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ABSTRACT: We measure the dynamics of high molecular weight
polystyrene grafted to silica nanoparticles dispersed in semidilute
solutions of linear polymer. Structurally, the linear free chains do not
penetrate the grafted corona but increase the osmotic pressure of the
solution, collapsing the grafted polymer and leading to eventual
aggregation of the grafted particles at high matrix concentrations.
Dynamically, the relaxations of the grafted polymer are controlled by the
solvent viscosity according to the Zimm model on short time scales. On
longer time scales, the grafted chains are confined by neighboring grafted
chains, preventing full relaxation over the experimental time scale. Adding
free linear polymer to the solution does not affect the initial Zimm relaxations of the grafted polymer but does increase the
confinement of the grafted chains. Our results elucidate the physics underlying the slow relaxations of grafted polymer.

■ INTRODUCTION

Polymers grafted to surfaces modify the structure of and
interactions between surfaces to enhance nanoparticle dis-
persion in polymer composites,1 improve biocompatibility for
targeted drug delivery,2 and serve as flexible sensors.3

Controlling these processes requires an understanding of the
dynamics of polymer brushes in and out of equilibrium.4 The
dynamics of grafted polymer depends on grafting density σ and
surface curvature and is distinct from that of free polymer. In
the absence of hydrodynamic interactions, free polymer chains
with N repeat units relax according to the Rouse model with a
relaxation time τ ∼ N2 and a mean-squared displacement that
scales as ⟨Δr2⟩ ∼ tα with α = 1/2.5 When hydrodynamic
interactions dominate, free polymers relax according to the
Zimm model with τ ∼ N3ν and α = 2/3, where ν = 0.588 is the
inverse of the fractal dimension for a polymer in a good
solvent.5 For polymers grafted to a surface, however,
interactions between the particle and polymer or between
neighboring chains cannot be neglected. These physical
constraints cause the relaxation times of grafted polymers to
deviate from standard Zimm and Rouse predictions, scaling as τ
∼ N3.6,7 Additionally, the intrachain relaxations no longer
follow simple exponential decays for polymers grafted to
planar8−12 and spherical4 surfaces suspended in solvent.
The effects of interactions on polymers grafted to surfaces

are expected to become even more pronounced in a crowded
environment, such as in a polymer solution or melt, biological

tissues, or confined porous media. These crowded environ-
ments lead to fascinating structural changes, notably in polymer
nanocomposites13−18 and in solutions of star and linear
polymers.19−23 For composites in which the grafted and matrix
polymer are chemically similar, the dispersion of polymer
grafted nanoparticles is controlled by the entropy of mixing.13

Tuning the grafting density and molecular weight ratio can lead
to a multitude of structural morphologies, including well-
dispersed particles, strings, clusters, and full phase separa-
tion.13,15 Well-dispersed particles require high grafting density
and a large ratio of grafted molecular weight to matrix
molecular weight.15 Strings of particles form at high molecular
weight ratios with low grafting densities, clusters form at low
molecular weight ratios and low grafting densities, and full
phase separation occurs at high grafting densities and low
molecular weight ratios. In contrast to the entropic dewetting of
grafted particles in a polymer melt, the phase behavior of star
polymers in solutions of linear polymers is controlled by the
osmotic pressure of the solution.19,20 When the free polymer
and star polymer are comparably sized, the free chains increase
the osmotic pressure of the solution to compress the star
polymers. These interactions lead to clustering and aggregation
of the star polymers at high matrix concentrations and high free
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chain molecular weights.23 Depletion interactions increase in
strength with increasing size of the linear polymer until the
linear polymer is much larger than the star polymer, at which
point the assumptions underlying the depletion model break
down.24 Conversely, free linear chains that are much smaller
than the star polymers can easily penetrate them, leading to
very weak interactions.21 The effect of these structural changes
on the dynamics of grafted polymer remains poorly understood,
due in part to the difficulty of isolating the dynamics of the
grafted chains over relevant time and length scales.
Here, we investigate the dynamics of polymer grafted on

