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ABSTRACT: The effect of nanoscopic, shape persistent polystyrene (PS) nanoparticles on the rheological
properties of linear PS is studied and a dramatic viscosity reduction is observed. This is an ideal blend
which simplifies enthalpic interactions between the components and can be used to delineate the effect
of particle size on the properties of the blends. Homogeneous blends are assured through small-angle
neutron scattering (SANS) experiments which establish the absence of phase segregation (depletion
flocculation) in the nanoparticle—polymer blend. We previously found that nanoparticles reduce the
viscosity of high molecular mass linear PS when the interparticle gap is smaller than the linear polymer
size. In the present study, we find that such confinement of entangled polymers is necessary for the
viscosity reduction since lower concentrations provide a viscosity increase. Furthermore, the behavior is
found to be dependent on the presence or absence of entanglements and confinement is seemingly not
important for unentangled polymers. It is proposed that constraint release caused by the addition of
nanoparticles is responsible for some of the observed changes in viscosity although it is suspected this is
a very complicated phenomenon and introduction of free volume by the nanoparticles is certain to play

a key role.
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coupling is not truly known, however, it is clear that
the free volume is essentially constant for masses
greater than M,. Below this critical mass the free
volume changes essentially in concert with the specific
volume. This observation does not give a fundamental
picture of the complicated polymer dynamics and merely
provides empirical foundation to likely explanations that
incorporate a constant free volume within an entangled
polymer melt.

An interesting study was performed to elucidate how
entanglements, or lack thereof, affect the flow behavior
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Figure 1. Viscosity as a function of molecular mass (M) for
polystyrene melts at 170 °C. Data from Fox and Flory,3
Mackay and Henson,’ and this work are used to show how,
below the critical molecular mass for entanglement coupling
(M), the Rouse model is followed, except for deviations caused
by a free volume change. Above M. the entangled regime
results with a much larger power law exponent of viscosity
with M. Changes in the entanglement structure or dynamics
could reduce the viscosity to the Rouse limit.

of polymer melts.!® Polymer molecules were freeze-dried
or crystallized from dilute solution then physically
compressed and viscosity measured; no change in
viscosity was found after the first 20 min, the time for
the first data point to be recorded. This is in contradic-
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tion to the results of Liu and Morawetz!'! who show that
individual polymer molecules take an extraordinary
length of time (>16 h) to reach equilibrium in a melt.
However, Farrington!? determined that the storage
modulus (G') changed significantly within the first 20
min for samples prepared similar to above or for
microemulsion polymerized polystyrene nanoparticles
that were allowed to interdiffuse upon heating (particle
size ~ 40 nm, M ~ 10° Da). This process depended on
temperature and when compared to the relaxation or
reptation time (#q) approximately 10¢4 was required for
equilibrium. Although this study could follow the kinet-
ics of entanglement formation, the true equilibrium, in
accord with the work of Liu and Morawetz, was not
achieved suggesting polymer melts are either never at
true equilibrium and/or flow properties are not sensitive
to nonequilibrium structure.

Despite the apparent difficulty in robustly degrading
entanglements through physical means one can elimi-
nate them through flow.!3 Shear can reduce entangle-
ments or constraints,!* and as shown in Figure 1, the
possible change in viscosity to the free Rouse chain limit
exemplifies the overall effect of entanglements. If
entanglements could be eliminated by solution precipi-
tation techniques one would expect the Rouse limit to
similarly apply.®

It is conjectured that thin polymer films next to hard
surfaces!®16 change polymer entanglement!” with mini-
mal change in the radius of gyration (R,) parallel to the
substrate.’® So it was hypothesized by us that nano-
particle inclusion could affect polymer flow in a more
robust manner compared to precipitation techniques
discussed above due to the introduction of a vast number
of hard surfaces by the nanoparticles. Yet, addition of
particulates to polymer melts demonstrates complicated
behavior,!? although continuum relations provide meth-
ods to data correlation. In Einstein’s seminal manu-
script,?0 it was shown that the viscosity increase Brown-
ian particles provide scales with the particle volume
fraction, ¢ (y = ns[1 + 2.5¢], where 7 is the solution
viscosity and 75 is the solvent viscosity). A viscosity
increase has been observed in many systems?! even
when small (~260 nm) polystyrene latex particles?? and
nanoparticles (~56 nm) made of silica?® were studied.
These systems have particle sizes much larger than the
suspending fluids’ molecular size and so continuum
expectations introduced by Einstein are followed.

Of course, when the particle becomes molecular in size
it is possible to see deviations. Edward?* surveyed the
literature to find when the Stokes—Einstein (SE) rela-
tion could not be applied to diffusion of molecular
penetrants in simple fluids such as water and carbon
tetrachloride. When the penetrant’s radius (a) became
2—3 times that of the suspending liquids’ then devia-
tions from the SE relation were evident. This is equiva-
lent to stating that the numerical factor for the friction
coefficient ¢ (=6smsa) is no longer 6 and decreased in
value when very small penetrants were considered.

Deviations from the SE relation have been observed
in diffusion of tracer spheres in polymer solutions.?’ In
this case, however, the most significant deviation oc-
curred at high polymer concentration with large spheres
(@ ~ 1 uym) rather than smaller (¢ ~ 20 nm). The
explanation given was that shear thinning influenced
the diffusivity. More recent work has concentrated on
this effect to determine the microrheology or local
viscosity of polymer solutions (see e.g. Lu and So-
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lomon?%). This phenomenon is argued as related to local
scale heterogeneity of the polymer solution. Further-
more, larger particles were found to diffuse faster than
smaller and this may be akin to the principle of size
exclusion chromatography as the larger particles take
a less circuitous route through the heterogeneous
structure.

