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ABSTRACT: We investigate the structure and dynamics of silica
nanoparticles and polymer chains in semidilute solutions of high
molecular weight polystyrene in 2-butanone to determine the
eﬀect of long-range interparticle interactions on the coupling
between particle and polymer dynamics. Particles at concentrations of 1−10 wt % are well dispersed in the semidilute
polymer solutions and exhibit long-range electrostatic repulsions
between particles. Because the particles are comparably sized to
the radius of gyration of the polymer, the particle dynamics is
predicted to couple to that of the polymer. We verify that the
polymer structure and dynamics are not signiﬁcantly aﬀected by the particles, indicating that the particle−polymer coupling does
not change with increasing particle loading. We ﬁnd that the coupling between the dynamics of comparably sized particles and
polymer results in subdiﬀusive particle dynamics, as expected. Over the interparticle distance, however, the particle dynamics is
hindered and not fully described by the relaxation of the surrounding polymer chains. Instead, the particle dynamics is inversely
related to the structure factor, suggesting that physical particle−polymer coupling on short length scales and interparticle
interactions on long length scales both present energetic barriers to particle motion that lead to subdiﬀusive dynamics and de
Gennes narrowing, respectively.

1. INTRODUCTION
Materials containing both nanoparticles and polymers in solid
and/or liquid states are important both technologically and
scientiﬁcally. When dispersed in a polymer matrix, nanoparticles can substantially improve the electrical,1,2 optical,3,4
and mechanical performance5,6 of nanocomposite materials
compared to neat polymer melts. Additionally, polymer
solutions containing suspended nanoparticles serve as model
systems to understand the complex processes governing
targeted drug delivery through biological tissues7,8 and
transport through porous media.9,10 To predict and control
material and transport properties, the physics governing the
particle dynamics must be well understood. For large particles
diﬀusing in a homogeneous medium, the particle dynamics
follows the generalized Stokes−Einstein equation and the
diﬀusivity D is inversely related to bulk viscosity η.11 When the
particle is comparably sized to heterogeneities in solution,
however, the particle dynamics deviates from predictions based
on bulk solution properties.12,13
Heterogeneities exist in polymer solutions over length scales
comparable to the polymer radius of gyration Rg and
correlation length ξ. When the particle is similarly sized to
these length scales, the assumption that the solution is
© 2016 American Chemical Society

homogeneous fails, and the resulting particle dynamics deviates
strongly from Stokes−Einstein behavior.12 For dilute particle
dispersions in semidilute polymer solutions, a nanoparticle of
size R is transiently trapped by the surrounding polymer mesh.
At short times, the particle dynamics couples to those of the
surrounding polymer, resulting in subdiﬀusive motion.14 At
long times, the polymer mesh fully relaxes and the particle
motion becomes diﬀusive.15−17 The long-time diﬀusivity of the
particle can be quantitatively described by models that
incorporate polymer relaxations over the surface of the
particle.14,18
As the concentration of particles increases, interparticle
interactions lead to structural ordering of the system and hence
may signiﬁcantly change the particle dynamics. For many
materials, including nanocomposites19 and cellular cytoplasm,20
the nanoparticle concentration commonly exceeds 30 vol %,
and the resulting physics is not the same as that in the dilute
particle limit. In concentrated systems, de Gennes ﬁrst showed
that ﬂuctuations are suppressed over the characteristic
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studies on the relationships between structure and dynamics in
composite systems and complex ﬂuids.

structural length scale due to a minimum in the free energy
landscape.21,22 Relaxations out of the free energy minimum are
less favorable than those over other length scales, resulting in
an inverse relationship between diﬀusive dynamics and
structure. Although this “de Gennes narrowing” has been
observed in a variety of non-Newtonian systems, including
dense colloidal suspensions with23 and without24 charge and
colloidal gels,25 it is not known how interparticle interactions
aﬀect particle dynamics when the particles experience a locally
heterogeneous environment. Indeed, the relationship between
structure and dynamics may depend strongly on the physical
interactions with surrounding media, as evidenced by the
absence of de Gennes narrowing in a soft micelle system.26
Measuring the dynamics of nanoparticles in polymer
solutions is experimentally diﬃcult because of the wide range
of relevant length and time scales and the presence of multiple
mobile species. The particle−polymer coupling derives from
relaxations over ξ, whereas the interparticle interactions exist
over the interparticle distance xID ≫ ξ. Additionally, both the
particle and polymer are mobile, requiring independent
measurements of both particle and polymer dynamics.
Common experimental methods such as microscopy and
rheology investigate dynamics over a large range of time and
length scales but are limited to probing only a single
component or the bulk properties of the solution. Although
signiﬁcant advances have been made in understanding the
nanoscale structure and dynamics of complex media using
scattering methods,27,28 the majority of studies focus primarily
on a single component within the system. Extending scattering
techniques to measure both components independently over
the relevant time and length scales requires a model system in
which the scattering contrasts between particle, polymer, and
solvent are tunable and well controlled.
In this study, we use complementary X-ray and neutron
scattering techniques to measure the structure and dynamics of
both charged nanoparticles and polymer chains in semidilute
solutions of high molecular weight polymer. We independently
determine the structure and dynamics of the particles using Xrays and of the polymer using neutrons in the same solutions.
This combination of techniques accesses a wide range of time
and length scales from 1 ns to 100 s and 1 nm to over 100 nm,
respectively, essential to understanding the anomalous
dynamics of nanoparticles in polymer solutions. With longrange repulsive interparticle interactions, the particles are well
dispersed in the presence of the polymer. The polymer
correlation length changes slightly at high polymer concentration because of an increase in excluded volume and the
dynamics of the polymer are unaﬀected by the particles. Using
X-ray photon correlation spectroscopy (XPCS), we ﬁnd the
particle dynamics is subdiﬀusive due to coupling to polymer
relaxations. Using neutron spin-echo spectroscopy (NSE), we
verify the underlying assumption of the coupling model14 that
the polymer dynamics in semidilute solutions are unperturbed
in the presence of nanoparticles. Moreover, the particle
dynamics is suppressed at the structure factor peak due to
the electrostatic repulsion between particles, consistent with the
physics underlying de Gennes narrowing. Together, these
results indicate that the interparticle interactions aﬀect particle
dynamics on long time and length scales even when the particle
dynamics is coupled to those of the polymer on shorter time
and length scales. With interparticle interactions and dynamic
coupling to polymer relaxations, this system enables future