nanoparticles dispersed in solutions of chemically similar linear
polymer crowders. Similar to mixtures of star and linear
polymers, the linear polymer does not penetrate the grafted
corona of the nanoparticles. Instead, the free chains compress
the grafted layer by increasing the osmotic pressure, leading to
the eventual aggregation of the nanoparticles at high matrix
concentration. Using neutron spin echo spectroscopy and
partial deuterium labeling of the linear chains, we measure the
dynamics of the grafted chains under osmotic compression in
the solutions of linear polymer. At short times, the dynamics of
the grafted polymer chains follow the Zimm model, in which
the solvent viscosity and hydrodynamic interactions control the
polymer relaxations. At long times, however, the grafted
polymer is confined by neighboring chains with a confinement
length that agrees with the grafting density at the particle
surface. When the grafted chains are compressed, the confining
length scale decreases due to an increase in the local effective
grafting density. Our work elucidates the origins of slow
relaxations of grafted brushes via confinement by neighboring
chains and the effect of crowding agents on the structure and
dynamics of the grafted nanoparticles.

■ MATERIALS AND METHODS
“Grafting-To” Procedure. We use a “grafting-to” approach to

covalently graft high molecular weight polystyrene chains onto silica
nanoparticles (Figure 1a).25−27 First, we dissolve 5 g of amine-
terminated polystyrene of weight-averaged molecular weight Mw = 355
kDa (Polymer Source, Inc.,a Mw/Mn = 1.18, where Mn is the number-
averaged molecular weight, radius of gyration in dilute solution Rg,0 ≈
21 nm28) in 600 mL of tetrahydrofuran (THF). After the polymer is
fully dissolved, we add (3-glycidoxypropyl)trimethoxysilane (GPTS,
Gelest, Inc., >97%) in excess and let react overnight under reflux at 65
°C while stirring. The majority of THF is removed using a rotary
evaporator, and the silanized polystyrene is then precipitated by
dropwise addition into excess cold methanol. The silane-functionalized
polymer (GPTS-PS) is dried under vacuum at room temperature
overnight, redissolved in THF, and reprecipitated in methanol to
remove excess GPTS before a final drying under vacuum.
In the second step of the grafting procedure, we dissolve 5 g of

GPTS-PS in 500 mL of 2-butanone. After the polymer is fully
dissolved, we add 5.5 mL of the particle stock solution MEK-ST-L
(Nissan Chemical America, ≈30 wt % silica in 2-butanone, R = 24 nm
with a log-normal polydispersity of 0.28) and let react under reflux at
90 °C overnight. The polymer-grafted nanoparticles (GPTS-PS-SiO2)
are then precipitated into methanol and dried under vacuum
overnight. Any nonfunctionalized silica particles remain stable in
methanol and are removed by repeated cycles of washing with
methanol and decanting. We verify the success of the grafting
procedure using Fourier transform infrared spectroscopy (FTIR) and
determine the grafting density σ = 0.054 ± 0.015 chains/nm2 using
thermal gravimetric analysis (TGA) (Supporting Information). This
grafting density corresponds to ≈400 chains per particle.
Small-Angle Neutron Scattering. We conducted small-angle

neutron scattering (SANS) measurements over a wavevector range
0.001 Å−1 < Q < 0.5 Å−1 at the NG7 beamline at the Center for

Neutron Research, National Institute of Standards and Technology.
The raw SANS data are corrected for detector sensitivity, empty cell
scattering, and blocked beam scattering and normalized to absolute
intensity Itotal(Q) using IgorPro.29 Incoherent scattering intensity
Iincoh(Q) is determined by linear fits to Itotal(Q)Q

4 vs Q4 and subtracted
from the absolute scattering to generate coherent scattering curves
Icoh(Q) = Itotal(Q) − Iincoh(Q).

Small-Angle X-ray Scattering. We conduct small-angle X-ray
scattering (SAXS) measurements 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 (ANL). The solutions are loaded into 1 mm i.d. boron-rich
quartz capillary tubes (Charles-Supper) and sealed with wax to prevent
evaporation. We supplement the low-Q SAXS data collected at ANL
by additional SAXS measurements over a wavevector range 0.007 Å−1

< Q < 0.3 Å−1 on a Rigaku S-MAX3000 beamline at the University of
Houston (UH).