The situation is different in polymer melts such as
poly(dimethylsiloxane) or PDMS. Roberts et al.2’ showed
that a larger silicate nanoparticle (a = 2.8 nm) followed
the SE relation as long as an adsorption layer of PDMS
was considered. The 5 kDa polymer’s radius of gyration
(Ry) was 2.0 nm and so the particle and polymer were
of the same size. Of course, the particle is much larger
than the PDMS monomer unit. When a smaller nano-
particle was investigated (@ = 0.44 nm), which is closer
in size to the monomer unit and much smaller than the
polymer as a whole, anomalous behavior was observed
and the particle appeared smaller than its true size, at
least in a hydrodynamic sense. The authors state that
this smaller nanoparticle behaved like a solvent while
the larger as a colloidal particle. Note M. for PDMS is
24.5 kDal and so all the studies by Roberts et al. were
conducted in an unentangled polymer melt.

Recently, Zhang and Archer?8 studied the effect of the
nanoparticle—polymer interaction parameter, in blends
of poly(ethylene oxide) (PEO) and silica nanoparticles
(~12 nm diameter). Pure silica nanoparticles are strongly
interacting (physisorption) with PEO. It was seen that
even a very small addition of nanoparticles caused a
large increase in viscosity of an entangled PEO system,
probably by formation of a polymer-nanoparticle net-
work in the melt. When the nanoparticle surface was
chemically modified by grafting an oligomeric PEO
terminated with a trimethoxy silanyl group, no network
formation was found. Furthermore, there was no change
in the viscosity of the polymer melt on nanoparticle
addition.

The above provides a brief introduction to the com-
plicated dynamics of polymer melts and highlights that
the size and scale of nanoparticles compared to polymer
molecules could yield interesting behavior. The nano-
particles used in this work have a size between 5 and
10 nm which is much larger than a monomer unit (~0.3
nm). Polymers in contrast to simple fluids, like water,
have an equilibrium configuration that spans 10—20 nm
and so the nanoparticles are smaller than the polymer
molecules. Furthermore, the size associated with en-
tanglement coupling is approximately 5—10 nm and is
of the same size as the nanoparticles. Clearly, the
nanoscopic size chosen here could disrupt the polymer
dynamics.

In our previous study,? we investigated the effect of
polystyrene nanoparticles®® on the flow properties of
entangled polystyrene melts. This is an ideal system
since the particle and polymer are chemically equiva-
lent, and have a similar refractive index, thereby
reducing if not eliminating dispersion forces.?! Thus, the
system was equivalent to hard spheres dispersed in an
entangled polymer melt.

The terminal (zero shear) viscosities of the systems
were always found to decrease upon nanoparticle ad-
dition, paralleling the reduction of the glass transition
temperature (Ty). The plateau modulus (Gy°) was not
affected and so it was argued that the entanglement
density!8 was not affected. Furthermore, a graph of the
terminal viscosity with temperature (1) above T, or T
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— T, resulted in a master curve suggesting that the
nanoparticles caused a glass transition temperature
decrease and the viscosity reduction related to a free
volume change. Evidently the free volume change of
unentangled melts, concomitant with the excess viscos-
ity reduction below the Rouse limit, is translated to
entangled melts (see Figure 1).

Free volume could be readily incorporated by nano-
particles through their high surface area-to-volume
ratio.?? Assuming an excluded volume layer of thickness
A exists around each nanoparticle, the fractional free
volume (f) within the linear polystyrene matrix is
increased by ~ 3¢A/a. The free volume increase can be
quite large for nanoparticles; assuming a volume frac-
tion of 0.1, exclusion layer thickness of 0.1 nm and
radius of 3 nm results in an fincrease of 0.01 which is
a 10—20% increase in free volume at typical melt
temperatures. A colloidal scale particle (¢ ~ 300 nm)
produces a much smaller fractional free volume in-
crease, 0.0001.

It was anticipated by Mackay et al.2? that the viscosity
decrease was a much more complicated phenomenon
than a mere free volume increase. This became evident
when the average interparticle half gap (k) was deter-
mined. Twice this distance represents the average
distance separating particles and is approximated by

hia=[p /o) — 1 (1)

where ¢, is the maximum random packing volume
fraction (~ 0.638). Since the half gap scales with
nanoparticle radius, this variable can become quite
small at modest loadings. For example, a 3 nm radius
nanoparticle at a volume fraction of 0.1 suspended in a
liquid results in an average half gap of ~ 2.5 nm and is
much smaller than the entangled linear polymer’s R,.
Thus, it appears easy to confine linear polymers between
nanoparticles at moderate volume fractions as long as
they do not agglomerate (depletion flocculation). The
systems discussed by Mackay et al. were all confined
(i.e. h < Ry) and the linear polymer had masses above
M..

We were able to confirm through small-angle neutron
scattering (SANS) that our system did not significantly
agglomerate even at volume fractions of 0.5. This result
agrees with Cosgrove et al.’s study?®? for a poly(ethylene
oxide)—water system containing silica nanoparticles (a
= 8 nm). They found that negligible particle clustering
was evident possibly because the nanoparticles are
smaller than the linear polymer (R; ~ 10—35 nm). It
can be hypothesized that continuum arguments3* are
no longer valid in nanosystems and when Ry/h ap-
proaches and exceeds one phase separation and ag-
glomeration does not occur. Indeed this will be ad-
dressed in a future publication by us.

In the present study we extend our results to gain
further insight into this unique phenomenon of a
viscosity reduction when nanoparticles are added to
polymer melts. The ratio R./h was greater than one in
the previous study?® indicating that the linear macro-
molecules in the continuous phase were always con-
fined. Here the ratio is made less than one to determine
the effect of this variable under different conditions. In
addition, a wider range of nanoparticle sizes and
polymer molecular masses are used to elucidate the
effect of size and molecular architecture on the flow
properties of polymer melts.
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Table 1. Polystyrene Materials Used in This Study

sample M,, (kDa)® M, (kDa)* condition
PS 19kDa 19.3 18.1 linear
PS 31kDa 31.6 28.9 linear
PS 75kDa 75.7 64.7 linear
PS 393kDa 393.4 339.1 linear
d-PS 155kDa 155.8 130.9 linear
25 kDa NP 27.3b 25.3b cross-linked
52 kDa NP 61.3° 52.00 cross-linked
135 kDa NP 162.0° 135.0° cross-linked

@ M, is the weight-average mass and M,, is the number-average
molecular mass. ® On the basis of the assumption that a single
chain collapses to give a single nanoparticle. The masses for the
linear chains were determined by GPC.

