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ABSTRACT: The origin of the slow relaxation observed in dynamic laser
light scattering (LLS) measurements of semidilute polymer solutions
remains controversial. Even though the chain reptation is invisible in
dynamic LLS, the slow relaxation was still attributed to the reptation
induced density fluctuation by those who believe that there is no other slow
relaxation except the reptation. To clarify such a point, we purposely
studied dynamics of semidilute solutions of narrowly distributed 4-arm star
polystyrene (Mw = 1.1 × 105 g/mol and Mw/Mn = 1.02) chains in
cyclohexane, wherein the chains are not entangled but topologically
constrained. Our results reveal that there still exists a slow relaxation mode
besides a fast one that is related to the diffusion of short chain segments
(“blobs”) in the semidilute regime, clearly excluding its possible reptation
origin. The average diffusion coefficient (⟨Df⟩) and scattering intensity
(⟨If⟩) related to the fast mode are scaled to the polymer concentration (C)
as ⟨Df⟩ ∼ C0.5 and ⟨If⟩ ∼ C−0.77, different from those for linear chains. For the slow mode, our results show that as C increases, the
relaxation slows down but the correlation length becomes shorter, apparently contradicting each other, presumably because
individual “blobs” become smaller but more correlated with a correlation length of ∼102 nm, reflected in an increase of its related
scattering intensity. Since the correlation length of the scattering objects related to the slow mode is comparable to the
observation length used in LLS, the average line width of the slow relaxation measured in dynamic LLS contains a mixture of
internal motions and diffusion before the blobs become strongly correlated at higher concentrations.

■ INTRODUCTION

Dynamics of neutral flexible polymers in semidilute/concen-
trated solutions is an old issue in polymer science. Various
theoretical and experimental studies have been designed/
executed to address this problem with many fruitful outcomes
in the past decades. The solution behavior of polymer chains in
dilute solutions wherein polymer chains are isolated from each
other has been well understood. As the concentration increases,
the polymer chains start to overlap (penetrate) each other at
the overlap concentration (C*), defined as 3Mw/(4πNARg

3) or
Mw/(2

3/2πNARg
3) or [η]−1 or (A2Mw)

−1, where Mw, Rg, NA, [η],
and A2 are the molar mass, the radius of gyration, the Avogadro
constant, the intrinsic viscosity, and the second virial coefficient,
respectively.1−4 Note that these definitions are not identical,
and the difference between them can be as large as 5 times.5

Therefore, how to precisely determine C* for a given polymer
solution remains an experimental challenge. After passing C*,
the solution enters the semidilute regime, in which a fast
relaxation related to the cooperative diffusion of the center of
mass of short chain segment between two neighboring
entanglement points is expected in dynamic laser light
scattering (LLS) measurements.6−9 However, an additional
slow relaxation mode unexpectedly/persistently appears in
many polymer solutions.2,7,10−19 Since day one, a school of

people have attributed such a slow mode to some experimental
defects, including large dust particles or possible concentration
gradient introduced during the solution preparation, because
there is no such a slow relaxation mode predicted in theory
except the chain reptation, which should be invisible in dynamic
LLS. It is true that some of earlier experimental results might be
contaminated due to some imperfect solution preparation
methods used at that time, especially when the solvent used is
athermal.
To completely rule out possible defects introduced during

the solution preparation, we previously used the high vacuum
anionic polymerization to make semidilute and concentrated
polystyrene solutions directly in sealed dust-free LLS cells.5 We
found that de Gennes was correct; namely, in an athermal
solvent (polystyrene in toluene), there is no slow relaxation
mode even in a solution as concentrated as 50 times C*.
However, in parallel experiments wherein cyclohexane was used
as a marginally good solvent, the slow relaxation mode appears
and becomes irrefutable and more visible as the solution
temperature decreases toward 34.5 °C at which the solvent

