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nce to decay of imprinted
nanopatterns in thin films by bare nanoparticles
compared to polymer-grafted nanoparticles†

Sonal Bhadauriya, a Asritha Nallapaneni,a Xiaoteng Wang, a Jianan Zhang, b

Ali Masud, c Michael R. Bockstaller, b Abdullah M. Al-Enizi, d

Christopher M. Stafford, e Jack F. Douglas *e and Alamgir Karim *c

We extend a previous study on the influence of nanoparticles on the decay of nanoimprinted polymer film

patterns to compare the effects of “bare” silica (SiO2) nanoparticles and SiO2 nanoparticles with grafted

polymer layers having the same chemical composition as the polymer matrix. This method involves

nanoimprinting substrate-supported polymer films using a pattern replicated from a digital versatile disc

(DVD), and then annealing the patterned polymer nanocomposite films at elevated temperatures to

follow the decay of the topographic surface pattern with time by atomic force microscopy imaging after

quenching. We quantified the relaxation of the pattern height (“slumping”) and determined the relaxation

time s for this pattern decay process as a function of nanoparticle filler type and concentration to

determine how nanoparticle additives influence relative film stability. Attractive interactions between the

bare nanoparticles and the polymer matrix significantly enhance the thermal resilience of the

nanopatterns to decay, compared to those of the particle brushes, wherein the particle core interactions

are screened from the matrix via the brush layer. A novel aspect of this method is that it readily lends

itself to in situ film relaxation measurements in a manufacturing context. We observe that the relaxation

time of the pattern relaxation exhibits entropy–enthalpy compensation in the free energy parameters

governing the pattern relaxation process as a function of temperature, irrespective of the NP system

used, consistent with our previous experimental and computational studies.
Numerous previous studies have shown that the addition of
nanoparticles (NPs) (graed with polymers to aid in dispersion
or bare NPs without graed polymers) to a polymer matrix alters
the glass transition temperature Tg and the viscoelastic
behavior of the resultant composite material.1–3 The underlying
reason for this change has been attributed to the altered
segmental chain relaxation in the polymer interfacial layer
around the NPs.4 The interaction strength between the NPs and
the polymer matrix chains mainly depends on the surface
modication of the NPs (unmodied vs. polymer graed) and
this quantity is one of the key parameters responsible for the
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property changes observed in nanocomposites.5,6 Nano-
composites for which the surface tethered polymers are chem-
ically identical to the matrix polymer are oen termed
“athermal” blends where the core–core interaction is assumed
to be screened by the polymer chains tethered to the NP surface.
Our group recently investigated the decay of imprinted features
of nanocomposite thin lms upon thermal exposure (“slump-
ing”) in an athermal blend system7 where the addition of graf-
ted NPs led to an increased stability of the imprinted features
above a certain “compensation temperature”, Tcomp, observed
to be in the vicinity of the glass transition temperature of the
pure polymer matrix. The compensation temperature refers to
a constant of proportionality relating the activation enthalpy
and activation entropy compensation in Arrhenius relaxation
processes reasonably described by transition state theory. If
graing polymer chains to the NPs is not an option (for
economic and/or chemistry related issues), many applications
are relegated to chemistries that have highly attractive NP–
polymer interactions8–10 to aid in the dispersion of the NPs.
Therefore, it is imperative to also understand how the addition
of bare NPs, having attractive interactions with the matrix,
inuences the slumping behavior of imprinted lms, given the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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signicant inuence that graed NPs have been shown to have
on the relaxation of imprinted lms.