Atomic Force Microscopy. For atomic force microscopy (AFM)
measurements, we coat a thin coating of polymer solution over a
silicon wafer, let the solvent evaporate (evaporation time <5 s), and
store under vacuum overnight. We cannot spin-coat the solutions due
to their high viscosity. AFM images are obtained using a Multimode
atomic force microscope (Nanoscope IV) from Digital Instruments
using a gold-coated silicon nitride tip (TR800PSA, Asylum Research,
spring constant 0.1 N/m, tip radius 20 ± 5 nm). Images were collected
in contact mode in air with a scan rate of 1 Hz and 256 scan lines over
a 2 μm × 2 μm area. To achieve sufficient statistics, we collect 16

Figure 1. (a) Scheme for synthesis of polystyrene-grafted silica
nanoparticles using a “grafting-to” approach. GPTS reacts with NH2-
PS under reflux to form silanized PS. Silanized PS then binds to silica
nanoparticles to form polystyrene-grafted silica nanoparticles. (b)
Coherent neutron scattering intensity Icoh(Q) as a function of
wavevector Q for polymer-grafted nanoparticles dispersed in d5-2-
butanone at ϕ = 0.05 and T = 25 °C. Solid curve represents best fit to
a Lorentzian. Dashed lines indicate region over which NSE
experiments are performed.
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images per sample over a 4 × 4 grid with an offset of 4 μm center-to-
center distance between images (Supporting Information).
Neutron Spin Echo. The polymer-grafted nanoparticles are

suspended in d5-2-butanone with appropriate amounts of linear d3-
PS (MW = 138 and 1114 kDa) and homogenized for 3−4 days. We
suspend polymer-grafted nanoparticles at a volume fraction of ϕ = 0.1
in linear matrix polymer at volume fractions of ϕM = 0.05 and 0.1 and
at ϕ = 0.15 in the presence of linear polymer at ϕM = 0.05. Samples are
labeled by their percent grafted polymer (G), percent free polymer
(F), and the free polymer molecular weight; e.g., 10G 5F 1114 implies
ϕ = 0.1, ϕM = 0.05, and Mw = 1114 kDa linear PS. We measure the
dynamics of the grafted polymer using neutron spin echo (NSE)
spectroscopy on the BL-15 beamline30 at the Spallation Neutron
Source, Oak Ridge National Laboratory (ORNL). The neutron
scattering length densities in 10−6 Å−2 are 3.277, 3.475, and 3.667 for
d3-PS, SiO2, and d5-2-butanone, respectively, and 1.399 for the
protonated grafted PS. Thus, the dominant scattering contrast is
between the grafted hPS and the solvent,31 so that the NSE signal is
dominated by the relaxation of the grafted hPS (Figure 1b). The NSE
data are corrected for incoherent background echoes and instrumental
resolution using graphite foil and reduced manually. To check the
manual reduction, we also collected data on the NSE beamline at the
Center for Neutron Research, National Institute of Standards and
Technology (NIST). The NIST data are reduced using the Dave
software package32 and support the manual reduction of the ORNL
data (Supporting Information). The samples remained stable in the
NSE sample holders with no signs of evaporation over the 2 week
duration of the neutron experiments.

■ RESULTS AND DISCUSSION

Using small-angle neutron scattering (SANS), we measure the
structure of the grafted nanoparticles dispersed in d5-2-
butanone (Figure 1b). Because the solvent contrast matches
the silica core, the scattering is dominated by the grafted
polymer at high Q. On these length scales (QRg,0 > 1), SANS
probes the correlations between the grafted chains similar to a
semidilute solution so that the scattering intensity follows a
Lorentzian as Icoh(Q) = A/(1 + (Qξ)1/ν), where A is a scaling
factor, ξ = 5.3 ± 0.4 nm is the correlation length between

polymer chains, and ν = 0.47 ± 0.03 is the inverse of the
polymer fractal dimension. The upturn at low Q is caused by
larger scale structures and is not discussed further here.
To measure the dispersion of these particles, we use small-