2. MATERIALS AND METHODS
To prepare the particle−polymer solutions, we ﬁrst add appropriate
quantities of polystyrene of weight-averaged molecular weight Mw =
706 kDa (Polymer Source, Inc., Mw/Mn = 1.06) to either fully
protonated 2-butanone (Sigma-Aldrich, ≥99%) or partially deuterated
1,1,1,3,3-d5-2-butanone (Cambridge Isotope Laboratories, ≥98%).a
The intrinsic viscosity of PS in 2-butanone follows [η] = 0.039Mw0.58
and for the 706 kDa PS is calculated to be 93 mL/g.29 We verify this
prediction by measuring the intrinsic viscosity of our polymer in dilute
solutions using a capillary viscometer to be 104 ± 12 mL/g
(Supporting Information, Figure S1), in agreement with predictions.
Using standard relations,30 we calculate the overlap concentration c* =
1/[η] and approximate the radius of gyration31 in dilute solution Rg,0
≈ [Mw/(4/3πNavc*)]1/3 to be 10.7 g/L and 29 nm, respectively.
The polystyrene and 2-butanone solutions homogenize for 3−4
days on a roller, after which time we add the appropriate amount of
silica nanoparticles (Nissan Chemical America, ≈30 wt % silica in 2butanone, R ≈ 25 nm). The silica particles are obtained as stable
dispersions in 2-butanone. For fully protonated solutions, the particles
are used as received. For partially deuterated solutions, the silica
particles are dried overnight in vacuum to remove solvent and then
resuspended in d5-2-butanone and sonicated before mixing with
polystyrene and additional solvent. The polystyrene, particle, and
solvent solutions homogenize on a roller for an additional 2 days
before use.
For neutron scattering experiments, we prepare solutions of
nominal 8c* polystyrene with concentrations of 0, 1, and 10 wt %
silica nanoparticles (volume fraction ϕ = 0, 0.004, and 0.042,
respectively). Sample compositions are detailed in the Supporting
Information, Tables SI and SII. We use both protonated and partially
deuterated 2-butanone solvents to vary the contrast between diﬀerent
constituents in the solution (Figure 1). For neutrons, the scattering