Received: February 8, 2016
Revised: April 7, 2016
Published: April 12, 2016

Article

pubs.acs.org/Macromolecules

© 2016 American Chemical Society 3184 DOI: 10.1021/acs.macromol.6b00298
Macromolecules 2016, 49, 3184−3191

pubs.acs.org/Macromolecules
http://dx.doi.org/10.1021/acs.macromol.6b00298


quality becomes less good or the interchain interaction
becomes stronger. In the past, various origins of such a slow
mode were proposed by those who believe it or cannot deny it,
including the reptation related slow density fluctuation,6,8,20 the
relaxation of a transient network,11,21,22 the translational
diffusion of large temporal chain aggregates,2,14,18,23−26 and
internal motions of large transient chain clusters.27,28

In addition to neutral polymers in solutions, we have also
revisited the slow relaxation mode appearing in salt-free
polyelectrolyte solutions, concentrated polymer dispersions,
and polymer gels by designing and synthesizing novel polymers
or developing new preparation methods as well as using a
combination of static and dynamic LLS.29−40 On one hand, a
polymer solution or dispersion has to be statically homoge-
neous; on the other hand, the irrefutable slow mode reveals that
polymer solutions in the semidilute regime or concentrated
dispersions are dynamically inhomogeneous. Namely, each
chain or colloidal particle is inside a “cage” made of its
surrounding chains or particles, but at the same time, it is also a
part of “cages” for other chains or particles. Qualitatively, the
slow mode is related to the relaxation of such “cages”. A
quantitative description of the slow mode remains a challenge.
Previously, Li et al.5 studied the slow relaxation of linear

polystyrene in cyclohexane in the semidilute regime by using
two polymer solutions with a similar concentration but 10
times difference in the chain length. On the basis of the
reptation theory, the relaxation time of the chain reptation (τr)
for a linear chain and the number of Kuhn segments (N) follow
the scaling of τr ∼ N3; namely, 10 times longer chains should
lead to a 103-fold increase in the relaxation time.8 However, the
observed relaxation time of the slow mode is nearly
independent of the chain length, indicating that the slow
mode is not related to the reptation.
The current study was designed to rule out any possibility of

relating the slow relaxation to the reptation related slow density
fluctuation in semidilute polymer solutions by examining
dynamics of 4-arm star polystyrene chains in cyclohexane in
the unentangled semidilute regime. For the star polymers, the
chain reptation of f-arm star chains should be practically
suppressed within our measurement time (<1 s) due to the
topological constrain.41 Therefore, the center of mass of each
star chain is practically localized within a small region in the
semidilute regime.42,43 If the slow relaxation mode in semidilute
polymer solutions was related to the reptation related density
fluctuation, we would not be able to observe it in a star polymer
solution in dynamic LLS measurements.

■ EXPERIMENTAL SECTION
Synthesis of 4-Arm Star Polystyrene. The 4-arm star

polystyrene was synthesized by high vacuum anionic polymerization
technique via the arm-first approach using SiCl4 as the coupling agent.
The crude star polystyrene product was further fractionated using a
mixture of toluene (good solvent) and methanol (poor solvent). The
fractionation resulted in a 4-arm star polystyrene with an average arm
number f ∼ 4, a weight-average molar mass of Mw = 1.1 × 105 g/mol,
and a polydispersity index of Mw/Mn = 1.02 as determined from a
combination of static laser light scattering and gel permeation
chromatography.
Solution Preparation. A dilute solution of 4-arm star polystyrene

in cyclohexane (RCI Labscan, freshly distilled from CaH2) was first
prepared at 50 °C. The solution was clarified by a hydrophobic PTFE
0.45 μm filter (Millpore, USA) into a specially designed dust-free LLS
cell to remove dust. The solvent was slowly evaporated through a 0.22
μm filter in a thermoset 50 °C air bath until a desired concentration

was reached. The solution was sealed and further placed in a thermoset
50 °C air bath for at least 1 week before LLS measurements to avoid
any possible concentration gradient. The final concentration used was
determined by the gravimetric method. Cyclohexane is a slightly good
solvent for polystyrene at higher temperatures, and its solvent quality
can be adjusted in the range of 34−50 °C.