Experiment

Materials and Synthesis. Linear polystyrene (PS) was
purchased from Scientific Polymer Products at molecular
masses of 19.3, 31.6, 75.7, and 393.4 kDa. Details of these
polymers are given in Table 1. The radius of gyration was
determined by a relation developed from data of Cotton et al.®
(R; (nm) = 0.87 v/ M (kDa), a deuterated polymer has a
prefactor of 0.84) The nanoparticles (NPs) were synthesized
by intramolecular cross-linking, details of the process are
provided elsewhere.?? All the nanoparticles used in this work
were tightly cross-linked (20 mol % intramolecular cross-
linking). It should be pointed out that the solubility parameter
for the polystyrene nanoparticles matched that for linear
polystyrene (9.1—9.2 (cal/cm?®)2) determined by measuring the
hydrodynamic radius in various solvents via dynamic light
scattering. The solvent producing the largest radius is assumed
to have the same solubility parameter as the polymer. All
solvents were purchased from Sigma-Aldrich and used as
received.

Sample Preparation. Blends of the PS nanoparticles with
linear PS were prepared through co-dissolution in THF and
rapid precipitation with methanol,?*% followed by drying in a
vacuum at 50 °C for at least a week to ensure complete solvent
removal. The powder was then molded by compression, under
vacuum, in a pellet press (8 mm diameter) to ensure that no
trapped air remained in the sample. The samples were aged
at 130—170 °C, under vacuum, for several hours to ensure
homogeneity.

Rheology Measurements. The 8 mm diameter disks
obtained from the pellet press were placed on the 8 mm
parallel plates fixture of a Rheometrics ARES rheometer set
at a gap of approximately 0.4 mm. Measurements were done
in the dynamic (oscillatory) mode. Frequency sweeps in the
range 0.1—100 rad/s were performed at various temperatures.
These were then combined using time—temperature superpo-
sition®” to yield a master curve at 170 °C (all quoted temper-
atures refer to the surface temperature of the lower plate).
The strain during the dynamic shear test was kept small
enough to ensure that all response was in the linear viscoelas-
tic region. A dwell time of 8—10 min was allowed at each
temperature for the samples to attain a uniform melt tem-
perature, before commencing measurements.

Differential Scanning Calorimetry (DSC) Measure-
ments. A TA instruments Q-1000 DSC was used to perform
all glass transition measurements. Each sample was subjected
to at least three heating — cooling cycles, where each cycle
consisted of heating the sample from 0 to 200 °C, at a rate of
5 °C/min, followed by cooling back to 0 °C, also at 5 °C/min.
The inflection point for the heat flow as a function of temper-
ature was taken as the glass transition temperature for a
particular cycle. The glass transition temperatures reported
in this work are the mean of the glass transition temperatures
obtained from the second and the third run cycle.

Relaxation Spectra. The RSI Orchestrator software avail-
able with the ARES rheometer was used to evaluate the
continuous relaxation spectra, using both the G' (storage
modulus) and G" (loss modulus) data. An algorithm developed
by Mead?®®% was used to model the relaxation modulus as a
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Figure 2. (a) Neutron scattering intensity (I) multiplied by the wave vector (q) squared as a function of wave vector (Kratky
plot) for 2 wt % 52 kDa NP blended with d-PS 155 kDa. The peak is associated with globular objects and the associated Schulz
polydisperse hard sphere fit reasonably represents the data (mean radius of 2.3 £+ 0.0, nm with a radius spread of 0.8 &+ 0.03 nm).
The other curve is the result of a simulation assuming a monodisperse system of spheres with a radius given by the Guinier
result (4.0 nm = +/ (5/3) x 3.1 nm). (b) The log—log graphs of intensity vs wave vector for the same system and the associated

polydisperse hard sphere fit.

discrete N element Maxwell line spectrum. In such a case the
storage and loss moduli for a system are given as

N ((I)ti)Z

G =Y G——— (2a)
&S 1+ (o)
N wt;

Gw) =Y G—— (2b)
a 1+ ()’

where o is the frequency, ¢; are the time constants, and G;
are the corresponding moduli. The discrete relaxation spectra
are converted to a continuous relaxation spectrum based on
the work of Baumgaertel and Winter.** They developed the
“parsimonious” model to mimic a continuous relaxation spec-
trum, based on the idea that the discrete relaxation times
should be freely adjustable so as to converge to the charac-
teristic relaxation values for the material under study. Then,
for a system having equally log-spaced time constants, the
continuous H(¢#) and the discrete spectra are related by a
simple scale factor

G, = H(t) log(R) 3)

where R is the ratio of successive time constants.

Small-Angle Neutron Scattering (SANS). The SANS
experiments were performed on the compression molded
samples at the SAND instrument of IPNS at Argonne National
Laboratory.*! Neutrons are produced at IPNS with a pulse
frequency of 30 Hz and wavelengths (1) in the range 1.4—14
A. The instrument has a fixed detector distance of 2 m, which
results in an instrument ¢ range of 0.005—0.6 A~ (¢ = 47/4
sin(6/2), where 0 is the scattering angle). The instrument
detector was a 40 x 40 cm? area sensitive He detector with
128 x 128 channels. The scattering time for the samples was
2 h.

The raw data were absolutely calibrated using a silica
standard, following the described procedure at IPNS.%2 All
samples were also run in transmission mode for 15 min to aid
in the calibration.