Figure 1. Schematic illustrating the scattering contrasts for silica
particles of radius R dispersed in semidilute polystyrene with
correlation length ξ for (a) neutrons with partially deuterated solvent
and for (b) X-rays.
length densities (SLDs) in 10−6 Å−2 are calculated to be 1.412 for
polystyrene, 3.469 for silica, 0.166 for 2-butanone, and 3.667 for d5-2butanone. Samples prepared with the protonated solvent are loaded
into 1 mm thick titanium cells with quartz windows to prevent
multiple scattering, whereas the samples prepared with the deuterated
solvent are loaded into 2 mm thick cells to increase the scattering
intensity. We collect small-angle neutron scattering (SANS), ultrasmall-angle neutron scattering (USANS), and neutron spin-echo
(NSE) data on the NGB30, BT5, and NSE beamlines, respectively, at
the Center for Neutron Research, National Institute of Standards and
Technology.32,33 The raw SANS and USANS data are corrected for
detector sensitivity, empty cell scattering, and blocked beam scattering
and normalized to absolute intensity using IgorPro.34 The USANS
data are desmeared in IgorPro using the slit geometry of the beamline.
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The SANS and USANS curves are then merged together without any
additional scaling and show excellent agreement in absolute scattering
intensity in their overlapping region (Supporting Information, Figure
S2). Incoherent scattering intensity is determined by linear ﬁts to I(Q)
Q4 vs Q4 and subtracted from the absolute scattering to generate
coherent scattering curves Icoh(Q) = Itotal(Q) − Iincoh(Q) (Supporting
Information, Figure S3). The NSE data are corrected for the
instrumental resolution and for solvent dynamics by collecting echoes
on a charcoal standard and on pure d5-2-butanone, respectively. The
NSE data are reduced using the DAVE software package.35
For X-ray scattering experiments, we prepare solutions of nominal
5.5c*, 8c*, and 12.5c* polystyrene and 1, 3, and 10 wt % silica in 2butanone (ϕ = 0.004, 0.012, and 0.042, respectively). We also run Xray scattering experiments on the same (deuterated) solutions used for
the neutron scattering experiments to ensure the solution structure is
unaﬀected by deuterated solvent. The neutron samples are sealed after
the neutron scattering experiments and stored at 0−4 °C for 6 months
between the two experiments, much longer than any intrinsic time
scale associated with these dispersions, with no aggregation or
sedimentation of the particles. The SLDs for X-rays in 10−6 Å−2 are
calculated to be 9.607 for polystyrene, 18.831 for silica, and 7.603 for
2-butanone and d5-2-butanone. The solutions are loaded into 1 mm
i.d. boron-rich quartz capillary tubes (Charles-Supper) and sealed with
wax to prevent evaporation. We collect X-ray photon correlation
spectroscopy (XPCS) and low-Q small-angle X-ray scattering (SAXS)
data over a wavevector range 0.0019 Å−1 < Q < 0.012 Å−1 at the X-ray
photon correlation spectroscopy beamline 8-ID-I at the Advanced
Photon Source, Argonne National Laboratory. The temperature is
controlled by attaching the samples to a block of copper held at
constant temperature using a Peltier plate. Autocorrelation curves are
collected at ﬁve separate points on the sample and averaged together
with error propagated through the ﬁtting procedure. We collect the
high-Q SAXS data over a wavevector range 0.007 Å−1 < Q < 0.3 Å−1
on a Rigaku S-MAX3000 beamline at the University of Houston. The
SAXS data are corrected for background scattering. Background
scattering is determined in the same fashion as the incoherent neutron
data and removed from the total scattering intensity to produce the
coherent scattering data. All SAXS, SANS, and USANS data are
analyzed using SASView.
Zeta potential of the silica nanoparticles is measured in 2-butanone
using a NanoBrook ZetaPALs (Brookhaven Instruments) analyzer and
repeated ﬁve times to assess experimental error. Particle concentration
is kept constant at volume fraction of 7.5 × 10−5 in all solutions.
Dynamic light scattering (DLS) data are collected with an ALV
goniometer equipped with a He−Ne laser (632.8 nm) and an ALV5000/EPP Multiple tau digital correlator (ALV-GmbH, Langen,
Germany). Intensity correlation functions G2(Q,Δt) are collected at
45°, 60°, 75°, 90°, 105°, and 120° and ﬁt to single-exponential
functions G2(Q,Δt) = A + B exp(−2ΓΔt), where A ≈ 1 relates to the
autocorrelation at long times, B ≈ 1 represents the autocorrelation of
the particles at short times, and Γ is the relaxation rate. The particle
diﬀusivity D is calculated by ﬁtting Γ = DQ2. The hydrodynamic radius
of the particle is then calculated from the Stokes−Einstein equation RH
= kBT/(6πηD), where kB is the Boltzmann constant and η is the
viscosity of the solution as determined from intrinsic viscosity
experiments (Supporting Information).

appearance of a sharp structure factor at relatively low volume
fractions of particles indicates that the particles are charged with
long-range electrostatic repulsion, as seen previously for silica
particles from the same manufacturer in a diﬀerent organic
solvent (dimethylacetamide).36 We ﬁt the SAXS data to I(Q) =
AS(Q)P(Q) where P(Q) represents the spherical form factor37
given by
⎡ sin(QR ) − QR cos(QR ) ⎤2
P(Q ) = ⎢
⎥
⎦
⎣
(QR )3

(1)
38,39

and S(Q) is the structure factor for charged spheres
(Figure
2). A is a scaling factor related to the diﬀerence in SLDs and the

Figure 2. SAXS intensity I(Q) showing the structure of the silica
nanoparticles in (a) pure solvent and in solutions of (b) 5.5c*, (c) 8c*,
and (d) 12.5c* polystyrene with varying concentrations of silica.
Scattering data were collected at Argonne National Lab (closed) and
the University of Houston (open). Data shifted to agree in the
overlapping Q region. Solid curves represent ﬁts to overall intensity.
Dashed curves indicate spherical form factor. Insets: structure factor
S(Q) of the same solutions. Solid curves are ﬁts to the Hayter model
for charged spheres.

volume of scatterers, and R is the nanoparticle radius. We note
that S(Q) depends on the relative permittivity of the solvent ε
= 18.5, particle radius R, salt concentration csalt = 0 g/L,
temperature T = 298 K, volume fraction of particles ϕ, and
charge on the particle surface zm. We refer the interested reader
to the full expression of S(Q) provided in ref 38. The form
factor and structure factor are ﬁt simultaneously for all solutions
using a global R = 24.0 ± 0.1 nm with a log-normal
polydispersity of 0.28 ± 0.02, in close agreement with the
manufacturer’s speciﬁcation.b For the structure factor, we
specify all quantities with the exception of ϕ and zm that are
treated as ﬁtting parameters (Supporting Information Table
SIII).
To assess the dispersion of the nanoparticles, we determine
the center-to-center interparticle distance xID = 2π/Q*.
Assuming ideal dispersion of the particles, we estimate the
interparticle distance as xID ≈ 2R/(ϕ/ϕmax)1/3, where ϕ is the
volume fraction of silica particles and ϕmax = 0.64 represents the
volume fraction of monodisperse hard spheres at random close
packing.19 The measured interparticle distance agrees very