Here we present a detailed investigation of the slumping
behavior of imprinted poly(methyl methacrylate) (PMMA) (Mn ¼
3.1 kg mol�1, where Mn is the number average molecular mass)
thin lms containing two different NP additives, unmodied
bare silica (b-SiO2) NPs (4 to 5 nm in radius) and PMMA-graed
SiO2 (g-SiO2) NPs (Mn of the graed chainsz19.4 kg mol�1 and
7.7 (�2) nm radius). The bulk Tg value of the PMMA matrix
(Tg,bulk) was approximately equal to 97.2 (�0.2) �C, as estimated
by ellipsometry.7 The glass transition of the composite lms
containing 20% (mass fraction relative to the matrix mass) bare
SiO2 NP PMMA and graed SiO2 NPs in the PMMA matrix was
100.3 (�0.5) �C and 99.7 (�0.1) �C, respectively, determined via
ellipsometry.11 A pre-patterned polydimethylsiloxane (PDMS)
elastomeric stamp was used to imprint parallel lines and space
Fig. 1 Decay curves for the normalized pattern height, H(t)/Ho at 110 �C
(mass fraction relative to the matrix) b-SiO2 NP and g-SiO2 NP filled poly
the generalized exponential fit, and the error bars denote the experimen

© 2021 The Author(s). Published by the Royal Society of Chemistry
patterns on our neat PMMA thin lms and composite thin lms
containing varying mass fractions of b-SiO2 NPs and g-SiO2 NPs
(5%, 10% and 20% by mass relative to the matrix mass).
Samples aer imprinting (PDMS peeled off) had an initial
pattern height, Ho of 135 (�5.5) nm and a width of 353
(�0.5) nm. The imprinted lms had a residual layer thickness of
36.5 (�6.5) nm underneath the pattern. Patterned samples were
characterized ex situ by atomic force microscopy (AFM) in terms
of the pattern height (H) aer the samples were subjected to
different annealing temperatures for various exposure times (t).
The evolution of the pattern height, H, as a function of exposure
time was normalized to the initial pattern height to yield the
corresponding decay curves.

The normalized height decay curves comparing 5% and 20%
mass fraction (relative to the matrix mass) for the two NP
systems, b-SiO2 and g-SiO2, can be seen in Fig. 1. It is evident
(a-i, a-ii), 120 �C (b-i, b-ii) and 130 �C (c-i, c-ii) for 5% and 20% filled
mer films. Solid and dashed lines passing through the data points show
tal uncertainty of the measurement.

Nanoscale Adv., 2021, 3, 5348–5354 | 5349
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Fig. 3 Temperature dependence of the relaxation time (s) for 5%, 10%
and 20% (mass fractions relative to the matrix) b-SiO2 and g-SiO2 NPs
in the PMMAmatrix. Lines (solid: b-SiO2 NP filled polymer film; dashed:
g-SiO2 NP filled polymer film) indicate linear fits.
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that the bare b-SiO2 NPs exhibited substantially better pattern
retention than g-SiO2 NPs. The increase in pattern retention for
the b-SiO2 system can be attributed to the strong interactions
between the matrix chains and the unmodied b-SiO2 NP
surface.8 On the other hand, for the g-SiO2 NP system, these
interacting forces are screened due to the chains graed on the
NP surface, reducing the pattern retention. We also found that
as the concentration of the NP additive was increased, better
pattern retention was seen, as observed previously for
composite lms with polymer graed nanoparticles.7

The relaxation data for the normalized pattern height,
H/Ho, were t to a “generalized exponential” function,
H/Ho z exp[�(t/s)b], where t is the waiting time or “exposure
time”, s is the “slumping” relaxation time constant and the
exponent b quanties the degree of non-exponentiality of the
relaxation process.

The decay curves shown in Fig. 1 indicate a signicant
stabilization of the imprinted pattern as the volume fraction f

of the NPs is increased, which is markedly pronounced for bare
nanoparticles. Fitting the reduced pattern height H/Ho to the
generalized exponential relaxation function noted above yielded
an estimate of the slumping relaxation time s and b, which
quanties the shape of the relaxation function. Fig. 2 and 3
show the temperature dependence of b and s for both b-SiO2