Kratky Plots. The description of scattering from polymer
chains in their theta condition (second virial coefficient, A; =
0) was first postulated by Debye.*? For a Gaussian distribution

of segment density within the coil the scattering function (or
differential cross-section) I(q) is given as***>

I(q) = ¢ x V(Ap*{2(exp(— (qR,)®) + (gR,)* — D/(gR)"} (4)

Here, ¢ is the volume fraction of scattering centers, V, the
volume of a single scattering center and (Ap)?, the difference
in the scattering length densities between solvent and scat-
terer (or the contrast). In the high ¢ limit (practically ¢ >
5R,™1),* eq 4 reduces to

I(q) x ¢* = 2¢ x V(ApI’/R,) (5)

The plot showing the variation of I(g) x ¢? with q is known as
a Kratky plot. For any given sample, ¢, V, Ap, R, are constant,
thus, from eqs 4 and 5, for an ideal, Gaussian coil the Kratky
plot should asymptotically approach a constant value (plateau)
at high ¢ values.

The Kratky plot is a good indicator of the polymer’s inherent
molecular architecture as it reflects the short-range interac-
tions acting along the polymer chain from neighbor to neigh-
bor, such as bond forces and hindrance of rotation. Deviations
from the asymptotic behavior (as observed for a polymer coil)
in the Kratky plot indicates nonideal arrangement of the
polymer segments. A constant density sphere has no plateau
and a series of ever decreasing peaks is seen. Both ring and
star polymers have a peak (maximum) prior to the asymptote
revealing different distributions than linear polymers.*6

Results and Discussion

SANS serves as an important tool to determine the
degree of dispersion as well as the molecular architec-
ture of polymer nanoparticles, both in solution and in
melt states. This technique is especially useful for this
system as there is no optical or mass contrast between
the PS nanoparticles and linear PS, eliminating the
possible use of light or X-ray scattering, as well as
electron microscopy, for characterization.

Figure 2a shows the Kratky plot for a 2% blend (by
mass) of the 52 kDa NP in deuterated-155 kDa linear
polystyrene. The background was deuterated-polysty-
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Figure 3. Viscosity ratio of the nanoparticle blends with respect to pure polystyrene, with polystyrene below (19.3 kDa) (a) and
near (31.6 kDa) (b) the critical entanglement molecular mass at 170 °C. The curves labeled theory are the values predicted by
Batchelor’s relation for this system, ending at the limit of the relation’s applicability (¢ ~ 0.1). It can be seen that the blend
viscosity is much greater than the predicted value for the blends below M., however, when the polymer is near M., the viscosity
hardly varies with addition of nanoparticles, again contradicting the Einstein and Batchelor predictions.

rene, and hence the data show scattering from the
nanoparticles. The peak in the Kratky plot is im-
mediately apparent, indicating that the intramolecular
cross-linking induces a particle like nature to the
molecules.*”

Figure 2b shows the scattering intensity from the
same sample as a function of the wave vector g. It can
be seen that the intensity is not a power law function
of g, instead the intensity goes to a plateau in the low
g regime, confirming the absence of phase separation
(depletion flocculation) of the nanoparticles, which has
been a common problem with other nanoparticle—
polymer blends.4849

Also, shown in Figure 2a, is the Kratky profile for a
monodisperse hard sphere system having the same
radius of gyration as the nanoparticles determined with
the Guinier technique. The Guinier approximation is
applied in the low ¢ scattering regime, when q x Ry is
small and can be written as

(qR,)’

3

log I(g) = log I(0) — (6)

where I(0) is given by ¢V(Ap)2. The Guinier plot,? log-
(I(@)) vs ¢2, allows determination of R, and, furthermore,
can be used as a concentration check through the
neutron intensity at zero wave vector, which we have
done.

The parameters determined from the Guinier fit do
not represent the data well due to the slight sample
polydispersity. This becomes apparent when the scat-
tering data are fitted to a polydisperse hard sphere
model by assuming a Schulz distribution®! arriving at
a mean radius ([@d[) of 2.3 + 0.0¢ nm and a radius spread
of 0.8 + 0.03 nm; the fit is shown in Figure 2 to be
reasonably representative of the data. These values
yield a radius polydispersity index (rPDI) of 1.12 and
polydispersity parameter of 8.3 (&, rPDI = [k + 1]/k).
The z-average radius can be found to be 2.9 + 0.6 nm
([k + 2]/k x [@D while the radius found from the Guinier
analysis is 4.0 = 0.9 nm (for a hard sphere a = v/(5/3)
x Rg). Since the Guinier technique yields the z-average
size, agreement between these two values is expected,

while deviations between them may occur from errors
in either regression and/or because the polydispersity
is not accurately described by the Schulz distribution.
Polydispersity is expected through the nature of the
polymerization reaction as well as the cross-linking
process itself which may produce molecular dimers,
trimers, etc. We use a radius calculated from the
expected number-average molecular mass for the NPs
(Table 1) assuming a density (1.04 g/cm?) equivalent to
bulk polystyrene.

Since homogeneous blends can be produced, different
molecular mass nanoparticles were blended with linear
polystyrene having molecular mass below M, (unen-
tangled), near M. and above M. (entangled). Figure 3a
shows the ratio of the terminal (zero shear) viscosity of
the nanoparticle blends with PS 19.3 kDa to the
terminal viscosity of pure PS 19.3 kDa, as a function of
Ry/h (see eq 1). When the ratio R,/h is less than 1, the
interparticle separation between the nanoparticles is
greater than the radius of gyration of the linear polymer
coil. With increasing particle loading, the interparticle
gap becomes less than the radius of the polymer, causing
confinement. It is important to point out that none of
the viscosity data discussed here show a master curve
when correlated with particle volume fraction (see
Appendix).