3. RESULTS AND DISCUSSION
3.1. Structure of Particle Dispersion. We use SAXS to
investigate the structure of the silica nanoparticles in solution as
a function of particle and polymer concentration. In X-rays, the
diﬀerence between the SLDs for silica and the solvent is much
greater than the contrast between the polymer and the solvent
and the scattering from the nanoparticles dominates (Figure
1b). For all particle loadings and all polymer concentrations, we
observe a strong Q−4 scaling at high Q, corresponding to the
particle interface, and a clearly deﬁned structure factor at
intermediate Q that exhibits a local maximum at Q*. The
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closely with the estimated interparticle distance for all
polystyrene and silica concentrations (Table 1).

Because of particle aggregation, we do not report dynamics in
solutions with c/c* > 15 in this work. Additionally at low Q, the
SAXS ﬁts consistently underestimate the measured intensity at
high silica concentrations, suggesting that structures may exist
on even larger length scales.
We use small-angle and ultrasmall-angle neutron scattering to
investigate the nanoparticle structure on larger length scales
ranging up to micrometers. In protonated solvent, the
scattering intensity of the silica nanoparticles dominates with
small contributions from the polymer chains at high Q (Figure
4a). The scattering data for the 8c* PS 10% SiO2 solution
closely agrees with that measured using SAXS in the
overlapping Q range, but at lower Q values inaccessible on
the SAXS beamlines, the scattering intensity exhibits a large
upturn indicative of large scale fractal structures. We model the
scattering intensity from SANS and USANS in protonated
solvent as the sum of a Lorentzian term describing the
correlation length between polymer chains and spherical and
mass fractal45 contributions describing the particle structure
according to

Table 1. Estimated and Measured Interparticle Distance xID
for Various Solutions as a Function of Polystyrene and Silica
Loadings
xID from S(Q) [nm ± 5]
silica (wt %)

est xID [nm]

0c* PS

5.5c* PS

8c* PS

12.5c* PS

1
3
10

240
170
110

200
140
85

210
170
120

240a
160
120a

270
N/A
120

a

Solutions of d5-2-butanone were used for neutron scattering
experiments.

The dispersion of the particles is maintained by the
electrostatic repulsions between particles in the organic solvent.
Using the parameters extracted from the SAXS ﬁts, we calculate
the zeta potential ζ = zm exp(−κR)/4πε0ε, where ε0 is
permittivity of a vacuum, κ = (zm2nm/ε0εkBT)1/2 is the inverse
of the Debye length, and nm is the particle number density. We
also directly measure ζ in dilute particle dispersions in the
presence of small amounts of polymer. We are unable to
directly measure the ζ potential at higher particle and polymer
concentrations because of multiple scattering eﬀects and high
solution viscosity, respectively. The measured and calculated ζ
potentials agree within experimental error for all polymer
concentrations (Figure 3); the polystyrene does not screen the

Icoh(Q ) =

A
+ [BSs(Q ) + CSMF(Q )]P(Q )
1 + (Qξ)2
(2)

where P(Q) is the spherical form factor given in eq 1, SMF(Q) is
the mass fractal structure factor given by
SMF(Q ) =

Γ(Dm − 1)ξMF Dm − 1 sin[(Dm − 1) tan−1(QξMF)]
Q
[1 + (QξMF)2 ](Dm − 1)/2
(3)

and Ss(Q) is the structure factor for charged spheres. In these
expressions, A, B, and C are scaling constants relating to the
scattering intensity from polymer chains, individual particles,
and the mass fractal, respectively, ξ is the polymer correlation
length, Dm is the fractal dimension, Γ(x) is the gamma function,
and ξMF is the fractal correlation length that relates to the
overall fractal radius RMF = (Dm(Dm + 1)ξMF2/2)1/2.46
In the range ξMF−1 ≤ Q ≤ R−1, SMF(Q)P(Q) scales as Q−Dm.45
Fixing the particle radius R = 24 nm with a log-normal
polydispersity of 0.28 as measured in SAXS and the polymer
correlation length ξ = 3.9 nm according to the ﬁts on partially
deuterated solvents (section 3.2), we ﬁt the structure and form
factors simultaneously to extract Dm, ξMF, interparticle distance
xID = 2π/Q*, and particle charge zm. The scattering from the
polymer chains dominates when Q > 0.1 Å−1. When 0.005 Å−1
< Q < 0.1 Å−1, the scattering data follow the form and structure
factor for individual particles with an interparticle distance of
124 ± 5 nm, which is in very close agreement with the
measured interparticle distance from SAXS.
At very small wavevectors Q < 0.001 Å−1, the upturn in
scattering intensity indicates that silica nanoparticles arrange in
mass fractals with a fractal dimension Dm = 2.29 ± 0.05, similar
to that seen for reaction-limited aggregates,47 reversible
clusters,48 and composites containing well-dispersed nanoparticles49 and nanorods.50 The agreement between SAXS and
(U)SANS over a 6 month period suggests that the fractal
structures are formed from reversible long-range interactions.
Additionally, the agreement between Q* and estimates for xID
indicates that the majority of the particles are surrounded by
the polymer solution rather than in direct contact with other
particles, even within the fractal clusters. We conclude that
individual particles are well dispersed within the semidilute
polymer solutions with a center-to-center interparticle distance