and g-SiO2 NP lled polymer lms. As can be seen from Fig. 2,
for the g-SiO2 NP lled polymer lm, b approaches a simple
exponential relation (bz 1) at all temperatures investigated. On
the other hand, b increases above 1 at low temperatures, but
converges to 1 at elevated temperatures for the b-SiO2 NP
system. In our previous study,7 we observed b > 1 for clustered
PMMA graed titania nanoparticles at low temperatures. We
emphasize that the b-SiO2 NPs used in the present study are
relatively well dispersed, as shown in Fig. S1k–n (see the ESI†)
and we do not nd any signicant clustering. We tentatively
associate the values of b > 1 with highly attractive interactions
between the b-SiO2 NPs and the PMMA matrix, but we must
Fig. 2 Variation of the non-exponential relaxation exponent b from
the slumping relaxation curves as a function of the NP concentration:
5%, 10% and 20% (mass fractions relative to the matrix) b-SiO2 and g-
SiO2 NPs in the PMMA matrix. Solid lines show the b-SiO2 NP system
and dashed lines show observations on the g-SiO2 NP filled polymer
film. Dashed lines for 5%, 10% and 20% g-SiO2 NPs are overlapping.

5350 | Nanoscale Adv., 2021, 3, 5348–5354
admit that the physical explanation for this unexpected
phenomenon is not entirely clear.

Fig. 3 shows the temperature dependence of the relaxation
time s, whose temperature dependence can be approximated
using a linear Arrhenius relation, s ¼ s0 exp(Ea/RT) over the
temperature range investigated. We observe three basic trends
in our relaxation data: (1) as the concentration of the NP addi-
tive is increased, the relaxation time of the pattern decay
increases; (2) for a given concentration, the relaxation time for
the unmodied NP (b-SiO2) lled polymer lm is higher than
that of the graed NP (g-SiO2) system; and (3) for both NP types,
it seems that the extrapolation of these linear trends leads to
a convergence point, similar to our previously observed results
for the cluster graed NP system.7 Extrapolations of the linear
trends for b-SiO2 and g-SiO2 NP lled polymer lms are shown
in Fig. S1h and S2h (see the ESI†), respectively. We observe an
approximate intersection point between 2.72 K�1 and 2.76 K�1

for the g-SiO2 NP lled polymer lm and roughly between 2.96
K�1 and 3.03 K�1 for the b-SiO2 NP lled polymer lm, corre-
sponding to a Tcomp of z 89.2 �C to 94.5 �C and z57.4 �C to
64.7 �C, respectively. As apparent in Fig. S1h (see the ESI†), the
intersection of the linear trends is not clear for the b-SiO2 NP
lled polymer lm compared to that observed for the g-SiO2 NP
lled polymer lm in Fig. S2h.† A more robust way of ascribing
and interpreting Tcomp utilizing the convergence plots would be
to fully map out the transition region, i.e., the relaxation
behavior below and above this characteristic temperature.
Probing relaxation behavior for imprinted lms below Tg is
experimentally challenging due to long relaxation times. We
recently probed the relaxation dynamics of wrinkled nano-
composite lms and found the Tcomp to occur in the vicinity of
the matrix's Tg.12 In the present work, the compensation
temperature and the deviation range are reported by computing
a range of intersection points given by compatible slopes for the
linear trends. The Tcomp values reported from this rough
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Entropy�enthalpy compensation (EEC) plot showing the linear
dependence between �ln(so) and Ea for the b-SiO2 NP filled polymer
film (left-filled violet pentagons, R2 z 0.999) and g-SiO2 NP (crossed-
center olive stars, R2 z 0.999) filled polymer film. Solid lines represent
the linear fits to the data. Dashed lines represent 95% confidence
intervals.
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estimation of the intersection points for g-SiO2 and b-SiO2 NP
lled polymer lms, respectively, are equal toz2 �C to 8 �C and
32.5 �C to 40 �C, which are lower than the bulk glass transition
temperature, Tg,bulk z 97.24 (�0.23) �C.

