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ABSTRACT: Polymer films provide a versatile platform in which complex
functional relief patterns can be thermally imprinted with a resolution down to
few nanometers. However, a practical limitation of this method is the tendency
for the imprinted patterns to relax (“slump”), leading to loss of pattern fidelity
over time. While increasing temperature above glass transition temperature
(Tg) accelerates the slumping kinetics of neat films, we find that the addition of
polymer-grafted nanoparticles (PGNP) can greatly enhance the thermal
stability of these patterns. Specifically, increasing the concentration of
poly(methyl methacrylate) (PMMA) grafted titanium dioxide (TiO2) nanoparticles in the composite films slows down film
relaxation dynamics, leading to enhanced pattern stability for the temperature range that we investigated. Interestingly, slumping
relaxation time is found to obey an entropy−enthalpy compensation (EEC) relationship with varying PGNP concentration,
similar to recently observed relaxation of strain-induced wrinkling in glassy polymer films having variable film thickness. The
compensation temperature, Tcomp was found to be in the vicintity of the bulk Tg of PMMA. Our results suggest a common origin
of EEC relaxation in patterned polymer thin films and nanocomposites.
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Controlling the stability of relief patterns in polymer thin
films presents an important problem from both

fundamental and applications standpoint. Surface patterns are
utilized in various applications such as lithography,1 nano-
devices,2 optical diffusers,3 and biosensors4 where a decay in
the stability of these structures can render them unusable. The
stability of imprinted nanostructures in homopolymer films has
been extensively studied, using both ex situ5−7 and in situ8−11

techniques. For low molecular mass unentangled polymer
films, the decay of imprinted nanostructures, termed
“slumping”, is governed by Laplace pressure induced viscous
flow6,7 so that residual stress effects arising in nanoimprinted
high molecular mass films are not a complication.6,9,10 For
unentangled polymer films, the rate of slumping is governed by
the film viscosity6−8,10 and hence measurements of slumping
rate for films both with and without polymer brush grafted
nanoparticles (PGNPs) should allow for direct estimates of
how the PGNP influence the relaxation time and viscosity of
polymer films near the glass transition temperature, Tg.
Previous work has shown that molecular additives can

effectively stabilize nanoimprinted patterns,12 and it is natural
to investigate whether PGNPs can serve this purpose given the
significant influence nanoparticles have on the properties of

nanocomposite materials.13 Polymer nanocomposites offer vast
possibilities for creating new functional materials through the
control of the size and organization of the PGNP within the
polymer matrix,14 enabling the tuning of the flow properties,15

glass transition,16 relaxation dynamics,17 supression of
dewetting,18 and effective mechanical strength19 for the
resultant nanocomposite material. Previous studies demonstra-
ted that addition of PGNP to a polymer matrix can
significantly affect the glass transition of the nanocomposite16

and also revealed a tendency of imprinting to influence the
distribution of the PGNPs under strong confinement
conditions.20 Relaxation behavior of PGNP nanocomposite
system essentially depends on the grafted chain-matrix chain
interactions, grafting density, and size of the PGNP. The effect
of PGNPs in imparting structural stability is essentially
unexplored.
We investigate the slumping effect in imprinted poly(methyl

methacrylate) (PMMA) (Mn = 3.1 kg/mol, where Mn is the
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number-average molecular mass) thin films containing PMMA
(Mn = 15 kg/mol) grafted titania (TiO2 PGNP). TiO2 PGNP
had an average diameter of 29.9 (±6.6) nm after grafting with
chain density ≈0.907 chains/nm2. The grafted PMMA chains
in this study have a molecular mass that is higher than the
matrix molecular mass, corresponding to the so-called “wet
brush” regime21 where the grafted chains are expected to be
swollen by the polymer matrix chains. Addition of PGNP
significantly improved the thermal stability above Tg and these
additives act as stabilizing agents for the patterned nanostruc-
tures. As the PGNP loading is increased, the patterned
nanostructure exhibited a longer relaxation time, indicative of
an enhanced pattern stability. The dynamics of the slumping
process appear to be similar in nature to recent measurements
and simulations of the relaxation of wrinkling patterns in
ultrathin glassy polymer films,22 and we indeed find common
trends in the relaxation of these films. We apply a similar
theoretical framework to quantify the slumping dynamics of
our imprinted PGNP nanocomposite polymer films. Notably,
the stabilization of the imprinted nanostructures relates to the
slowing down of film relaxation dynamics, where we find an
entropy−enthalpy compensation effect in the thermally
activated free energy parameters governing the “slumping” of
the nanoimprinted patterns as the common feature for
wrinkled films in general.
Parallel line and space patterns with height 135 (±2.5) nm