From Figure 3a, it can be seen that addition of both
the 25 and the 52 kDa nanoparticles causes a sharp
increase in the viscosity of the polymer melt. The curves
labeled “theory” are predictions from Batchelor’s rela-
tion,?2 which is a modification of Einstein’s relation, and
includes the effect of hydrodynamic interactions in the
system with increasing concentration

n = n,1+ 2.5¢+ 6.2¢% 7

The ¢? correction improves the limit of applicability of
Batchelor’s relation to ¢ ~ 0.1 as compared to Einstein’s
relation, whose limit is ¢ ~ 0.02. From Figure 3a, it can
be seen that addition of nanoparticles increases the
viscosity of unentangled polymers and this increase is
much greater than predicted by either Einstein or
Batchelor. Also, the increase in viscosity caused by the
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Figure 4. Viscosity ratio of the nanoparticle blends with respect to pure polystyrene for two different entangled systems, PS 75
kDa (a) and PS 393 kDa (b) at 170 °C. The curves labeled theory are the values predicted by Batchelor’s relation and these end
at the limit of the relation’s applicability (¢ ~ 0.1). The viscosity falls precipitously when the radius of gyration is greater than

the interparticle half-gap for the entangled systems.

addition of 52 kDa NP’s is greater than caused by the
25 kDa NP’s, suggesting that the viscosity increase in
the polymer is affected by nanoparticle size.

Figure 3b shows the effect of nanoparticle addition
on linear polystyrene near M.. In this case it can be seen
that there is essentially no change in the viscosity of
the linear polymer on the addition of nanoparticles, even
with particle volume fractions as high as 0.1 (the
standard deviation in the measured viscosity for all
samples was < 5%). This surprising result holds true
for both the 25 kDa and 52 kDa nanoparticles. It was
also seen that the complex viscosity (*), storage modu-
lus (G') and loss modulus (G") curves (not shown here)
for all the nanoparticle blends completely overlaid with
the pure linear polymer curve at all frequencies. This
observation is in stark contrast to what is seen for the
unentangled and the entangled polymers, as will be
shown below.

Entangled polystyrene samples with molecular mass
75 and 393 kDa, were blended with the nanoparticles
at various concentrations, and as shown in Figure 4a,
the viscosity ratio for PS 75 kDa is a complicated
function of R /h. It is immediately apparent that the
behavior of the entangled system is different to the
previous two cases that were considered. For both the
52 kDa and the 135 kDa NP it can be seen that when
Ry/h is less than 1 (no confinement), the viscosity
increases sharply. Here the increase in viscosity is much
greater than that predicted by either Einstein’s or
Batchelor’s relation. However, as soon as Ry/h is greater
than 1 (confinement), there is an abrupt decrease in
viscosity. For example, the 52 kDa nanoparticle system
has a viscosity ratio change from 1.6 to 0.6 as the Ry/h
value changes from 0.9 (¢ = 0.01) to 2.1 (¢ = 0.05). In
all the different nanoparticle systems, for values of Ry/h
greater than one, it can be seen that the viscosity ratio
is either close to 1 or is greatly reduced. Thus, the
confinement of the linear chain leads to a reduction in
the melt viscosity, even as the particle volume fraction
is increased. It is also important to point out the
reduction in viscosity does not scale with the volume
fraction (see Appendix) of the added nanoparticles, as
mentioned above. This suggests that the mixing rule for
viscosity is not applicable for this system.

The viscosity variation for the PS 393 kDa blends is
shown in Figure 4b. In this case all the blends consid-
ered had an R,/h value >1, and as was seen for the PS
75 kDa blends, the viscosity is decreased for all the
nanoparticle blends at all concentrations. It is interest-
ing to note addition of just 1% (Ry/h = 2.8) of the 25
kDa NP causes an 80% reduction in the melt viscosity.
It was difficult to produce a blend with R./h <1 for this
system because of the very low concentration of nano-
particles required.

The complex viscosity profiles for the pure polystyrene
(PS 393 kDa), pure 52 kDa nanoparticles, as well as
their blends, as a function of frequency, are presented
in Figure 5a. It is observed that the pure nanoparticle
system does not have a terminal viscosity and instead
behaves like a yield stress material, having an infinite
viscosity at zero shear rate (frequency). This behavior
is similar to the rheological behavior of some intramo-
lecularly cross-linked polystyrene microgels studied by
Antonietti et al.5354

In contrast, both the pure linear polymer and the
nanoparticle blends have a finite terminal viscosity.
From Figure 5a, it can also be seen addition of nano-
particles at low concentrations (up to ¢ ~ 0.08), only
affects the terminal region, demonstrated by a lower
zero shear viscosity. Above a critical frequency (~10~!
rad/s in this case) the viscosity curves for all the blends
merge with the pure polystyrene curve. However,
further addition of nanoparticles causes a viscosity
reduction at all frequencies, as can be seen with the 10%
blend.

The same trend is observed for the storage modulus
curves of the pure components and the blends (Figure
5b). Traditionally the storage modulus for the polymer
blends relates directly to the storage modulus of its
components.?®56 In this case, however, G' variation for
the blends is governed by the G' for the linear polymer,
with the nanoparticles providing a reduction in the
terminal region. As was seen earlier, after a frequency
~107! rad/s, all the G' curves (up to ¢ ~ 0.08) merge
with the pure PS 393 kDa curve.

For all the blends discussed above, the minima in G"'/
G (tan 0) occurred near a frequency of 10 rad/s. The
value of G' corresponding to the minima in tan ¢ is
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Figure 5. (a) Complex viscosity as a function of frequency for PS 393 kDa, 52 kDa NP and their blends at 170 °C. It can be seen
that the pure nanoparticles display a gel like behavior with an infinite terminal viscosity. All the blends however have a distinct
terminal viscosity which is lower than the pure component. (b) Storage modulus variation with frequency for the same systems
at 170 °C. Blends with a nanoparticle concentration below 10% have a plateau modulus equivalent to the virgin polymer while
the 10% blend has a reduced modulus and complex viscosity at all frequencies.