Figure 3. Zeta potential of silica nanoparticles as a function of polymer
concentration. Open symbols indicate dilute particle dispersions.
Closed symbols calculated from SAXS with same symbols as in Figure
2. Blue, yellow, and red symbols correspond to silica loadings of 1, 3,
and 10 wt %. Dashed line is average of closed symbols. Inset:
hydrodynamic nanoparticle radius RH from DLS measurements as a
function of polymer concentration.

charge between the particles. Additionally, we ﬁnd no
substantial change in the nanoparticle hydrodynamic radius as
a function of polymer concentration (inset to Figure 3),
indicating that the polymer does not adsorb to the surface of
the particles. Thus, the interactions between particles and
polymer are neutral or, more likely, weakly repulsive whereas
the particle−particle interaction is strongly repulsive. Although
the particles are well-dispersed in solution up to 12.5c* PS,
signiﬁcant particle aggregation when c/c* > 15 arises from the
increase in the depletion attraction between the silica particles
from −40kBT to −100kBT for 5.5c* and 16c* solutions,
respectively (Supporting Information, Figures S4 and S5).40−44
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Figure 4. (a) Coherent scattering intensity Icoh(Q) from USANS (○) and SANS (●) showing the structure of silica particles in the 8c* PS 10% SiO2
solution in protonated 2-butanone at 25 °C. Solid curve is overall ﬁtted intensity from eq 2. Dashed curve is the spherical form factor ﬁt. Absence of
a low-Q plateau in the USANS data indicates that ξMF > 1 μm. Inset: overall intensity divided by the spherical form factor. Solid curve is ﬁt to the
Hayter model for charged spheres.38 (b) Coherent SANS scattering intensity Icoh(Q) showing the structure of the polymer in 8c* PS solutions and
various concentrations of silica particles in d5-2-butanone at 25 °C. Solid curves are ﬁts to Lorentz form factors (eq 4). Dashed curve is ﬁt to sum of
Lorentz and spherical form factors (eqs 1 and 4). (c) Schematic of structure for a particle dispersion in a semidilute polymer solution with
interparticle distance xID and fractal correlation length ξMF. Dashed curves encircle fractal centers with radius RMF > 10 μm. Relevant length scales
labeled but not drawn to scale.

xID and form fractal clusters on larger length scales, shown
schematically in Figure 4c. Because the nanoparticles and
polymer are comparably sized (R ∼ Rg,0), the dynamics of the
particles depends on the structure and relaxation modes of the
polymer chains.14,18 Thus, we must ﬁrst characterize the
polymer structure and dynamics in the presence of particles
before analyzing the particle dynamics.
3.2. Structure of Polymer Chains. Switching solvents to
d5-2-butanone increases the contrast between the polymer and
the solvent (SLD diﬀerence Δρ = 2.255 × 10−6 Å−2) and
decreases the contrast between the solvent and particles (Δρ =
0.198 × 10−6 Å−2). The resulting scattering data allow us to
precisely characterize the polymer structure in the presence of
particles (Figure 1a). The coherent scattering data are well ﬁt
by a Lorentz form factor for Gaussian coils in semidilute
solutions
Icoh(Q ) =

volume into the scaling theory, we calculate the concentration
of polymer in the free volume as cfree = c/(1 − ϕex). At a particle
loading of 10 wt %, scaling theory predicts ξ ≈ 3.9 nm using
cfree, which agrees with the value measured from SANS. Thus,
the particles induce slight changes in the polymer correlation
length by introducing excluded volume but do not change the
overall Gaussian conformation of the chains.
3.3. Polymer Dynamics Investigated Using NSE.
Speciﬁc particle−polymer interactions can signiﬁcantly change
the relaxation modes of a polymer chain near a particle
surface.54−58 To assess potential changes in the polymer
dynamics, we conduct NSE experiments on the same d5-2butanone samples used for SANS. We ﬁrst measure the
polymer dynamics in the absence of particles over a wide range
of wavevectors 0.015 Å−1 < Q < 0.1 Å−1, corresponding to 0.65
≤ Qξ ≤ 4.3, and over a wide time range from 0.1 to 150 ns.
The normalized intermediate scattering functions decay
according to a stretched exponential as S(Q,t)/S(Q,0) = A
exp(−(Γt)β), where A ≈ 1 for fully correlated dynamics on
short time scales and β is the stretching exponent. The polymer
dynamics follows the Zimm model with β = 2/3 as predicted
when Qξ ≳ 1.59 In the Zimm model, the relaxation rate Γ
depends only on solvent viscosity η0 and wavevector Q
according to Γ = (kBT/6πη0)Q3 (Figure 5).60 The collapse of
the autocorrelation curves onto a single master curve, albeit
with a viscosity η ≈ 2η0, indicates that the polymer repeat units
are hydrodynamically coupled over the length and time scales
investigated. Over larger distances when Q ≪ ξ−1, we expect
the hydrodynamic coupling to decay so that the polymer moves
as a Rouse chain of hydrodynamic blobs with a size comparable
to ξ.30
To determine the eﬀect of nanoparticles on polymer
dynamics, we measure dynamics as a function of particle
loading. The autocorrelation curves for diﬀerent particle
concentrations obey the same Zimm scaling, as evidenced by
a collapse onto a single curve as a function of (Q3t)2/3 (Figure
6). The polymer dynamics follow the Zimm model in these
solutions because we probe length scales within a correlation
blob Qξ ≳ 1 and short time scales.61 In contrast to the
hydrodynamic coupling between polymer repeat units, the lack
of change in polymer dynamics as a function of particle loading
indicates that the polymer is not hydrodynamically coupled to
the particle over the length and time scales investigated here.