The apparent convergence of the relaxation time in Fig. 3
near a compensation temperature occurs when the change in
the activation parameters (DEa and DSa) becomes equal, e.g., the
relaxation appears to behave as if NPs had not been added (pure
polymer). Indeed, we can see the near linearity between �ln(so),
which is linear in DSa in transition state theory, and Ea for both
the unmodied b-SiO2 NP and graed g-SiO2 NP lled polymer
lms from the data shown in Fig. 4. A similar compensation
effect was observed previously for the relaxation of imprinted
lms with cluster graed titania NPs.7 The linearity between the
activation parameters of a relaxation process has taken various
forms and nomenclatures: the Meyer–Neldel rule, the
Constable–Cremer law, an isokinetic relationship, and the
Fig. 5 Relative relaxation time constant of slumping, sr[s(f)/s(f¼ 0)], as a
SiO2 NP system is shown as violet data points: 110 �C, left-filled square; 11
downward arrow; 130 �C, left-filled diamond. The g-SiO2 NP system is
centered-cross circle; 120 �C, centered-cross upward arrow; 125 �C,
Dashed and dotted lines denote linear fits to the data. The inset graph (lef
for g-SiO2 NPs) shows the temperature dependence of the slope and err
NP and z95 �C for b-SiO2 NP nanocomposite films, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
entropy–enthalpy compensation effect, as examples. We use the
term entropy–enthalpy compensation (EEC) in this work. EEC is
an empirical relationship arising in many condensed matter
relaxation processes: viscosity of liquids,13 temperature depen-
dence of uidity,14 aqueous solubility of proteins and small
molecules,15 shear viscosity of polymers16,17 solvent dynamics,18

antiplasticization by water,19 relaxation in polymer blends,20

desiccation tolerance in seeds,21 temperature dependent
specic conductivity,22–24 relaxation of conned PDMS,25 oxygen
diffusion in the Earth's mantle,26 heterogeneous catalysis,27–30

fouling in crude oil,31 high-frequency dynamics of mixtures,32

etc. Despite decades of study, and its ubiquitous observation in
diverse materials, the fundamental origin of EEC remains
a topic of theoretical speculation. The most widely accepted
interpretation of EEC is that it reects the rapidly increasing
number of paths crossing the transition state barrier in
condensed matter relaxation as the barrier heights become
large.33,34 Dyre33 has reviewed the various arguments for EEC
and we have also discussed this phenomenon in our previous
work.7 The existence of EEC requires a clear change in the
activation energy (slope of the Arrhenius curve) and an unam-
biguous tendency for the family of curves to intersect at
a common temperature even before any analysis of EEC is
made, since otherwise the correlation of the activation energy
and prefactor variations could be spurious. This type of analysis
is also complicated by complex uid effects that can make the
temperature of relaxation processes and diffusion non-
Arrhenius.

The investigation of the compensation phenomenon for
pattern relaxation in imprinted lms,7 and the problem of lms
having variable lm thickness35 where polymer connement is
also involved, leads to the broader fundamental question: why
do the activation parameters for a thermally induced pattern
decay process linearly compensate each other? The driving force
for pattern decay is the surface-energy driven viscous ow36–38 to
reduce the overall surface area of the imprinted lms. The
activation energy Ea for the relaxation process decreases with
function of the (a) b-SiO2 NPs and (b) g-SiO2 volume fraction, f. The b-
5 �C, left-filled circle; 120 �C, left-filled upward arrow; 125 �C, left-filled
shown as green data points: 110 �C, centered-cross square; 115 �C,
centered-cross downward arrow; 130 �C, centered-cross diamond.
t-filled violet pentagons for b-SiO2 NPs and centered-cross greed stars
or bars denote the standard error of fitting. Tcomp z 104 �C for g-SiO2