Table 2. The Plateau Modulus for Pure PS 393 kDa and
Its Blends with Various Nanoparticles at 170 °C

sample

plateau modulus (MPa)

PS 393 kDa

PS 393 kDa + 25kDa NP —0.5% blend
PS 393 kDa + 25kDa NP —1% blend
PS 393 kDa + 52kDa NP —0.5% blend
PS 393 kDa + 52kDa NP —1% blend
PS 393 kDa + 52kDa NP —8% blend
PS 393 kDa + 52kDa NP-10% blend
PS 393 kDa + 135kDa NP-0.5% blend
PS 393 kDa + 135kDa NP-1% blend
PS 393 kDa + 135kDa NP-20% blend

0.167 £+ 0.015
0.165 £ 0.019
0.078 £ 0.009*
0.171 4+ 0.009
0.161 £+ 0.020
0.180 £ 0.014
0.103 £ 0.005%
0.192 £+ 0.016
0.184 £ 0.014
0.061 £ 0.015¢

@ The viscosity for these blends was reduced at all frequencies

on nanoparticle addition, as compared to the

neat polymer.

taken as the plateau modulus (Gx°).57 As all the G’
curves overlay near this frequency, it was concluded
that the plateau modulus of the polymer is unaffected
by addition of nanoparticles, up to ¢ = 0.08 (the Gy°
values are listed in Table 2). This observation is
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contrary to the rule of mixing for athermal systems as
postulated by both Tsenoglou®® and Wu,?® where the
plateau modulus for the blend scales with the plateau
modulus of its components.

It is interesting to compare the effect of nanoparticle
size on the complex viscosity profile for PS 393 kDa.
Addition of 52 kDa NP (R, = 3.1 nm; Figure 5a) caused
an effect only in the terminal region at low volume
fractions with a decreased viscosity at all frequencies
at higher volume fractions (¢ ~ 0.1). In comparison, the
addition of 25 kDa NP (R; = 2.2 nm) causes a decrease
in viscosity at all frequencies with particle volume
fractions as low as 0.01, as shown in Figure 6a. The
addition of 135 kDa NP (R; = 4.0 nm, Figure 6b), again
affects only the terminal region at low volume fraction,
while at higher volume fractions (¢ ~ 0.2), the viscosity
is decreased at all frequencies. Note the polymer is
confined for all these systems, i.e., Rs/h > 1.

This differing viscosity behavior can be related to the
total number of nanoparticles present in the blend, at

8

10 H
b
7
10 .
6
10 .
5
10 .
4
10 m
3 -
10" o Ps3e3kDa
O 135kDaNP
10° —®™ PS 393 kDa +0.5% 135 kDa NP —
A PS393kDa +1.0% 135 kDa NP
;| v PS393kDa+20% 135 kDa NP
10 | I | | I I |
-3 -1 1 3 5
10 10 10 10 10

Frequency (rad / s)

Figure 6. (a). Complex viscosity as a function of frequency for pure PS 393 kDa and its blends with 25 kDa NP at 170 °C. In this
case, the viscosity is decreased at all frequencies. A large viscosity reduction is apparent with just 1% addition of the nanoparticles.
(b) Complex viscosity as a function of frequency for the blends of 135 kDa NP with PS 393 kDa also at 170 °C. Here, only the
terminal viscosity is reduced with nanoparticle addition until the concentration reaches 20%.
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1.06 I I H
a
1.04
Q
L
2102 —
=2
7]
c
[0]
[m]
1.00 -
1 —e— PS 19.3 kDa + 25 kDa NP blend
—— PS 19.3 kDa + 52 kDa NP blend
0981t | L l l H
000 002 004 006 008 0.10

Mass fraction nanoparticles

106F T 1 T T (=

1.05

1.04

Density (g /cc)

1.03

1021+

—o— PS 393 kDa + 25kDa NP blend
—— PS 393 kDa + 52kDa NP blend
—&— PS 393 kDa + 135kDa NP blend

101 ] l ] | I

000 002 004 006 008 010
Mass fraction nanoparticles

Figure 8. Bulk density variation as a function of nanoparticle concentration for PS 19.3 kDa blends (a) and PS 393 kDa blends
(b) at 25 °C. For polymer molecular below M., the density increases, and when it is above M., the density decreases or remains

constant, on nanoparticle addition.

least to first order. As the molecular weight of the
nanoparticles decreases, for the same volume fraction,
the total number of nanoparticles in the blend increases.
For ¢ = 0.01, the number of 25 kDa NP is 2.3 x 104
NP/ mg; for the 52 kDa NP, with ¢ = 0.1, the number
of nanoparticles is 9 x 101* NP/ mg, while for the 135
kDa NP, at ¢ = 0.2, the number of nanoparticles is 8.6
x 1014 NP/mg. Thus, when the total number of nano-
particles present in the blend are below a certain
threshold (~101> NPs/mg), only the zero shear viscosity
is reduced; however, on the addition of more nanopar-
ticles, a reduction in viscosity at all frequencies is seen.
We find that the number of polymer chains in these
blends are also ~10'% chains/mg and so by this empirical
observation the data suggests that the chain dynamics
are severely affected and the viscosity is decreased at
all frequencies when the number of polymer chains
approximately equals the number of nanoparticles.
The complex viscosity and the storage modulus for
the blends of PS 19.3 kDa and 52 kDa NP as a function
of frequency are shown in Figure 7. It can be seen that
both the viscosity and storage modulus increase at all
frequencies on the addition of the nanoparticles. Also,
the increase in these properties scales with the concen-

tration of the added nanoparticles. The effects observed
here may be due to a density increase (Figure 8a) and
free volume decrease (T increases, Table 3) provided
by the nanoparticles. Interestingly, a zero shear viscos-
ity can be observed for all the blends measured, even
though the pure nanoparticles behave as a gel (as seen
in Figure 5). On comparing the data in Figure 7 with
the data shown in Figure 5 for an entangled polymer,
the importance of chain entanglements in the polymer
is again emphasized.