Laser Light Scattering (LLS). The commercial LLS spectrometer
(ALV/DLS/SLS-5022F) equipped with a multi-τ digital time
correlator (ALV5000) and a vertically polarized 22 mW He−Ne
cylindrical laser (λ0 = 632.8 nm, Uniphase) was used. The details of
LLS theory and instrumentation can be found elsewhere.3,44,45 In static
LLS, the excess absolute time-averaged scattered light intensity at a
given scattering vector q, known as the excess Rayleigh ratio Rvv(q), of
a dilute polymer solution at a concentration C (g/mL) is related to the
weight-average molar mass (Mw), the root-mean-square z-average
radius of gyration (⟨Rg

2⟩z
1/2) (or written as ⟨Rg⟩), and the second virial

coefficient (A2) as

≈ + ⟨ ⟩ +⎜ ⎟⎛
⎝

⎞
⎠

KC
R q M

R q A C
( )

1
1

1
3
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g
2 2
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where K = 4π2n2(dn/dC)2/(NAλ0
4) and q = 4πn sin(θ/2)/λ0 with NA,

dn/dC, n, θ, and λ0 being the Avogadro constant, the specific refractive
index increment, the solvent refractive index, the scattering angle, and
the wavelength of the incident light in a vacuum, respectively.

In dynamic LLS, the measured intensity−intensity time correlation
function G(2)(q,t) ≡ ⟨I(q,0)I(q,t)⟩, where I(q,t) is the scattering
intensity at a given scattering vector (q) and a given delay time (t), is
related to the normalized electric field−field time correlation function
g(1)(q,t) by the Siegert relation as

β= + | |G q t A g q t( , ) [1 ( , ) ](2) (1) 2
(2)

where A (= ⟨I(q,0)⟩2) is the measured baseline and β is the coherent
factor, depending on the detection optics. For a system with different
relaxation modes, |g(1)(q,t)| is generally related to a characteristic line-
width distribution G(Γ,q) as

∫| | = Γ Γ−Γg q t G q( , ) ( , )e dq t(1) ( )
(3)

G(Γ,q) can be calculated from the Laplace inversion of each measured
G(2)(q,t) using the CONTIN program provided by ALV. For a purely
diffusive relaxation, the plot of Γ vs q2 is a straight line passing through
the origin, and the slope is the average translational diffusion
coefficient constant (⟨D⟩) of the scattering objects. The hydrodynamic
radius ⟨Rh⟩ or the dynamic correlation length ξD can be calculated by
using the Stokes−Einstein equation.

In the current study for two relaxation modes, a combination of the
static and dynamic LLS can lead to the excess scattering intensity from
each mode (a fast and a slow mode). Namely, ⟨If⟩ = Af⟨Itotal⟩ and ⟨Is⟩ =
As⟨Itotal⟩, where Af and As are the respective intensity contributions of
the fast mode and slow mode resolved from the two peaks in G(Γ,q)
by using the CONTIN method and ⟨Itotal⟩ is the time-averaged total
excess scattering intensity. Note that G(2)(q,t) is also often analyzed by
two stretching exponential decays when there are two physically
meaningful relaxation modes.19,46,47 In the current study, we tried to
avoid it because the two stretching exponential terms with five
adjustable parameters are so powerful that can fit any continuous
decay curves with less-defined parameters. Since two modes are well
separated in this study, the CONTIN analysis provides consistent
results without adjustable parameters. All the data presented were
collected at 49.3 °C unless stated otherwise.

■ RESULTS AND DISCUSSION
Figure 1a shows that the time correlation function changes
from a single exponential decay (only one fast mode at 78 mg/
mL) to a two-step fully relaxed process as the concentration
increases, clearly indicating the appearance of an additional
slow mode in the semidilute regime of 4-arm star polystyrene in
cyclohexane. Further, both the relative contribution and the
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average characteristic relaxation time ⟨τs⟩ of the slow mode
increase significantly with the concentration as indicated by
peak area and position in Figure 1b, which clearly reveals that
the slow relaxation should not be related to the reptation
induced slow density fluctuation because there is no reptation
in the unentangled semidilute regime and the reptation of star
chains is expected to be extremely slow and invisible within the
experimental time window used in dynamic LLS even there was
chain reptation. We will address the fast and slow relaxation
modes separately to make discussion more clear and avoid
possible confusion.
Figure 2 shows that ⟨Γf⟩ is linearly dependent on q2, and the