I0
1 + (Qξ)2

(4)

where I0 is the scattering intensity at Q = 0 (Figure 4b). At a
silica loading of 10 wt %, there is some signal from the
nanoparticles at low Q due to imperfect contrast matching; the
full scattering data are then well ﬁt to the sum of Lorentz and
spherical form factors (Supporting Information, Figure S6).
Polymer scaling laws predict that ξ ≈ Rg,0(c/c*)−ν/(3ν−1), where
ν = 0.53 is the inverse of the fractal dimension for polystyrene
in 2-butanone.29,30,51 For the 8c* PS solution in the absence of
particles, we ﬁnd ξ = 4.1 ± 0.1 nm, in good agreement with the
prediction from scaling theory of ξ ≈ 4.3 nm.
To determine the eﬀect of the particles on the polymer
structure, we measure the scattering pattern as a function of
particle loading. For a silica loading of 1 wt %, the measured
correlation length ξ = 4.1 ± 0.1 nm agrees with that measured
in the absence of particles. For a silica loading of 10 wt %,
however, we ﬁnd ξ = 3.9 ± 0.1 nm. Because an entropic penalty
prevents polymer chains from residing near a particle surface,52
we expect a depletion layer with a thickness on the order of ξ to
surround each particle.53 For fully dispersed particles, the total
excluded volume of the system is ϕex = ϕNP[(RNP + ξ)/RNP]3,
where ϕNP is the nanoparticle volume fraction. In a solution of
1 wt % silica, ϕex = 0.008 does not signiﬁcantly alter the
eﬀective polystyrene concentration; for a silica loading of 10
wt %, ϕex = 0.072 becomes signiﬁcant. To incorporate excluded
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3.4. Particle Dynamics Investigated Using XPCS. We
run XPCS experiments on solutions of varying silica and
polymer concentrations to measure the dynamics of interacting
nanoparticles in semidilute polymer solutions. We measure the
intensity autocorrelation curves G2 for the nanoparticles over a
wide range of wavevectors 0.002 Å−1 < Q < 0.011 Å−1
corresponding to 0.45 < QR < 26 and on time scales Δt > 1
ms. We ﬁrst ﬁt the intensity autocorrelation curves G2 using a
double-exponential decay, but we see systematic oscillatory
deviations in the residuals (Supporting Information, Figure S8).
Instead, the curves are well ﬁt by a stretched exponential
according to G2(Q,Δt) = 1 + BG1(Q,Δt)2 + ε, where B is the
Siegert factor that depends on the experimental geometry,
G1(Q,Δt) = exp(−(ΓΔt)β) is the ﬁeld correlation function, β is
a stretching exponent, and ε captures any residual noise. B and
ε depend on the experimental design and geometry and are
thus Q-independent. We ﬁnd that β does not vary signiﬁcantly
with Q for our samples (Supporting Information, Figure S7)
and therefore ﬁt the correlation curves using global values of B,
β, and ε for each solution (Figure 7a).

Figure 5. Normalized dynamic correlation function S(Q,t)/S(Q,0) as a
function of Zimm scaling for polymer dynamics in a solution of 8c*
polystyrene and d5-2-butanone at 25 °C. Solid curve represents a
single-exponential ﬁt with a viscosity η = 2η0. Inset: individual
correlation curves as a function of lag time t. Curves are ﬁts to a
stretched exponential with β = 2/3.

Figure 6. Normalized dynamic correlation function S(Q,t)/S(Q,0) as a
function of Zimm scaling for polymer dynamics in nominal 8c* PS
solutions of varying silica concentration in d5-2-butanone at 25 °C.
Solid curve is single-exponential ﬁt with η = 2η0. Only data for Q =
0.025, 0.051, and 0.079 Å−1 are shown for clarity.