and width 353 (±0.5) nm used in our study were generated by
using a prepatterned PDMS elastomer to imprint PMMA thin
films containing varying concentrations of TiO2 PGNP by
mass relative to the PMMA matrix. Samples after imprinting
(PDMS peeled off) had a residual layer thickness of 34 (±5)
nm underneath the pattern. The topography of imprinted
samples was characterized in terms of pattern height (H) using
ex situ atomic force microscopy (AFM) after the samples were
subjected to different annealing temperatures (T) and
exposure times (t) above the ellipsometry-estimated bulk Tg
value of the PMMA matrix, Tg,bulk ≈ 97.24 (±0.23) °C
(Supporting Information, Figure S1a−h). The AFM images of
Figure 1a show a comparison between pattern decay of the
pure PMMA film, compared to the significantly better
preserved pattern height in PMMA film with 30% TiO2
PGNP after annealing both the films at 115 °C for 90 min.
Notably, the nanocomposite film showed a 94% higher pattern
height retention compared to the pure PMMA film. This
PGNP stabilization effect was quantified by determining
pattern line profiles (from the AFM images) for imprinted
pure PMMA film versus the 30% (by mass) TiO2 PGNP
nanocomposite film, as shown in Figure 1b, for various
annealing times and temperatures.
The normalized pattern height, H(t, T) /Ho, decay curves

are shown in Figure 2a−e. While increasing temperature (T)
from 110 °C to 130 °C increases pattern height decay rate
significantly, increasing PGNP concentration from 5% to 30%
by relative mass (with respect to the PMMA matrix) slows
down the pattern relaxation rate substantially. Increasing the
PGNP concentration increases the relaxation time governing
the pattern decay, analyzed in terms of the normalized pattern
height decay, for example, for the film in Figure 1b and
corresponding Figure 2b, annealed for 60 min at 115 °C
containing 30% PGNP by mass, H/Ho ≈ 0.71, whereas in the
case of neat PMMA film it is only ≈0.04, indicating a 94%
higher pattern height retention in the PGNP nanocomposite
film. In general, the kinetic decay curves in Figure 2a−e shows

that for higher PGNP concentrations there is a significant
stabilization of the nanoimprinted pattern in comparison to the
pure polymer matrix. The decay curves illustrate a non-
exponential relaxation behavior and were fitted to a generalized
exponential function.23 Specifically, the normalized pattern
height is fit to the following relation,

H
H

texp ( / )
o

τ≈ [− ]β

(1)

where τ is the pattern relaxation time and β quantifies the
degree of non-exponentiality of this relaxation process. There
has been much theoretical speculation about β, and we briefly
discuss the observed trends for β found in the present
slumping study.
In Figure 2f, we observe that β converges to 1 as T increases

for a given PGNP concentration. For example, pure PMMA
annealed at 110 °C exhibits β ≈ 0.85, whereas the addition of
30% TiO2 PGNP increases β to a value near 1.5 but both
converge to 1 as T increases. It has been previously observed
that the relaxation behavior for a polymer nanocomposite
exhibits an enhanced rate of relaxation in which β > 1,24,25 a
relaxation behavior that is not normally observed in glass-
forming polymer materials. Recent simulations have shown