extrapolation to q = 0 passes through the origin for all the

concentrations studied, clearly indicating that the fast mode is a
purely diffusive relaxation in the concentration range studied.
There is no surprise here because Figure 2 just confirms
previous studies on the semidilute polymer solutions in which
the fast mode was attributed to the cooperative translational
diffusion of the blobs.6−9 Each slope in Figure 2 corresponds to
an average diffusion coefficient ⟨Df⟩ that can further lead to the
dynamic correlation length of the fast mode (ξD,fast) in the
range of 6−10 nm.
On the other hand, we know that each q2 dependence of the

excess scattering intensity of the fast mode (⟨If⟩ = Af⟨Itotal⟩)

leads to the static correlation length (ξS,fast) on the basis of the
Ornstein−Zernike equation, I(q) = I(q → 0)/(1 + q2ξS

2),
where Af is the area of the peak related to the fast mode in
Figure 1b and ⟨Itotal⟩ is the time-averaged scattering intensity
measured from static LLS.3,33 However, Figure 3 shows that
⟨If⟩ is nearly independent of q, indicating that ξS,fast is much
shorter than 1/q, presumably due to small 4-arm star chains
used here.

Figure 4 summarizes the strong concentration dependence of
⟨Df⟩ and ⟨If⟩ of the fast mode at q → 0. It is interesting to see

that both of them turn at C ∼ 113 mg/mL, marking the
boundary between the dilute and semidilute regimes. Note that
this value is reasonably close to 107 mg/mL calculated from
3Mw/(4πNA⟨Rh⟩

3), where ⟨Rh⟩ instead of ⟨Rg⟩ is used. When C
< 113 mg/mL, both of them behave like those characteristically
in dilute solutions, and the gradual decrease of ⟨Df⟩ shows a
negative dynamic second virial coefficient, presumably due to
the hydrodynamic interaction in the marginally good solvent.
As expected, ⟨If⟩ initially increases linearly with the
concentration in the dilute regime, i.e., ⟨If⟩ ∼ C, then levels
off in the crossover region, and finally decreases in the
semidilute regime, indicating that the scattering objects change
from individual polymer chains to a part comprising short chain
segments (“blobs”).3 In the semidilute regime, both of them
show a rough power-law dependence on C as ⟨Df⟩ ∼ C0.5 and
⟨If⟩ ∼ C−0.77.
Note that those scalings are much more different from those

predicted and measured for linear chains in an athermal solvent,
⟨Df⟩linear ∼ C0.75 and ⟨If⟩linear ∼ C−0.25,8,9,48−50 presumably
because 4-arm star chains are less compressible than their linear
counterparts with a similar overall molar mass, and cyclohexane

Figure 1. Concentration dependence of (a) normalized intensity−
intensity time correlation function and (b) corresponding normalized
characteristic decay time distribution of 4-arm star polystyrene in
cyclohexane.

Figure 2. q2 dependence of average characteristic line width of fast
relaxation mode (⟨Γf⟩) of 4-arm star polystyrene in cyclohexane.

Figure 3. q2 dependence of average excess scattering intensity (⟨If⟩)
related to fast mode of 4-arm star polystyrene in cyclohexane at
different concentrations. The horizontal dashed lines are guides for the
eye.

