, f.f1 ,

~12!

wherej0 is a constant andf1 is the polymer volume fraction
where the crossover occurs. At 300 Ka1 is found to be 0.37
for 0.02,f,0.16 anda2 is found to be 0.74 for 0.16,f
,0.37, respectively. At 400 K,a150.52 for 0.007,f
,0.07 anda250.74 for 0.07,f,0.37. Thus, in the low
concentration regimea2 is found to be roughly close to th
theoretical prediction for a marginal solvent (a50.5) while
at higher concentrations an apparent accordance with the
oretical value for a good solvent (a50.75) is observed.
However, the physical interpretation of this observation
indeed difficult because the expected crossover@2,5# is rather
a transition from a good solvent over a marginal solvent i
a u solvent behavior with increasingf. Furthermore, in Fig.
4, a good solvent behavior is observed up tof50.37 al-
though it is clear that already atf50.3 js has approached
the persistence length of PMMA@31# ('1 nm) using the
empirical relation@3# jh/2'js . This latter observation is
also corroborated by the literature data@30# of js included in
Fig. 4. The results forjh are thus in clear conflict with the
thermal blob model discussed in the introduction since
crossover to au solvent behavior (a51) should have oc-
curred belowf50.3 according to this model.

Following instead the idea of Brown and Nicolai@3#, the
present data can be fitted qualitatively with a common pow
law (a50.45 anda50.61 at 300 and 400 K, respectively!
up to f50.37 as shown in Fig. 4. However, this interpret
tion is obviously also in conflict with the thermal blo
model. Finally, at 300 K in the highly concentrated regim
(f.0.37), jh increases dramatically as shown in Fig. 4,
result that also is in conflict both with the predicted behav
and with the literature data forjs obtained at room tempera
ture @30#.

B. jh obtained using local viscosity data

In Fig. 5, data forjh as a function of polymer concentra
tion at 300 K and 400 K, obtained via Eq.~4!, taking the
local viscosity into account, are shown. In the semidilu
regime jh is now monotonously decreasing withf as ex-
pected. A closer inspection yields a crossover at intermed
concentrations between two power law regimes with ex
nents roughly equal to 0.5 and 1. This is in excellent agr
ment with the polymer fraction dependence theory discus
in the Introduction. However, at high concentrations we o
serve yet another power law regime with an exponenta3
'2, which will be further discussed below. We therefo
employ a version of the extended polymer fraction dep
dence theory to describe our data:

jh5H j0f20.5, f<f1

j0f1
0.5f21, f1,f<f2

j0f1
0.5f2f22, f2,f.

~13!

Here the only free parameters are the amplitudej0 and cross-
over polymer fractionsf1 andf2. This yields an excellent

r

A.
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description of our data as seen in Fig. 5. Furthermore,
performed complementary curve fitting with also the thr
exponents as free parameters. Such a curve-fit proce
yields the exponents that are, within the experimental un
tainty, equal to 0.5, 1, and 2, respectively. It is also reas
ing to the note that this curve-fit procedure does not cha
f1 andf2 significantly. As shown in Fig. 5 a crossover fro
a marginal solvent behavior (a150.5) to au solvent behav-
ior (a251) occurs at an intermediate concentrationf†

'0.1 for both temperatures. However, no transition betw
a good solvent behavior and marginal solvent is observe
lower fractions. A good solvent behavior is, in fact, on
expected in to be seen in high molecular weight polym
systems where the overlap concentrationr* is lower than in
the present system.

More notably, in the highly concentrated regime a cro
over to a new power law dependence (a3'2) is found. This
behavior is not predicted by the polymer fraction depende
theory. However, exponents close to 2 have been obse
previously forjs at aroundf50.3 for polystyrene in toluene
@32# and for poly~dimethylsiloxane! ~PDMS!, in octane@33#.
In support of the present findings at high concentrations
also the literature data@30# of the concentration dependenc
of js ~included in Fig. 5 observed by small angle neutr
scattering technique!. The new power law regime will be
discussed further below.

In order to validate the present findings we note that
cording to theory@2,5#, the volume fraction of the polymer
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FIG. 5. Polymer volume fraction,f, dependence ofjh at 300
and 400 K~the open squares! obtained using local viscosity data
The solid lines anda values represent least-squares fit lines and
exponent in each regime. For comparison, also included are lit
ture data@30# for js ~the crosses! at room temperature. The ope
triangle and open diamonds denote results for monodisp
PMMA.
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f†, where the crossover from marginal solvent behavior tu
solvent behavior occurs, is obtained from

f†'~122x!. ~14!

Herex is Flory-Huggins interaction parameter. Thusx of the
solution can be estimated to be'0.45 from the resultf†

'0.1. This x value is similar to the interaction paramet
(x50.42) of the solution of PMMA in toluene, a solutio
with nearly identical polymer-solvent miscibility@34# as the
present system. With decreasing concentration the solutio
further predicted@2,5# to exhibit a marginal solvent behavio
until f̃, wherejs reaches the radius of thermal blob,jt :

f̃5
3

4p

~122x!

n3
. ~15!