Figure 1. (a) Atomic force microscopy (AFM) images showing the
effect of adding TiO2 PGNP to a PMMA film, after annealing at 115
°C for 90 min where the nanocomposite film displays a 94% higher
pattern height retention. TiO2 PGNP concentration in the nano-
composite film was 30% by mass relative to the PMMA matrix. (b)
AFM line profiles comparing the imprinted 0% (pure) and 30% (by
mass) TiO2 PGNP containing PMMA film at 110 °C, 115 °C, 120
°C, and 125 °C for time interval t = 60 min and t = 120 min. The
graph at the top depicts the line profiles at t = 0 min.
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that nanoparticle clustering in fluids gives rise to this type of
“stretched Gaussian” or “compressed exponential” relaxation
for large scale structural relaxation as an equilibrium relaxation
phenomenon. Chremos and Douglas24 interpret this phenom-
enon as arising from the formation of particle clusters and
associated local elastic constant fluctuations that drive-
correlated motion in the fluid in a manner similar to a
material with residual stresses.
We directly observe limited PGNP clustering in our system

(Supporting Information, Figure S2) under conditions where β
> 1 so that this mechanism seems to offer plausible
rationalization of our observations. The limited clustering at
low temperature is potentially a result of initial nonequilibrium
mold-filling conditions in conjunction with some inhomoge-
neity of polymer brush grafting density on the nanoparticles.
Previous measurements of relaxation in bulk nanocomposite
materials have evidenced this type of “anomalous” relaxation.26

We have verified this interpretation by examining the slumping
dynamics of another PGNP additive, PMMA-grafted silica NP
(SiO2 PGNP) to the same polymer material where no overt
clustering arises in the cast nanoparticle filled films, either
before or after annealing (Supporting Information, Figure
S3a−h). SiO2 PGNP (Mn of the grafted chains ≈19.4 kg/mol)
had an average diameter of 7.7 (±2) nm after grafting with an
areal density of ≈0.65 chains/nm2. These well-dispersed

systems do not show “stretched Gaussian relaxation” at low
temperature, that is, no regime in which β > 1, consistent with
our hypothesis that this phenomenon is associated with PGNP
clustering.
Segmental relaxation is normally highly non-Arrhenius in

glass-forming polymer liquids above their Tg but temperature
dependence is often observed to obey an Arrhenius-type
temperature dependence27−30 allowing for the determination
of the activation free energy associated with the relaxation
process. The T dependence of the viscosity of polymer liquids
tends to be significantly weaker and more Arrhenius-like
(“stronger” in the jargon of glass physics),31 so that an
Arrhenius approximation often provides an adequate practical
description of polymer viscosity data, at least over a limited
temperature range above Tg. This situation appears to apply to
nanocomposite pattern slumping data shown in Figure 3 where
we plot the relaxation time τ obtained from Figure 2a−e as a
function of 1/T for different PGNP loadings

E RTexp( / )0 aτ τ= (2)

We obtain a reasonably good linear fit (R2 ≈ 0.99 for all
PGNP conc.) as shown in Figure 3a demonstrating an
approximately Arrhenius-type behavior for the pattern
relaxation time, as anticipated. The slopes of the curves
determine the activation free energy of the relaxation process,
which is calculated to be 362 (±10.9) and 266 (±8.54) kJ/mol
for slumping in the pure and nanocomposite 30% TiO2 PGNP
filled thin films, where the uncertainty denotes the standard
error calculated for the fitted parameter.
We also see from Figure 3b the convergence of the

extrapolated relaxation times of both pure and nanocomposite
PMMA films near T ≈ 92 (±5) °C, a temperature essentially
coinciding with Tg,bulk ≈ 97.24 (±0.23) °C as measured by
ellipsometry (Supporting Information, Figure S1h). Our
estimate of uncertainty in the intersection point is obtained
graphically by fitting each set of data in Figure 3b to maximum
range of compatible slopes, leading to an intersection point
range of ±0.4 K−1, corresponding to temperature uncertainty
of ±5 °C. At this “compensation” or “isokinetic” temperature,
the pattern slumping relaxation time is nearly independent of
the PGNP concentration. This characteristic temperature is
conventionally called the entropy−enthalpy compensation
(EEC) temperature, Tcomp, where the nanocomposite
relaxation is “ideal” in the sense that it is like a material
containing no PGNP. A similar behavior has been shown
previously in materials with molecular additives,32,33 rather