Physically, there may be two possible explanations for the lack
of a measurable change in the polymer dynamics. First, because
hydrodynamic interactions are screened over ξ in semidilute
solutions, only a fraction of polymer (≲10%) may be
hydrodynamically aﬀected by the particle. Second, internal
polymer relaxations are only modestly aﬀected by the particle
surface when the particle−polymer interactions are neutral or
weakly repulsive,62,63 as investigated here. By contrast, for
systems with highly attractive particle−polymer interactions,
small particle loadings signiﬁcantly change the polymer
dynamics.57 Thus, the lack of a measurable change in the
polymer dynamics suggests that the polymer is not aﬀected by
the particles. Because the relaxation time of the polymer at ﬁxed
Q does not vary across particle concentration, the subdiﬀusive
particle dynamics caused by coupling to the polymer is
expected to remain constant with increasing particle concentration.

Figure 7. (a) Representative intensity autocorrelation functions G2 for
particle dynamics as a function of lag time Δt at various wavevectors Q
for the 8c* PS 3% SiO2 solution. Solid curves are stretched exponential
ﬁts with β = 0.60. (b) Relaxation rate Γ of particle dynamics as a
function of wavevector Q for solutions of nominal 5.5c* (○), 8c* (△),
and 12.5c* (▽) polystyrene and silica concentrations of 1 (blue), 3
(yellow), and 10 wt % (red). Open symbols represent the solutions
used in neutron scattering experiments. Solid and dashed lines indicate
Q3 and Q2 scaling, respectively. Arrows indicate deviations from Q3
scaling for the 5.5c* PS solutions.
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From the stretched exponential ﬁts, we extract the
corresponding relaxation rate Γ as a function of Q (Figure
7b). The relaxation rates steadily decrease with increasing
polymer concentration as expected because the additional
polymer leads to a higher bulk viscosity. With increasing silica
concentration, however, the relaxation rates do not vary
monotonically or consistently across polymer concentrations
and the variations are much smaller than the change in
dynamics with increasing polymer concentration. We expect
the particle dynamics to be similar across diﬀerent silica
concentrations because the particles remain well dispersed, the
polymer coils remain Gaussian, and the polymer dynamics does
not change with silica concentration. The similar dynamics in
solutions of similar polymer concentrations indicate that the
individual particles indeed experience the same local environment regardless of silica concentration.
At all polymer and silica concentrations, we notice an
unexpected scaling of the relaxation rates with Q. We ﬁnd Γ ∼
Q3 rather than the classical scaling Γ ∼ Q2 for diﬀusive motion
(Figure 7b). For colloidal motion through a polymer solution
in which ξ < R, particle motion is coupled to the dynamics of
the polymer; this coupling leads to subdiﬀusion on short time
scales, so that the mean-squared displacement of the particle
⟨Δr2⟩ ∼ Δtβ with β ≤ 1.14,18,64 Physically, the intermediate
scattering function relates to the particle displacement through
G1(Q,Δt) = exp(−⟨Δr2⟩Q2/6). Substitution of subdiﬀusive
dynamics gives G1(Q,Δt) ≈ exp(−(Q2/βΔt)β). Thus, the
stretched exponential decays indicate subdiﬀusive particle
dynamics only if Γ∼ Q2/β, as suggested in ref 65. Indeed, we
measure β ≈ 2/3 and Γ ∼ Q3 (Table 2 and Figure 7b) and
verify that the Q-scaling and β are independent of each other
(Figure S9).

The coupling between particle and polymer dynamics derives
from relaxations over ξ, but over the interparticle distance there
are signiﬁcant deviations from the overall Q3 scaling (arrows in
Figure 7b). For example, the dynamics is suppressed in the
5.5c* PS 10% SiO2 sample around Q = 0.0055 Å−1, near the
local maximum in S(Q). This suppression is reminiscent of de
Gennes narrowing seen in hard colloidal23,67−70 and multiarm
polymer71,72 systems. In colloidal dispersions, the dynamics and
structure are inversely related through D(Q) = D0H(Q)/S(Q),
where H(Q) represents hydrodynamic eﬀects and D0 is the
diﬀusivity of the particle in the absence of hydrodynamics and
structure. Although hydrodynamics is screened over ξ in
polymer solutions59 so that H(Qξ < 1) = 1, the sharp peaks in
S(Q) (Figure 2) suggest that structural eﬀects are important. In
our system, however, a diﬀusion constant is not well-deﬁned
because the particles move subdiﬀusively on all accessible time
scales. Instead, we deﬁne an analogous kinetic parameter K that
satisﬁes Γ = KQ3. Over long length scales, the particle dynamics
should be coupled to the particle structure according to the de
Gennes narrowing predictions. Therefore, we compare the
normalized kinetic parameter K0/K(Q) as a function of Q to
the S(Q) ﬁts for each solution (Figure 8). K0 represents the
particle dynamics in the absence of structural relaxations and is
determined from the relaxation rate when S(Q) is ﬁrst equal to
1 after the structural peak.
In the absence of any ﬁtting parameters, the peak position
and shape of K0/K(Q) are captured by S(Q) for all polymer
and particle loadings that exhibit stretched exponential
relaxations with β ≈ 2/3. The close agreement between
structure and dynamics indicates that the particle dynamics
depends strongly on interparticle interactions despite the
coupling to polymer dynamics over short time and length
scales. Although the polymer mesh presents an energy barrier
to particle motion that leads to the coupling between particle
and polymer dynamics,14 the particles cannot be entirely
trapped by the correlation mesh or the particles would no
longer interact over longer length scales. For example, the de
Gennes narrowing of particle dynamics disappears in glassy
ﬂuids as the liquid approaches the glass transition temperature
Tg73 because of eﬀectively inﬁnite energy barriers between
particles in diﬀerent cooperatively rearranging regions.74,75 By
contrast, the polymer correlation mesh in semidilute solutions
must introduce only a ﬁnite energy barrier to particle motion,
with the interparticle interactions providing an additional
energy barrier.
Our independent measurements of the dynamics of both
particles and polymer demonstrate the coupling between the
two components, even though the experimental methods access
widely separated length and time scales. Speciﬁcally, XPCS
investigates length scales 1 order of magnitude larger than and
time scales 4 orders of magnitude longer than those probed by
NSE. Given these diﬀerences in length and time scales, the
subdiﬀusive dynamics that we measure for polymer relaxations
is not physically the same as that measured for the particles.
Bridging these time and length scales, while experimentally
challenging, will shed light onto the physical origins of the
coupling and hence relate the local movements of particles to
the mobility of polymer chains.