angle X-ray scattering (SAXS) (Figure 2). The X-ray scattering
is dominated by the silica cores. At high Q, we observe the
classical Q−4 scaling for hard spheres. At low Q, however, the
SAXS intensity does not plateau, indicating that the particles
form some structure at long length scales. To capture this
behavior at low Q, we use a fitting form that multiplies the form
factor P(Q) by a shift factor A and the sum of a hard-sphere
structure factor33 SHS(Q) and a mass fractal structure factor
SMF(Q) (eq 1).
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SMF(Q) captures the scattering intensity for aggregates with a
fractal dimension Dm and a correlation length ξMF, whereas
SHS(Q) captures the interparticle scattering within the
aggregate.
Fitting the scattering intensity to eq 1, we quantify the

interparticle distance within an aggregate and the overall size of
the aggregates. The primary peaks at Q* that appear in the
measured S(Q) (Figure 2d−f) indicate that the particles
aggregate with a set interparticle spacing xID = 2π/Q* of
approximately 42.5 nm at all matrix concentrations. This
interparticle distance is comparable to the average diameter
2RNP = 48 nm of the silica cores. For samples without matrix

Figure 2. SAXS scattering intensity I(Q) as a function of wavevector Q for polymer-grafted nanoparticles dispersed in (a) neat solvent and in
semidilute solutions of polystyrene with Mw of (b) 138 kDa and (c) 1114 kDa. (b) Structure factor S(Q) = I(Q)/P(Q) as a function of wavevector Q
for polymer-grafted nanoparticles dispersed in (d) neat solvent and in semidilute solutions of polystyrene with Mw of (e) 138 kDa and (f) 1114 kDa.
Data shifted vertically for clarity. Arrows indicate primary peak in S(Q) at Q*. Solid curves show best fits to eq 1.
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polymer or with low-Mw matrix (Figure 2d,e), there is a second
correlation feature at 0.003 Å−1 < Q < 0.004 Å−1, corresponding
to length scales of 150−210 nm, which disappears when the
particles aggregate in the high-Mw samples (Figure 2f). Because
the polymer-grafted nanoparticles have a hydrodynamic radius
RH,NP of 68 nm (Supporting Information), we attribute this
low-Q feature to the distance between well-dispersed polymer-
grafted nanoparticles. Unlike previous work,35 the low volume
fractions of SiO2 and the polydispersity of the particles used in
this study smear the correlation between well-dispersed grafted
nanoparticles, making direct quantitative measurements of the
size of the polymer-grafted nanoparticles difficult. At low Q, the
mass-fractal contribution indicates that the spheres form finite-
s i z ed agg r e g a t e s w i t h a r ad i u s o f g y r a t i on 3 6

ξ= +R D D( 1)/2g,MF MF
2

m m (Figure 3a). The aggregates
are small with Rg,MF ≈ 50 nm at low concentrations of matrix
polymers and grow in size to ≈100 nm at high matrix
concentration.

To confirm the presence of large aggregates, we conduct
atomic force microscopy (AFM) experiments on thin films of
these composites (Figure 4). The solvent is evaporated quickly
on time scales less than 5 s to preserve the solution structure.
The observed structures qualitatively match those seen in
SAXS. At low matrix concentrations, the aggregates are small,
contain few particles, and are relatively rare (Figure 4a). At high
matrix concentrations, the aggregates are significantly larger,
contain more particles, and are abundant (Figure 4b). This
aggregation process stands in stark contrast to the autophobic
dewetting observed for polymer-grafted nanoparticles dispersed
in melts of linear polymer, in which dispersion is controlled by
the ratio of grafted and matrix molecular weights.15

Instead, aggregation at high matrix concentrations is
reminiscent of the structural change in solutions of star and
linear polymers caused by an increase in the solution osmotic
pressure. For star polymers and other soft colloids,
compression and aggregation in solution are separate
phenomena. Similarly, dewetting and aggregation are distinct
transitions for polymer-grafted particles dispersed in chemically
dissimilar polymer matrices due to competing entropic and
enthalpic interactions.17 At low concentrations, linear polymers
do not penetrate the star polymers but increase the osmotic
pressure to compress the star polymers.19 At higher

concentrations of linear polymer (c > c*), the star polymers
aggregate due to depletion attractions,20−22 which increase in
strength as the size ratio of star to free polymer decreases.23,24