Figure 2. Relaxation dynamics of pattern height for nanoimprinted
PMMA thin films containing TiO2 PGNP (30%, purple diamond;
20%, blue downward arrow; 10%, green upward arrow; 5%, red circle;
0%, black square by mass relative to the PMMA matrix) subjected to
slumping measurements at (a) 110 °C, (b) 115 °C, (c) 120 °C, (d)
125 °C, and (e) 130 °C. Solid lines denote fits of eq 1 to the data.
The error bars represent one standard deviation of the data, which is
taken as the experimental uncertainty of the measurement. (f)
Variation of the non-exponential relaxation exponent, β from the
slumping relaxation curves as a function of T and different
concentrations of TiO2 PGNP within PMMA matrix.

Figure 3. (a) Arrhenius plots for the temperature dependence of the
relaxation time (τ). Solid lines show linear Arrhenius fits (eq 2) to the
data. (b) Extrapolation of the linear fits leads to a point of
convergence, near Tcomp ≈ 92 (±5) °C, a T equal to within
experimental uncertainty to Tg,bulk ≈ 97.24 (±0.23) °C (see
Supporting Information, Figure S1h).
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than PGNP additives. EEC is encountered in the dynamics of
many condensed materials34 and corresponds to a linear
dependence between the Arrhenius prefactor, ln(τ0), which
scales linearly with the entropy of activation, and the activation
enthalpy, Ea. Figure 4a shows that ln(τ0) and Ea indeed

correlate linearly with each other. Figure 4a-i, a-ii (insets)
demonstrate the effect of increasing PGNP concentration
which lead to an increase in the entropy of activation, ln(τ0)
whereas activation enthalpy, Ea of the process goes down. We
see that the increase in entropy of activation of the relaxation
process dominates the resultant relaxation behavior of the
nanocomposite. In particular, the compensation of the
activation enthalpy, Ea with the entropy of activation leads to
the observed increase in the relaxation time constant with
concentration. Recently, EEC was observed in relaxation
dynamics of wrinkled ultrathin polymer films where the
activation parameters for the relaxation process were linearly
correlated and Tcomp was found to be about 5 °C below Tg of
the bulk material.22 These observations, and those of the
present paper, point toward a common relaxation dynamics
origin of the EEC behavior in patterned polymer thin film and
nanocomposite systems. We also observe EEC behavior in
Figure 4b for the other PGNP additive system (SiO2 PGNP)
where the particles were well dispersed. Figure 4b clearly
indicates the convergence of the extrapolated relaxation times
of both pure and nanocomposite SiO2 PGNP films near the
compensation temperature, Tcomp ≈ 95 (±3) °C, a temper-
ature again close to Tg,bulk ≈ 97.24 (±0.23) °C; see Supporting
Information, Figure S1h. Figure 4b (inset graph) shows the
linear correlation between ln(τ0) and Ea, explicitly indicating
the presence of EEC in the well-dispersed SiO2 PGNP system
as well. Increase in the SiO2 PGNP concentration lead to an
increase in the entropy of activation, ln(τ0) and a decrease in
activation enthalpy, Ea (Supporting Information S3k). EEC
observed in the relaxation dynamics of imprinted nano-
composite films seems to be independent of the dispersion
of the PGNP and it is robustly observed for both the systems
investigated, clustered (TiO2 PGNP) and well-dispersed (SiO2
PGNP).

The observation of EEC effect is often seen in the relaxation
of glass-forming materials.35 For example, upon adding glycerol
to trehalose, the activation energy and activation entropy (log
of the relaxation time prefactor of the Johari−Goldstein beta
relaxation) both vary in a linear fashion with the concentration
of glycerol.36 EEC is widely observed in the preservation of
proteins37 as the preservation matrix is varied in the
hypothermic injury of proteins, cells and tissue,38 in food
preservation32 and relaxation processes in seeds relevant to
desiccation tolerance,39 biofouling of crude oils40 and Douglas
and co-workers33,36,37 discuss other applications of EEC to
polymeric materials. In a particularly relevant application to the
present work, Delcambre et al.41 have employed a molecular
additive to stabilize lithographically etched patterns in thin
polymer films and such additives have also been utilized to
make polymer films abrasion resistant.42