Table 2. Stretching Exponent β from Stretched Exponential
Fits to XPCS Data for Solutions of Various Silica and
Polystyrene Concentrations
stretching exponent β ± 0.02
silica (wt %)

5.5c* PS

8c* PS

12.5c* PS

1
3
10

0.56
0.56
0.59

0.62a
0.60
0.56a

0.71
0.66

a

Solutions of d5-2-butanone were used for neutron scattering
experiments.

Although our data are consistent with subdiﬀusive particle
dynamics, the stretching exponent is larger than the
theoretically predicted14 and experimentally measured65
exponent β = 0.5 for particle motion in concentrated polymer
solutions when R > ξ. Whereas the previous experimental
work65 used particles that were larger than the tube diameter,
here we investigate particle dynamics in less concentrated
solutions in which the tube diameter ranges from 35 nm at
12.5c* PS to 75 nm at 5.5c* using a(ϕ) = a(1)ϕ−0.76 in a good
solvent, where a(1) ≈ 8 nm is the tube diameter in a
polystyrene melt.30,66 Thus, the tube diameter is comparable to
or larger than the particle radius in all of our solutions, and we
do not see entanglement-controlled behavior. Instead, our
stretching exponents β ≈ 2/3 agree well with our previous work
measuring particle displacements in semidilute, unentangled
solutions when R/Rg,0 ≈ 1.18

4. CONCLUSION
We study the dynamics of nanoparticles in semidilute solutions
in which the particle and polymer are comparably sized and in
which interparticle interactions are present. We tune the
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Figure 8. Normalized dynamic factor K0/K(Q) for silica dynamics as a function of wavevector Q for solutions of nominal (a) 5.5c* (○), (b) 8c*
(△), and (c) 12.5c* (▽) polystyrene concentrations for diﬀerent silica concentrations and (d) 10 wt % silica for various polymer concentrations.
Solid lines represent structure factor S(Q) of corresponding solution. Data and structure factors shifted vertically by unit increments for clarity with
actual high Q plateaus at S(Q) = 1. Open symbols represent samples used in neutron scattering. Deviation in the 12.5c* PS 1% SiO2 solution arises
because β > 2/3 for this sample so that Q2/β ≠ Q3.

scattering contrast within the solutions to measure the structure
and dynamics of the polymer chains with neutrons and those of
the particles with X-rays. In the presence of polystyrene, the
silica nanoparticles remain stable and well dispersed. Structurally, the polymer coils adopt a Gaussian conﬁguration with a
correlation length that decreases slightly with increasing particle
loading due to the increase in excluded volume. The polymer
dynamics agrees with the Zimm model regardless of particle
concentration, indicating that the particle−polymer coupling is
unchanged at higher particle loadings. The nanoparticle
dynamics is subdiﬀusive in the polymer solutions and exhibits
de Gennes narrowing at the particle structure factor peak. Our
results suggest that particle dynamics cannot be fully described
through coupling to the relaxations of the semidilute polymer
mesh on short length scales but must also include contributions
from the interparticle interactions over longer distances.
This model system is a potential framework from which to
investigate a variety of parameters that aﬀect the structure and
dynamics in complex ﬂuids and nanocomposite materials. For
example, chemical and electrostatic interactions between the
particle and polymer can be controlled by chemically modifying
the particle surface, functionalizing the polymer, or changing
the salt concentration. Physical interactions can be added by
grafting onto the particle surface polymer that is either
chemically similar76 or dissimilar77 to the free polymer. The
ability to selectively characterize the dynamics and structure of
speciﬁc components in a multicomponent system will lead to
signiﬁcantly improved control over the properties of new
composite materials and the transport properties of particles
through complex environments, such as biological tissue78 or
porous media.79,80
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(67) Segrè, P. N.; Behrend, O. P.; Pusey, P. N. Short-time Brownian
motion in colloidal suspensions: Experiment and simulation. Phys. Rev.
E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top. 1995, 52, 5070−
5083.
6577

DOI: 10.1021/acs.macromol.6b01277
Macromolecules 2016, 49, 6568−6577