The same physics governing star polymer morphology applies
to dispersions of polymer grafted nanoparticles in linear
polymer solutions. The structural change seen in our system,
i.e., large clusters at high concentrations of high molecular
weight matrix, is qualitatively consistent with the star polymer
phase diagram20 but occurs at higher concentrations of linear
polymer (c ≈ (20−25)cfree* ). The shift in phase boundary may
be caused by the finite-sized core in a polymer-grafted
nanoparticle. Thus, the aggregation of the polymer-grafted
nanoparticles at high matrix concentration indicates that the
linear polymer does not penetrate the grafted corona but
instead compresses the grafted chains and leads to eventual
aggregation, as shown schematically in Figure 4c,d. At low
matrix concentrations and low Mw, the grafted corona is
extended and the particles are well-dispersed. At high matrix
concentrations and high Mw, the grafted corona collapses and
the particles aggregate.
Given the dramatic change in structure, polymer-grafted

nanoparticles dispersed in a semidilute solution of linear
polymer is an ideal system to investigate the dynamics of
grafted polymer as the grafted corona compresses in a complex
fluid. To investigate the dynamics of the grafted polymer, we
measure the dynamic correlation function S(Q,t) using NSE
over a wavevector range 0.04 Å−1 < Q < 0.11 Å−1 (QRg ≫ 1)
and time scales of 0.03 ns < t < 50 ns (Figure 5). Over this
wavevector range, the scattering intensity is dominated by the
grafted polymer (Figure 1b). With RH,NP = 68 nm, the polymer-
grafted nanoparticles are effectively immobile over these time
scales, and thus the center-of-mass diffusion does not
contribute to S(Q,t). Previous work used a breathing mode
analysis37,38 to fit the relaxations of polymer absorbed to an
interface39 or in micelles40 in which the grafting density is high
(σ > 0.15 chains/nm2), and Mw ≈ 10 kDa is low. For lower
grafting densities, the breathing mode analysis is no longer
appropriate and Zimm relaxations dominate.41 Because σ =
0.054 ± 0.015 chains/nm2 and the grafted Mw = 355 kDa is

Figure 3. (a) Interparticle distance xID within aggregates as a function
of polymer concentration. Dashed line indicates xID ≈ 42.5 nm. (b)
Aggregate radius Rg, MF as a function of polymer concentration.
Dashed line indicates approximate boundary between dispersed and
aggregated samples. Symbols same as in Figure 2.

Figure 4. AFM images collected in deflection mode for samples (a)
10G 0F and (b) 15G 5F 1114 show different morphologies. Schematic
of solution structure for (c) low ϕM ≈ 0.05 and (d) high ϕM ≈ 0.1
concentrations of matrix polymer. Dashed circles indicate size of an
individual polymer-grafted nanoparticle.
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high for our polymer-grafted nanoparticles, we expect to
observe Zimm relaxations.
For a free polymer, intrachain relaxations follow the Zimm

model with S(Q,t)/S(Q,0) = exp[−(Γt)0.85],42 where Γ = (kBT/
6πη)Q3. We find good agreement between this model and the
measured relaxations at short times (Figure 5) but observe
significant and systematic deviations at long times for all
samples, indicating that the grafted polymers relax more slowly
than free chains. Previous experiments using dielectric spec-
troscopy on a self-suspending system of polymer-grafted
nanoparticles found the relaxations of the grafted polymer on
time scales greater than 1 ms are orders of magnitude slower
than for free polymer, which the authors attributed to
confinement between chains.43 We incorporate this proposed
confinement into the Zimm model by fitting to a stretched
exponential with a long-time plateau

= − − Γ +S Q t f t f( , ) (1 ) exp[ ( ) ]0.85
(4)

Long-time plateaus are commonly observed when the material
cannot fully relax over the experimental time scale due to
crowding or confinement.44,45 Using this model, we better
capture the decay of S(Q,t) at long times (Figure 5).
The relaxation rates Γ extracted from the confined Zimm fits

scale as Q3, in agreement with the Zimm theory (Figure 6a).
These relaxation rates correspond to the short time dynamics of
the grafted polymer and thus do not exhibit the dynamic
crossover from Zimm relaxations to collective diffusion
observed in semidilute solutions of free polymer.46 From the

relaxation rates, we calculate the effective viscosity acting on the
grafted polymer chain from η = kBTQ