Figure 4. Concentration dependence of average diffusion coefficient
⟨Df⟩ and excess scattering intensity ⟨If⟩ related to fast mode of 4-arm
star polystyrene in cyclohexane.
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at ∼50 °C is a marginally good solvent for polystyrene.
Previously, Schaefer et al.51 predicated ⟨Df⟩ ∼ C0.5 for
semiflexible chains in semidilute solutions by the mean-field
theory. The less good solvent quality contributes to the
deviations. Such deviations were also previously reported for
other polymer solutions.4,10,13,14,52−54 It is worth noting that
this turning point experimentally marks the overlap concen-
tration (C*), which is more precise than those defined before.
Hereafter, we will use it as the overlap concentration for the
current study of 4-arm star polystyrene in cyclohexane.
Figure 5 clearly shows the time correlation function begins to

show a two-step relaxation behavior at C = 117 mg/mL, slightly

higher than the turning point concentration in Figure 4 at 49.3
°C. On the other hand, decreasing the solution temperature
changes the relaxation from two modes to a single one, namely,
from the semidilute regime to the dilute regime. Note that the
concentration (C = 117 mg/mL) used is slightly higher than
the overlap concentration (C = 113 mg/mL) at 49.3 °C. The
shrinking of each polystyrene arm as the temperature decreases
detaches star chains from each other so that the solution
changes from semidilute to dilute.55−60 The additional
relaxation at 49.3 °C is 102−103 times slower than the single
one at 36.0 °C. A similar change was also observed for linear
polystyrene chains in cyclohexane.5

Previously, Chu et al.61,62 also pointed out that the bimodal
relaxation behavior could be observed in dynamic LLS during
the crossover from the dilute regime to the semidilute regime.
The appearance of the slow mode is a better experimental mark
for the overlap concentration, which is reasonably close to the
value determined from the concentration dependence of the
fast mode behavior. Note that such an overlap concentration
was also previously suggested.52

Figure 6 shows that after the delay time (t) is normalized by
q2, the fast relaxation appears at a similar delay time and nearly
independent of the scattering angle, which is expected for a
purely diffusive relaxation. Also note that the dynamic
correlation length (ξD,fast) of the fast mode is only ∼7.5 nm
and qξD,fast ≪ 1. On the other hand, both the amplitude (the
intensity contribution) and the characteristic decay time of the
slow mode decrease with the scattering angle. The shifting of
the slow mode toward a longer normalized delay time even
after the q2 scaling reveals that the slow relaxation is not purely
diffusive. Note that 1/q is the observation length in LLS. At θ =
20° and 142°, 1/q ∼ 200 and 35 nm, respectively. The
diminishing of the slow mode at θ = 142° indicates that the
slow relaxation involves a dimension length much longer than

1/q. The dominance of the slow mode at θ = 20° further
indicates that the slow relaxation occurs over a length scale of
∼102 nm.
Figure 7a shows that the average characteristic relaxation

time (⟨τs⟩) becomes longer and longer, following a scaling of

⟨τs⟩ ∼ C2.8 as the concentration increases. The results in Figure
7 reveal that the slow relaxation involves a density fluctuation
over a scale much longer than the blob size associated with the
fast mode; namely, the movements of a number of the “blobs”
become correlated, as indicated by the increase of the excess
scattering intensity of the slow mode with C in Figure 7b.
Qualitatively, we can define those correlated “blobs” as a “cage”
in which they are affected by each other and its correlation
length as the cage dimension. Note that the relaxation of the
“cages” should not be linked to the diffusion away of one star
chain from its surrounding ones. Instead, the “cage” means a
number of correlated blobs that are agitated by the thermal
energy.
Figure 8 shows that for a given scattering angle the average

excess scattering intensity (⟨Is⟩ = As⟨Itotal⟩ ) related to the slow
relaxation mode significantly increases with the concentration,
reflecting that more chain segments (“blobs”) are correlated
with each other. Figure 8 also shows that ⟨Is⟩ scales
exponentially to the scattering vector (q) as predicted by
Porod’s law,63 i.e., ⟨Is⟩ ∼ q‑n, where n is the Porod number of a
scattering object. In the LLS theory, n = 6 − D, where D is the
mass fractal dimension of the scattering objects.64 Figure 9
shows that n initially increases with the concentration and
reaches a plateau value when C > ∼250 mg/mL. The increase
of n from ∼2.8 to ∼4.3 indicates that the density of the
scattering objects changes from uniform (D ∼ 3) to fractal (D
∼ 2).65

Figure 5. Temperature dependence of normalized intensity−intensity
time correlation functions of 4-arm polystyrene in cyclohexane, where
delay time (t) and characteristic relaxation time (τ) are scaled to
remove effects of solvent viscosity (η) and temperature (T).