The molecular mass between chain entanglements,
M., for narrow dispersity polymer melts can be esti-
mated by using the equation!60

M, = pRT/Gy (8)
where p is the bulk density of the material at temper-
ature T and R is the ideal gas constant. The bulk density
values for the various PS 19.3 kDa and PS 393 kDa
blends are shown in Figure 8. It can be seen that the
addition of the nanoparticles may cause a very small
reduction in the bulk density for PS 393 kDa blends,
particularly for the smaller nanoparticles (Figure 8b).
From Table 2, it is observed that the plateau modulus
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Table 3. The Viscosity Ratio, under Terminal Conditions, Glass Transition Temperature, and Degree of Confinement for
the Pure Nanoparticles, Linear Polystyrenes, and Their Blends

viscosity viscosity

nanoparticle blend ratio Ty (°C)  Rg/h nanoparticle blend ratio Ty (°C)  Rg/h

PS 25.3 kDa NP 96.8 PS 75 kDa 1.0 106.3 0
PS 52 kDa NP 107.5 PS 75 kDa + 0.5% 25 kDa NP 0.93 106.2 0.88
PS 135 kDa NP 131.5 PS 75 kDa + 1.0% 25 kDa NP 0.91 106.0 1.19
PS 19.3 kDa 1.0 99.5 0 PS 75 kDa + 5.0% 25 kDa NP 0.91 106.5 2.66
PS 19.3 kDa + 1.0% 25 kDa NP 1.22 101.4 0.60 PSS 75kDa + 10% 25 kDa NP 0.73 106.6 4.16
PS 19.3 kDa + 5.0% 25 kDa NP 1.65 101.4 1.34  PS 75 kDa + 0.5% 52 kDa NP 1.44 105.0 0.69
PS 19.3 kDa + 10% 25 kDa NP 1.73 102.0 2.10 PS75kDa + 1.0% 52 kDa NP 1.59 106.1 0.93
PS 19.3 kDa + 1.0% 52 kDa NP 1.55 101.4 047  PS75kDa + 5.0%52 kDa NP 0.60 104.7 2.10
PS 19.3 kDa + 5.0% 52 kDa NP 1.86 101.3 1.05  PS 75 kDa + 20% 52 kDa NP 0.89 104.0 5.93
PS 19.3 kDa + 10% 52 kDa NP 1.75 100.9 1.65  PS 75 kDa + 0.5% 135 kDa NP 1.19 104.4 0.50
PS 19.3 kDa + 30% 52 kDa NP 3.61 103.4 491 PS75kDa+ 1.0% 135 kDa NP 1.33 106.5 0.68
PS 31.6 kDa 1.0 104.5 0 PS 75 kDa + 5.0% 135 kDa NP 1.05 106.3 1.52

PS 31.6 kDa + 0.5% 25 kDa NP 0.97 103.0 0.61  PS 393 kDa 1.0 106.9 0
PS 31.6 kDa + 1.0% 25 kDa NP 1.03 104.2 0.83  PS 393 kDa + 0.5% 25 kDa NP 0.41 106.1 2.02
PS 31.6 kDa + 5.0% 25 kDa NP 1.08 104.0 1.36  PS 393 kDa + 1.0% 25 kDa NP 0.20 104.1 2.72
PS 31.6 kDa + 1.0% 52 kDa NP 1.03 103.2 0.58  PS 393 kDa + 0.5% 52 kDa NP 0.58 105.9 1.58
PS 31.6 kDa + 2.0% 52 kDa NP 1.05 103.3 0.77  PS 393 kDa +1.0% PS 52 kDa NP 0.50 104.9 2.13
PS 31.6 kDa + 5.0% 52 kDa NP 1.04 103.4 1.73 PS 393 kDa + 8.0% PS 52 kDa NP 0.48 96.7 6.40
PS 393 kDa + 10% 52 kDa NP 0.21 106.2 7.47
PS 393 kDa + 0.5% 135 kDa NP 0.53 103.5 1.15
PS 393 kDa + 1.0% 135 kDa NP 0.58 106.0 1.55
PS 393 kDa + 5.0% 135 kDa NP 0.64 106.6 3.48
PS 393 kDa + 20% 135 kDa NP 0.18 106.0 9.60

is unaffected by the 52 and 135 kDa nanoparticle
addition at lower volume fractions. Hence, for those
samples, the relation in eq 8 implies that M, remains
unaffected by nanoparticle addition. From Figure 4b,
it can be seen that, for the 52 kDa NP at ¢ = 0.08, the
terminal viscosity decreases by about 60% with nano-
particle addition. Thus, even with this large reduction
in viscosity, the polymer entanglements are not affected,
at least in the way entanglements are thought of
traditionally. This is surprising behavior, as the effects
on viscosity produced by nanoparticle addition are
strongly dependent on the presence or absence of
entanglements (Figures 3 and 4).

In parts a and b of Figure 9, the G"(w) data were used
to obtain the continuous relaxation spectrum for PS 393
kDa and its blends with the 52 kDa NP (up to ¢ = 0.1),
as described in the Experimental Section. It can be seen
that the relaxation spectra for pure polystyrene as well
as the blends, have a peak near 1 ~ 30 s indicative of a

I I I I I [ I
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Plateau Regime

H(L) (Pa)
3
[

1 Terminal Regime

10" ™ —e— PS 393 kDa
—A— PS 393 kDa + 0.5% 52 kDa NP
4| ¥ PS 393 kDa + 8.0% 52 kDa NP

107 102 10° 10

A (8)

narrow molecular mass distribution in the polymer
sample.®! It should be noted that the pure nanoparticles
have an infinite terminal relaxation time, suggesting
that the relaxation properties of the nanoparticle—
polymer blend are distinct and not a distribution of the
individual relaxation times of its components. This
observation is in contrast to what is generally observed
for blends of low and high molecular mass polystyrene.5!
In addition, as no separate relaxation times are seen
for the pure nanoparticles, there is no nanoparticle
structure formation within the polymer melt as has been
seen in a few previous nanoparticle—polymer sys-
tems.28.62