Here the parametern is proportional to the number of bond
in a Kuhn segment defined byC`/6, whereC` is the char-
acteristic ratio@5,9#. Using the relationn5C`/651.36 our
system is therefore roughly expected to have a marginal
vent behavior fromf̃50.01 tof†'0.1. The prediction thus
is in nice agreement with the present result.

In the highly concentrated regime, approximately 0
,f,0.6, the polymer fraction dependence theory@2,5# is
found not to be applicable. Experimentally a power law e
ponent a3'2 is found, while the theory predictsa350
whenjs is comparable to the persistence length of the po
mer @31# ('1 nm). A strong decrease injs in the highly
concentrated regime has also been observed for other p
mer solutions@32,33#. This has been attributed to the pro
imity to the glass transition of the polymer@32#. However, a
similar decrease has also been observed in the highly
centrated regime of solutions of PDMS in octane@33#. These
experiments were performed at around 300 K, i.e., even w
above theTg of bulk PDMS (;146 K). Furthermore, in the
present study we observe an exponenta3'2 also at 400 K
as shown in Fig. 5. This suggests that the strong decrea
not due to the glass transition, and instead, we will disc
effects of the local structure at high polymer concentratio

The unperturbed wormlike chain model proposed
Kratky and Porod@35# shows that sequences of the pers
tence length scale can be described by rodlike segment
analogy with the polymer fraction dependence theory we
sume that the rodlike segments are perturbed by the con
with other rodlike segments. In this condition, the segme
can be only correlated between the contacts, andjh can be
recognized as the length of the segment between the con
as shown in Fig. 6~a!. These contacts are expected to
ternary since the two-body interactions have already v
ished at the crossover from a marginal to au solvent behav-
ior @2,5#. Therefore, if our assumption is appropriate,jh is
expected to be proportional to the number of the monom
g3, between the ternary contacts. Following a similar tre
ment as in Refs.@2# and @5#, jh can then be expressed as

jh;g35
rchain

r ternary
;

f

f3
5f22, ~16!
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POWER LAWS IN POLYMER SOLUTION DYNAMICS PHYSICAL REVIEW E68, 051803 ~2003!
whererchain is the number of polymer chains per unit vo
ume andr ternary is the number of ternary contacts per un
volume. Indeed, a power law dependence,a352, is very
close to what is observed in the present study as well a
some previous studies.

The only difference between the conventional model~the
polymer fraction dependence theory! and our extended ver
sion of the model is the different interpretation of the dyna
ics of a rodlike segment at the persistence length scal
discussed above and shown in Fig. 6. In the new model,
segment is assumed to be flexible enough so that a lon
dinal elastic force such as the osmotic elastic force
screen the motions of the monomers beyond the ternary
tacts~a flexible rodlike segment model!. On the other hand
in the conventional model the segment is assumed to be
like a complete rigid rod. Thus the motions of the monom
are correlated beyond the ternary contacts without the in
ence of uncorrelated monomers belonging to the other ch
~a rigid rod segment model!. Experimentally, the persistenc

(a)

ξξξξh

A B

C

(b)

ξξξξh

A B

C

FIG. 6. Qualitative picture of a concentrated polymer solution
persistence length scale:A, B, andC are ternary contacts betwee
different chains.~a! A flexible rodlike segment model: the motion
of the monomers are only correlated between the ternary cont
jh is recognized as a characteristic length between the contacts~b!
A rigid rod segment model: the motions of the monomers are c
related beyond the ternary contacts.jh is recognized as an unpe
turbed persistence length.
s

.

e

J
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length is observed to decrease when the temperature i
evated@36#. This behavior is in agreement with our expe
mental observation thatjh at 400 K is smaller than at 300 K
in the highly concentrated regime~see Fig. 5!. Therefore, the
present result infers that a complete rigid rod assumptio
less appropriate and the conventional model may be o
simplified at the highly concentrated regime. This compl
rigid rodlike behavior is expected to be limited to the ca
that js approaches the size of the bond length of the mo
mers. According to literature data@32# of the solution of
polystyrene in toluene,js is found to be independent of th
polymer concentration when reaching the bond length of
monomer~0.2 nm!.

V. CONCLUSIONS

In the present paper, we have examined the power
crossovers ofjh in a polymer solution of poly~methyl meth-
acrylate! in propylene carbonate ranging from the semidilu
regime to the highly concentrated regime at 300 and 400
Without taking account ofh local, we observe unrealistic
crossovers of the power laws with increasingf. However,
after taking h local into account, sharp crossovers betwe
marginal andu behavior is observed at both temperatur
with increasingf. In the highly concentrated regime whe
js is comparable to the persistence length of the polyme
new power law is observed with an exponent,a'2. The
observation is supported by literature data reporting onjs . A
new model based on flexible rodlike segments at the per
tence length scale is proposed in the present study.
model predicts a power law exponent in excellent agreem
with the present experimental results.
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