Figure 6. Angular dependence of normalized time correlation function
of 4-arm star polystyrene in cyclohexane, where the delay time is
scaled with q2.

Figure 7. Concentration dependence of (a) average characteristic
relaxation time (⟨τs⟩) and (b) excess scattering intensity (⟨Is⟩) of slow
relaxation of 4-arm star polystyrene in cyclohexane in semidilute
regime.
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The concentration and angular dependence of the slow mode
clearly reveals that the origin of the slow mode is not the chain
reptation related density fluctuation because the chains are not
entangled so that there is no chain reptation here and the
center of each chain should not relax a longer distance in the
time window used in dynamic LLS due the topological
constrain. The origin of the slow relaxation in the semidilute
solutions remains a challenging question. It should be noted
that the slow relaxation mode has also been repeatedly
observed in other crowded systems, including supercooled
liquids, concentrated colloidal dispersions, and glassy sys-
tems.66−74 Theoretically, star chains could be viewed as a bridge
between linear chains and microgels (soft colloidal par-
ticles).72,75

Recent simulation showed a crossover from the polymer-like
to particle-like behavior for star polymer chains with ∼5 arms.76
After considering the equivalence between the effects of
decreasing the solution temperature and increasing the polymer
concentration, Phillies77 linked the slow mode observed in the
glass transition to that in a neutral polymer solution. Similarly,
the mode coupling theory (MCT) developed for the glassy
dynamics was also adopted to analyze our current results, i.e.,
viewing a star chain as a soft particle.
In a glassing system, a two-step decay of the correlation

function becomes a general feature as the system approaches
the glass transition temperature (Tg). The MCT describes this
two-step relaxation as the cage effect.78−80 The thermal energy
(kBT) agitates each particle to diffuse randomly within the
“cage” made of its surrounding particles on a short time scale or
over a short distance, which is the fast relaxation. On a longer
time scale or over a longer distance, the dynamics is related to
the cage relaxation, named as the α relaxation, phenomeno-
logically resembling the slow mode observed in the semidilute

regime. The cage size can be calculated from the Debye−Waller
relation, As(q,C) ∼ exp[−q2⟨l⟩2/6],81−83 where ⟨l⟩ is the
average concentration-dependent static correlation length of
the “cages”. Figure 10 shows that As(q,C) vs q2 indeed
reasonably follows the Debye−Waller relation and the slope
leads to ⟨l⟩.

Figure 11 reveals that the average correlation length of the
“cages” quickly shortens as the polymer concentration

increases, following a scaling of ⟨l⟩ ∼ C−1.4, similar to that
reported for the dynamics of fractal colloidal gels.84 Normally,
for a purely diffusive process, a smaller object relaxes faster.
However, a combination of Figures 7 and 11 shows that as the
concentration increases, the relaxation becomes slower but the
cage correlation length also shortens, and at the same time, the
scattering intensity related to the slow mode increases,
suggesting that the slow relaxation is not purely diffusive.
Physically, as the concentration increases, the blobs become
smaller but more correlated. In other words, the cage becomes
smaller but also relaxes slower.
Figure 12 shows that unlike the fast mode, the average line

width of the slow mode is not linearly dependent on q2,
especially at higher concentrations, indicating that the slow
relaxation is not purely diffusive. The double-logarithmic plot of
⟨Γs⟩ versus q leads to a scaling between them. Figure 13
summarizes the scaling exponent (α) between ⟨Γ⟩ and q for
both the fast and the slow modes. Clearly, the fast relaxation is
purely diffusive with αfast = 2, independent of the polymer
concentration, further confirming that it is related to the
diffusive relaxation of individual short chain segments (blobs)
around their centers of mass. The slow relaxation behaves much
more complicated, similar to what we previously found for
linear polystyrene in cyclohexane in the semidilute regime at
∼50 °C.5

Figure 8. q2 dependence of average excess scattering intensity ⟨Is⟩
related to slow relaxation of 4-arm star polystyrene in cyclohexane at
different polymer concentrations, where solid lines are results of
Porod’s fitting.