The change in the rate of pattern slumping is quite unlike
what one would expect from the changes in the viscosity upon
addition of spherical particles to a simple fluid. In particular,
Einstein predicted43 that the shear viscosity of a dilute
suspension of spherical particles should increase linearly with
particle volume fraction with a temperature independent slope
of 2.5. Because the slumping rate should be proportional to the
suspension viscosity, the ratio of the slumping rate with the
PGNP [τ(ϕv)] to the slumping rate without the PGNP τ(ϕv =
0)] can be directly compared with Einstein’s prediction. In
Figure 5, we see that τ(ϕv)/τ(ϕv = 0) is indeed nearly linear as

one would expect from suspension hydrodynamics but the
slope depends strongly on temperature. The inset to Figure 5
shows the T dependence of this slope where the intercept is
close to 105 °C, which is somewhat higher than our estimate of
Tcomp from the data in Figure 3b, a deviation that we attribute
to the nonlinearity of the data in Figure 5. An appreciable
deviation from a linear concentration dependence can be
expected even in the viscosity of hard sphere suspensions for
volume fractions ϕv greater than 0.01 to 0.0244 so our

Figure 4. (a) Entropy−enthalpy compensation (EEC) plot for TiO2
PGNP system (black top-filled circle, R2 ≈ 0.99) from nanoimprinted
film slumping relaxation data. Insets (a-i) and (a-ii) show −ln(τ0)
(red right-half filled circle, R2 ≈ 0.87) and Ea (kJ/mol) (blue left-filled
circle, R2 ≈ 0.86) versus concentration by mass (ϕm) of TiO2 PGNP
respectively. (b) Arrhenius plots for the temperature dependence of
the relaxation time (τ) for the SiO2 PGNP (20%, orange left arrow;
10%, blue star; 5%, purple right arrow; 0%, black square), by mass
relative to the PMMA matrix. Solid lines show linear Arrhenius fits
(eq 2) to the data. Extrapolation of the linear fits leads to a point of
convergence, near Tcomp ≈ 95 (±3) °C. The inset graph demonstrates
the entropy−enthalpy compensation (EEC) plot for SiO2 PGNP
system within PMMA matrix (black hollow square, R2 ≈ 0.99).

Figure 5. Change of the relaxation time constant of slumping, τ(ϕv)
as a function of TiO2 PGNP volume fraction, ϕv. The hydrodynamic
prediction for spherical particles implies a linear variation of τr =
τ(ϕv)/τ(ϕv = 0) with a slope 2.5, while the observed slope is clearly
temperature dependent (110 °C, black open pentagon; 115 °C, red
open cirlce; 120 °C, green open upward arrow; 125 °C, blue open
downward arrow; 130 °C, purple open diamond). Solid lines denote
linear fits to the data. The inset graph (black top-filled square) depicts
the temperature dependence of the slope and error bars denotes the
standard error of fitting.
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comparison to the change of the slumping rate based on the
Einstein theory is only qualitative, although in line with many
engineering studies of particle suspensions44 where the
Einstein theory is compared to experiment over a similar
volume fraction range as considered in Figure 5. The
systematic curvature of the plots in Figure 5 can be naturally
understood from the concentration dependence of the
activation energy Ea and the activation entropy, which apart
from an additive constant is the log of the prefactor τ0. In
particular, if the activation free-energy is taken to be
approximately linear in the nanoparticle concentration (see
insets to Figure 4a) then τ(ϕv)/τ(ϕv = 0) should vary
exponentially with ϕv and should reduce exactly to unity at
Tcomp. This argument is sufficient to rationalize why the
curvature of the plots in Figure 5 becomes more prevalent the
further the deviation of T from Tcomp. We see a similar
increased curvature in τ(ϕv)/τ(ϕv = 0) as T increasingly
deviates from Tcomp arising in the case of SiO2 PGNP as well,
which notably do not exhibit significant aggregation and were
quite well dispersed (see Supporting Information, Figure
S3a,b). Evidently, the curvature in these plots cannot then be
rationalized in terms of particle aggregation.
An important implication of the data trend in Figure 3b is

that the stabilizing effect of the PGNP on the imprint patterns
should no longer exists if T is lower than Tcomp, that is, τ(ϕv)/
τ(ϕv = 0) < 1. Our data also suggests that the viscosity of the
fluid suspension should drop upon adding the nanoparticles, a
decidedly noncontinuum effect that has actually been observed
in recent measurements of some nanoparticle suspensions.45,46