For ¢ = 0.1 (Figure 9b), it can be seen that the
relaxation modulus for the blends is reduced, when
compared to the relaxation modulus for the pure poly-
mer, at all relaxation times. This could be attributed to
a dilution effect with the nanoparticles acting as
plasticizers.63-66 However, addition of the nanoparticles

[ I [ I I I I
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Figure 9. Relaxation spectra for pure PS 393 kDa and its blends with 52 kDa NP up to concentrations of 8% (a) and for a
concentration of 10% (b). The Rouse, plateau, and terminal regimes are also shown. It can be seen that the nanoparticles only
affect the terminal regime, by reducing the longest relaxation time, at lower concentrations while at higher concentrations, a

reduction occurs at all relaxation times.
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labeled theory are the values predicted by Batchelor’s relation for this system, ending at the limit of the relation’s applicability

(¢ ~0.1).

at low volume fractions (up to ¢ = 0.08, Figure 9a), quite
unexpectedly, does not significantly affect the Rouse or
the plateau regime of the relaxation spectra. Instead,
nanoparticle addition reduces only the longest relax-
ation times (terminal region) for the polymer chain,
causing a fall in the terminal viscosity. These are the
relaxations caused by the reptation”%” of a polymer
chain in the polymer melt.

There are several mechanisms that may cause this
curious behavior. We hypothesized in our previous
publication that a reduction in viscosity is produced by
an increase in free volume, for a given temperature, due
to a reduction in the glass transition temperature found
in many of the blends discussed here. This is part of
the reason for the viscosity decrease; however, as seen
in Table 3 a clear correlation between glass transition
temperature and viscosity reduction is not apparent
with this expanded data set. Furthermore, there is no
clear glass transition reduction when Ry/h is greater
than one, see Figure 4a, and a viscosity reduction is
evident. Thus, another mechanism must exist to explain
the viscosity reduction and possibly operate in tandem
to the free volume change (see Figure 8b).

We hypothesize that these phenomena are related to
the double reptation®%? or constraint release™ phe-
nomenon introduced by the nanoparticles. In this model,
constraints are released due to movement of surround-
ing molecules constituting the entanglement mesh
(tube?). This has the effect of reducing the relaxation

time, yet, not the modulus, as we observe experimen-
tally.

The physics of the mechanism introduced by the
nanoparticles will certainly depend on the relative
diffusion time scales of the nanoparticle and polymer.
As evident from Figure 9, the pure 393 kDa polymer
relaxation time is of order 10—50 s. Assuming the
nanoparticles follow the SE model one can estimate a
diffusion time, through a distance a, as ~50 s (={a?/
kT, kp is Boltzmann’s constant) which is on the same
order as the polymer relaxation time. One may expect
a viscosity reduction if the nanoparticles diffuse much
more rapidly than the linear polymer so they cannot
contribute to the entanglement mesh. So, the continuum
SE relation may not be valid for nanoparticles diffusing
through the polymer (temporary) network to allow this
hypothesized mechanism. Diffusion of neutraly interact-
ing NPs in entangled melts is certainly worthy of further
study and here we merely (tentatively) hypothesize that
the NPs invoke constraint release noting inconsistencies
of this model with some of the data.

Yet, once there are approximately the same number
of nanoparticles and polymer molecules per unit volume
the viscosity falls at all frequencies. Clearly, under this
condition, the entanglement network or tube of con-
straints has suffered to great extent and the plateau
modulus is seen to decrease. However, this curious
phenomenon occurs in the high frequency Rouse regime
that is not affected at all until this nanoparticle
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concentration. So, once the entanglement network is
severely affected, to reduce the plateau modulus and
viscosity at all frequencies, the Rouse regime is similarly
affected. We find all these observations remarkable and
postulate that what we interpret as independent free
volume and constraint release mechanisms in fact
operate in concert to generate the flow property modi-
fication.

Conclusion

We have shown that addition of polystyrene nano-
particles to linear polystyrene produces peculiar and
unique behavior with a viscosity reduction only when
the polymer molecule is entangled and confined. In fact,
there appears to be critical behavior at the characteristic
molecular mass for entanglements where the viscosity
does not change, within experimental error. Further-
more, when there is approximately one nanoparticle
present for each polymer molecule, an abrupt viscosity
decrease is present at all frequencies.

In our previous study,?® we demonstrated that the
increase in free volume, signaled by a glass transition
temperature decrease, accounted for the viscosity reduc-
tion at a given temperature. Here we have extended the
data set to realize the phenomenon is much more
complicated with a viscosity increase present when the
polymer molecule is not confined then a precipitous drop
occurs upon molecular confinement. Furthermore, the
plateau modulus is not initially affected suggesting no
change in the number of entanglements. We hypothesize
that the nanoparticles induce constraint release affect-
ing the longest relaxation modes thereby producing a
terminal viscosity decrease without reduction in the
plateau modulus. However, as the nanoparticle concen-
tration is increased, until there is approximately one
nanoparticle for every polymer molecule, the viscosity
at all frequencies falls, as does the plateau modulus,
suggesting a drastic change in the entanglement struc-
ture. Yet, the Rouse regime is similarly affected promot-
ing the idea that the single molecule as well as the
entanglement dynamics are similarly changed.

In Figure 1 we showed that when no entanglements
are present then the viscosity can deviate from the
Rouse prediction due to free volume effects, while
reduction of entanglements above the critical molecular
weight can yield a viscosity change. It appears this
explanation where the two regimes are considered
separately may be too simple. Above the critical molec-
ular weight one may have free volume and entangle-
ment changes induced by nano-objects which are not
easily reconciled under existing theoretical consider-
ations. It is clear, however, that this is a nanoscale effect
and larger particle sizes will not produce any of this
behavior.

Appendix

Here we present the viscosity ratio for the blends
given in Figures 3 and 4 as a function of volume fraction
in Figure 10. It is clear there is no scaling with volume
fraction as expected for suspensions.
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