Figure 9. Concentration dependence of Porod’s number (n) related to
slow relaxation in semidilute regime. The dashed lines are guides for
the eye.

Figure 10. q2 dependence of normalized intensity contribution of slow
relaxation mode of 4-arm star polystyrene in cyclohexane, where solid
lines are fittings of the Debye−Waller factor expression.

Figure 11. Concentration dependence of average static correlation
length of “cages” of 4-arm star polystyrene in cyclohexane.
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When C < ∼250 mg/mL, αslow > 2, indicating that the slow
relaxation is subdiffusive, as described by the MCT.80 At higher
concentrations αslow < 2, suggesting a hyperdiffusive behavior.
The slow relaxation tends to behave like a ballistic motion (Γ ∼
q) of an elastic body at much higher concentrations. The
crossover point (αslow = 2 in Figure 13) is ∼250 mg/mL, close
to that shown in Figure 9, the concentration dependence of n,
indicating where the MCT starts to break down, presumably
because the concentrated solution made of densely packed star
chains might start to behave more like an elastic body. Note
that such a hyperdiffusive or ballistic behavior is also observed
in fractal colloidal gels, concentrated dispersions, dense
ferrofluids, and concentrated surfactant phases.80,85,86 Cipelletti
et al.85,87,88 suggested that there were some random micro-
collapses between densely packed particles caused by the
interparticle interaction, which might induce a strain field,
leading to the movement of surrounding chains and resulting in
the ballistic motion detected by dynamic LLS. However, we are
not convinced by such a microcollapse assumption because
there is no convincing evidence for such a static inhomogeneity
in polymer solutions. Instead, we only know the existence of an
additional slow nonpurely diffusive density fluctuation in the
semidilute regime of polymer solutions when the solvent is not
athermal.
Quantitatively, it indicates that as the polymer concentration

increases, more and more chain segments (“blobs”) are
correlated because the related scattering intensity (⟨Is⟩)
increases with the concentration, but at the same time, the
average correlation length of these interacted “blobs” decreases,
reflected in the decrease of ⟨l⟩, and the relaxation significantly
slows down since ⟨τs⟩ becomes longer and longer. It should be
noted that the observation length (1/q) in our study is only in
the range of 35−200 nm. The apparent contradiction of more
interacted “blobs” with a short correlation length should be

attributed to the decrease of the average size of the “blobs” as
the concentration increases. If a scattering object is much larger
than 1/q, dynamic LLS probes its internal motions, i.e., α ∼ 3,
even it is diffusive; and if its size is slightly larger than 1/q,
dynamic LLS measures a combination of internal motions and
diffusion so that 3 > α > 2. A combination of Figures 11 and 13
reveals that in the concentration range of 150−250 mg/mL
∼390 nm > ⟨l⟩ > ∼200 nm and 2.8 > αslow > 2, which is what
we have expected for a mixture of internal motions and
diffusion. In other words, the results in Figures 11 and 13 are
consistent and agree with each other.

■ CONCLUSION
Using the topological constrain of star polystyrene chains in a
marginally good solvent (cyclohexane at ∼50 °C) in the
unentangled semidilute regime, we have excluded the possible
origin of the additional slow relaxation mode observed in
dynamic LLS from the reptation-related density fluctuation.
Our results demonstrate that the turning points in the
concentration-dependent relaxation time and the scattered
light intensity related to the fast mode mark a much better
defined overlap concentration (C*). The disappearance of the
slow relaxation mode as individual star polystyrene chains
shrink in cyclohexane (i.e., as the temperature decreases from
50 to 36 °C) with a concentration slightly higher than C*
reveals that the slow relaxation is indeed related to the
interchain interaction. Our results further confirm that the fast
mode is related to the pure diffusion of short chain segments
(“blobs”) and the slow mode reflects the relaxation of the
“cage” made of a number of correlated “blobs”. As the polymer
concentration increases in the unentangled semidilute regime,
more “blobs” are correlated, but the average correlation length
decreases and the relaxation becomes slower.
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