Measurements in this regime are highly time-consuming and
require a separate study, but we briefly explored whether this
effect exists in our imprinted nanocomposite films at T = 80 °C
(appreciable slumping requiring 2.5 months). We indeed find
that the filled imprinted pattern slumps more rapidly compared
to the pure PMMA film in the regime below Tcomp (these
preliminary results are described in the Supporting Informa-
tion, Figure S10). Previous work has also shown that the
Johari−Goldstein, or “slow beta” relaxation process measured
by high frequency dielectric relaxation, which dominates
relaxation in glassy materials, can become shorter with
nanoparticles and molecular additives, for example, the
addition of fullerene to polyisoprene melts47 and the addition
of polychlorinated biphenyl to polycarbonate.33

In summary, the addition of PGNP to thin PMMA films
leads to a significant stabilization of nanoimprinted patterns
(above Tcomp) and provide a simple strategy to control high-
temperature nanostructural integrity in patterned polymer
films. The relaxation dynamics of the imprinted patterns show
a clear entropy−enthalpy compensation effect in the activation
free energy parameters that govern the pattern relaxation
process, just as in recent experiments on relaxation of wrinkled
glassy thin polymer films of variable thickness.22 Correspond-
ingly, recent molecular dynamics simulations of nanocompo-
sites having variable PGNP−polymer interaction strength and
PGNP concentration as well as thin polymer films of variable
thickness have indicated the general occurrence of entropy−
enthalpy compensation in the relaxation dynamics of these
polymer materials in the high temperature Arrhenius regime
accessible by simulations.48 This study paves the way for using
PGNPs as stabilizing agents for patterned structures in various
applications and provides fundamental insights into how
PGNPs influence the dynamics of nanocomposite materials.

Experimental Section. PMMA, Mn 3.1 kg/mol, poly-
dispersity 1.09 was purchased from Polymer Source (P9059-
MMA, syndiotactic rich content >79%) and was used as
received. In situ ellipsometry measurements of our syndiotactic
PMMA films indicated a depression of Tg with confinement. In
particular thickness (d) dependent Tg was estimated to be
approximately ≈94 °C, ≈96 °C, ≈95.6 °C, ≈96 °C, ≈96.5 °C,
≈97 °C, and ≈97 °C for a 35.5, 76, 99, 122, 187, 201, and 270
nm PMMA film, respectively. From this series of data, we
estimated a limiting bulk glass transition for our PMMA
matrix, Tg,bulk = 97.24 (±0.23) °C (See Supporting
Information, Figure S1a−h). Tg suppression (rather than the
often cited increase in Tg) in highly syndiotactic PMMA films
supported on a silicon wafer with a native oxide layer has been
reported previously.49,50

TiO2 nanoparticle (NP) (25 nm nominal diameter) were
purchased from Sigma-Aldrich and used as received. TiO2
(PMMA grafted) PGNP were synthesized using atom transfer
radical polymerization (ATRP) by a “grafting from” approach
from the NP surface. To this end, the synthesized phosphate
ligand initiator was grafted on TiO2 surface using phosphate
ligand chemistry followed by ATRP. After polymerization, the
PGNPs were characterized using Fourier-transform infrared
spectroscopy (FTIR), nuclear magnetic resonance spectrosco-
py (NMR), ultraviolet−visible spectroscopy and thermogravi-
metric analysis (TGA) (Supporting Information, Figure S4−
S8). The particles had an average diameter of 29.9 (±6.6) nm
after grafting as measured by transmission electron microscopy
(TEM). Mn of the grafted PMMA chains was measured to be
15 kg/mol using 1H NMR of the cleaved PMMA from the
grafted PGNP. PMMA grafting density was calculated to be
≈0.907 chains/nm2 using organic mass loss from TGA
(Supporting Information, Figure S5).51