3/6πΓ. On the time and
length scales probed by NSE, the viscosity acting over ξ in
dilute solutions is not a bulk solution viscosity42,47 but related
to the solvent viscosity η0 = 4.05 mPa·s. For the semidilute
solutions measured here, the effective viscosity is predicted to
follow the Einstein−Batchelor expression48,49 η = η0(1 + 2.5ϕ +
6.2ϕ2), in good agreement with the measured viscosity (Figure
6b). The agreement between the Einstein−Batchelor prediction
and the measured viscosities indicate that the short-time
dynamics of the grafted chains are controlled by hydrodynamic
interactions and are similar to the relaxations of free polymer.
On longer time scales, however, the neighboring chains begin

to affect the grafted chain relaxations. The long-time plateaus in
S(Q,t) indicate that the polymer cannot fully relax within the
experimental time scale. Because the dynamic correlation
function is related to displacement via S(Q,t)/S(Q,0) =
exp(−⟨Δr2⟩Q2/6),50 we calculate the length scale L over
which the grafted chains are confined according to f =
exp(−(LQ)2/6) (Figure 7a). We expect the polymer to be
confined over the distance between grafted chains, which is
calculated from the grafting density as πσ= =L 4/ 4.9G nm
at the particle surface. Because of the curvature of the
nanoparticle, the grafting density decreases away from the
particle surface, resulting in L ≈ 9 nm at 25 nm away from the
particle surface. Nevertheless, this estimate of the confinement
length at the particle surface agrees with the measured
confinement length in the absence of linear polymer within
experimental error (Figure 7b). For a free polymer undergoing
Zimm relaxations, the monomer mean-squared displacement is
given by46

π
π
η

⟨Δ ⟩ =
⎛
⎝
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16
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32
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Figure 5. (left) Representative normalized dynamic correlation
functions S(Q,t)/S(Q,0) as a function of time t and (right) Zimm
scaling plots for samples (a, b) 10G 0F, (c, d) 10G 5F 1114, and (e, f)
15G 5F 138 over a wavevector range of 0.42 Å−1 ≤ Q ≤ 0.107 Å−1.
Dashed curves are best fits to an initial Zimm decay at short times.
Solid curves are best fits to eq 4. Data collected at ORNL with a
maximum time of ≈50 ns that depends on Q, neutron wavelength, and
instrumental resolution.

Figure 6. (a) Relaxation rate Γ as a function of wavevector Q for
representative solutions. Solid line shows Q3 scaling. (b) Viscosity η
experienced by grafted chains as a function of total volume fraction ϕ.
The solid line indicates solvent viscosity, and the dashed line is the
Einstein−Batchelor prediction. Symbols same as in Figure 2.
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Using eq 5 and the parameters of our experiments (T = 298 K,
η0 = 0.405 mPa·s, and a maximum measurement time of t ≈ 50
ns), we calculate the expected monomer displacement for a free
chain to be ⟨Δr⟩ ≈ 6.6 nm, greater than the measured
confinement of 4.9 nm in the absence of matrix polymer. At
high matrix concentrations with the maximum measured
viscosity of η ≈ 0.9 mPa·s (Figure 6b), the monomer
displacement of a free chain is expected to be 5 nm, which is
again greater than the measured confinement of 3.8 nm (Figure
7b). This difference between the measured confinement length
and the predicted displacement for a free chain emphasizes the
unique dynamics of grafted polymer. Although such a confining
length scale has been proposed to explain slow relaxations of
grafted polymer,43 it has not been previously measured, to the
best of our knowledge.
The experimentally measured confinement length decreases

with increasing polymer matrix concentration (Figure 7b). To
understand this dependence, we note that the compressed
corona has a higher local concentration of grafted chains. The
higher concentration of grafted chains results in an effective
grafting density σM = ϕMρMNA/Mwa, where a is the specific
particle surface area per solution volume and Mw is the
molecular weight of the grafted chains. By increasing the
effective grafting density, the addition of nonpenetrating matrix
chains leads to a decrease in the confinement length via

π σ σ= +L 4/ ( )G M (solid curve in Figure 7b). Without any
fitting parameters, this prediction agrees well with our
measurements. In contrast, for penetrating chains, we would
expect the effective grafting density to depend on the matrixMw
(dashed curves in Figure 7b), which is not observed for our
data. Thus, the compression of the grafted corona in the
presence of linear free chains leads to an increase in

confinement of the grafted chains, in agreement with the
previously observed structural changes.
The interactions between grafted nanoparticles and free

chains underlying the structural and dynamical changes of the
polymer-grafted nanoparticles are complex, likely dependent on
the size ratio between polymer-grafted nanoparticles and the
free polymer, the polymer grafting density, and the particle
curvature. Our experiments span size ratios of 1.5 < RH,NP/Rg,0
< 5.5, where osmotic pressure strongly affects the structure of
the grafted nanoparticles.20,23,24 The limits for these inter-
actions are likely similar to those for mixtures of star and linear
polymers. For smaller size ratios, the linear polymer becomes
larger than the grafted nanoparticle, and the depletion model
no longer holds.24 For larger size ratios, the free polymer is
much smaller than the grafted particle and would penetrate the
grafted corona, leading to weak interactions.21 Further, the
confined dynamics depend strongly on the grafting density of
the particle. For lower grafting densities, we expect the grafted
polymer to no longer be confined, especially as the predicted
confinement length approaches the radius of gyration of the
grafted polymer. For much higher grafting densities, the grafted
polymer should relax through collective breathing modes.40

Finally, the curvature of the particle affects how the grafted
polymer density varies in the radial direction.51 For relatively
large particles similar to the ones used in this study, the density
profile gradually changes away from the particle surface so that
the confinement length agrees with the surface grafting density.
For smaller particles with larger curvature, the polymer density
profile will be steeper so that the confinement length may
deviate from predictions using the surface grafting density. The
effect of these various parameters on the dynamics of grafted
polymer is incompletely understood and should be the focus of
further study.

■ CONCLUSION
Polymer-grafted nanoparticles are well-dispersed in solutions of
linear polymer at low matrix concentrations but aggregate at
high matrix concentrations due to the compression of the
grafted chains and resulting depletion interactions. The rich
structural behavior of these starlike grafted particles makes this
an ideal system to directly measure the dynamics of grafted
polymer in complex fluids. On short time scales, the grafted
polymer chains relax according to the Zimm model. On longer
time scales, the polymer chains are confined by neighboring
chains. Our work presents direct empirical evidence of a
confinement length scale to explain the previously measured
slow dynamics of grafted polymers. In the presence of free
linear polymer, the grafted polymers compress and become
more confined with a decrease in the confinement length. We
attribute this behavior to an increase in an effective grafting
density.
By directly measuring the confinement of grafted polymer

relaxations, we generate new scientific understanding that will
be significant for a wide variety of applications requiring the
dispersion of polymer-grafted particles in complex media.
Structurally, controlling the phase behavior of grafted particles
in solutions may lead to better solvent processing methods to
create dispersed polymer composites.52,53 Additionally, this
work raises an important question: how the confined dynamics
of the grafted polymer affect the bulk mechanical properties of
composite solutions and melts. Beyond composites, grafted
particles are commonly used in a variety of fields, such as
targeted drug delivery54,55 in which the dynamics of the grafted

Figure 7. (a) Long time plateau f of S(Q,t) as a function of wavevector
Q for representative solutions. Solid curves are fits to confinement
length model. (b) Confinement length L as a function of matrix
volume fraction ϕM. Dashed black line shows prediction in the absence
of linear polymer. Dashed teal and red curves are predictions for fully
penetrating linear polymer at low and high matrix Mw, respectively.
Solid curve is prediction for nonpenetrating matrix. Symbols same as
in Figure 2.
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polymer may affect the release profile of a drug. These particles
are often dispersed in complex media, such as blood or the
cellular cytoplasm,56,57 which contain a distribution of particles
of varying size, surface chemistry, and charge, all of which could
affect the structure and dynamics of the grafted polymer
beyond a simple increase in osmotic pressure. Nevertheless,
relating structural changes (e.g., confinement) to dynamic
signatures (e.g., slow relaxations) will generate insight into how
the local environment affect the performance and efficacy of the
grafted particles.
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