PMMA solution (9% by relative mass in toluene) was mixed
with the required amount of TiO2 PGNP solution (2 mg/mL
in toluene) to make different concentration of polymer−TiO2
PGNP solutions (5%, 10%, 20%, and 30% by mass relative to
the PMMA matrix). These solutions were then flow coated
onto a silicon substrate (after 2 h of ultraviolet ozone
treatment to clean the substrate), and the thickness of the films
was 103 (±5) nm as measured by spectral reflectometry (F-20
Ultraviolet Thin Film Analyzer; Filmetrics, Inc.). Cross-linked
poly(dimethylsiloxane) (PDMS) elastomer layers (thickness
≈1 mm, 15:1 curing ratio) were made by curing at 120 °C for
5 h on commercial digital video discs (Sony, DVD-R, pitch λ ≈
750 nm, height difference Δh ≈ 135 nm). These elastomeric
stamps were placed in contact with the polymer/polymer
nanocomposite film and heated at 180 °C for 1 h to transfer
the DVD pattern onto the thin film utilizing capillary forces.
AFM micrographs for an unslumped pure PMMA film and
30% TiO2 PGNP (by mass) film are shown in Figure S9a−d,
Supporting Information. Water contact angle images for non-
patterned pure PMMA film and 30% TiO2 PGNP films
annealed under a flat PDMS at 180 °C for 1 h are also shown
in Figure S9e, Supporting Information. These measurements
indicate similar surface characteristics suggesting no appreci-
able change in the surface energy by addition of PGNPs. There-
fore, the thermodynamic driving force for structural decay
should be similar for both neat and nanocomposite films.
Synthesis of the PMMA grafted SiO2 NP (SiO2 PGNP) was

performed utilizing surface-initiated atom transfer radical
polymerization according to the previously published proce-
dures.52,53 The particles had an average radius of 7.7 (±2) nm
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after grafting as measured by transmission electron microscopy
(TEM). The number average molecular mass (Mn) of the
grafted PMMA chains was measured to be 19.4 kg/mol using
GPC with a polydispersity of 1.17. PMMA grafting density was
estimated to be ≈0.65 chains/nm2 based on organic mass loss
from TGA.54

Slumping experiments were conducted at 110 °C, 115 °C,
120 °C, 125 °C, and 130 °C . Imprinted samples were placed
in a preheated vacuum oven for a prescribed amount of time
and rapidly quenched to room temperature upon removal from
the oven. The surface topography of the samples prior and
after slumping were measured using atomic force microscopy
(Dimension Icon, Bruker) operated in tapping mode. Multiple
AFM scans are taken at random locations on each sample to
determine the average height and standard deviation of the
slumped pattern height.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.8b02514.

In situ ellipsometric scans for PMMA films of varying
thicknesses (35.5 nm, 76 nm, 99 nm, 122 nm, 187 nm,
201 nm, and 270 nm) shown in Figure S1a−g. Figure
S1h depicts the thickness dependent Tg behavior of
PMMA films and bulk limit value for the PMMA
matrix used in this study. Transmission electron
micrographs for as-cast and annealed (at 180 °C for 1
h) thin films for 30%, 20%, 10%, and 5% (by mass
relative to the PMMA matrix) TiO2 PGNP within
PMMA are shown in Figure S2. TEM micrographs
clearly indicate presence of clusters for annealed and
imprinted films at 180 °C for 1 h. Slumping dynamics
and transmission electron micrographs of SiO2 PGNP
system are shown in Figure S3. Synthesis and character-
ization details for the TiO2 PGNP are depicted in Figure
S4−S8. AFM micrographs and water contact angle
measurements for a pure and a 30% TiO2 PGNP filled
film are shown in Figure S9. Preliminary pattern
relaxation behavior below Tcomp is depicted in Figure
S10 where a 30% (by mass) TiO2 PGNP filled film and
neat PMMA film was slumped at 80 °C for 2.5 months.
Statistical analysis of the AFM height micrograph clearly
depicts that the height detected for the filled film was
lower than the neat film, indicative of faster relaxation
dynamics for filled films below Tcomp. (PDF)
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