Nanoscale Adv., 2021, 3, 5348–5354 | 5351
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increasing concentrations of NPs (both unmodied and graf-
ted), whereas the prefactor, ln(so), increases (or �ln(so),
decreases), which can be seen in Fig. S1i and j for the b-SiO2 NP
system and S2i and j for the g-SiO2 NP system (see the ESI†). To
address the occurrence of compensation in slumping relaxation
dynamics, a combined theoretical and experimental approach
is required. We may obtain an alternate perspective of the
entropy–enthalpy compensation effect by plotting our relaxa-
tion time relative to the pure material, sr[s(f)/s(f ¼ 0)], as
a function of the ller volume fraction f and a range of xed
temperatures shown in Fig. 5. It can be inferred from Fig. 5a
that the b-SiO2 NP lled system shows a larger increase in the
relaxation time of the patterned structure compared to the g-
SiO2 NP system (Fig. 5b). The insets in Fig. 5a and b show the
temperature dependence of the slope where it progressively
decreases upon cooling and even approaches 0 as the temper-
ature approaches Tcomp, which we estimate from the data in
Fig. 5 to be near Tcomp z 104 �C for the g-SiO2 NP system and
95 �C for the b-SiO2 NP system, where both these temperatures
are close to Tg of the pure material. Specically, we found Tg of
our bulk PMMA material to bez 97 �C, as reported previously.7

The strong attractive interaction between the b-SiO2 NPs and
the matrix increases the activation energy of the composite as
a whole,39 but the compensation temperature is observed to be
near the glass transition temperature of the pure melt. In some
studies investigating glass forming materials, the compensa-
tion temperature for relaxation was found to be closer to the
Vogel–Fulcher–Tammann (VFT) temperature,40 To, where this
temperature is determined from tting the viscosity (or relaxa-
tion time) data to the VFT relation, log h ¼ A + B/(T � To). Tcomp

is then estimated from our relaxation time data to be somewhat
below (z5 �C) the bulk Tg of the material.35 This is typical for
previous observations of entropy–enthalpy compensation in
glass-forming materials.40

Conclusions

Understanding the decay of imprinted surface features on
a polymer or a polymer nanocomposite thin lm presents an
important problem in the eld of organic nanodevices and
smart coatings. The decay behavior of imprinted features is
highly inuenced by varying the additive system (bare unmod-
ied SiO2 nanoparticles compared to polymer-graed SiO2

nanoparticles); additionally, an entropy–enthalpy compensa-
tion behavior is observed in the relaxation dynamics of both
nanocomposite materials. Relaxation behavior of patterned
polymer surfaces with additives interacting strongly with the
matrix leads to a greater persistence of the pattern with time,
i.e., greater pattern “stability” above a characteristic compen-
sation temperature (estimated to be z104 �C for the graed
SiO2 nanoparticle system and z95 �C for the bare SiO2 nano-
particle system). The compensation temperature Tcomp was
observed to be close to Tg of the neat polymer (z97 �C), similar
to our previous observations in nanocomposite lms contain-
ing graed nanoparticles.7 The entropy–enthalpy compensation
effect is then observed in the pattern relaxation process, irre-
spective of the additive type, suggesting the robustness of the
5352 | Nanoscale Adv., 2021, 3, 5348–5354
entropy–enthalpy compensation effect in the dynamics of lled
lms and lms having varying lm thickness.35 The relative ease
of tracking the evolution of relief features imprinted on polymer
lms, both with and without ller particles and other additives,
and for general lm thickness should make this method useful
in materials processing and in service life context where rela-
tively non-invasive measurements can be performed on lms in
situ11 under conditions where residual stresses, moisture
exposure and other complications may also exist.

Experimental section

Poly(methyl methacrylate) (PMMA), Mn 3.1 kg mol�1, poly-
dispersity 1.09 was purchased from Polymer Source (P9059-
MMA, syndiotactic rich content >79%) and was used as
received. In situ ellipsometry measurements to estimate the
limiting bulk glass transition were reported previously for this
PMMA,7 leading to a Tg,bulk ¼ 97.2 (�0.2) �C. Unmodied bare
SiO2 nanoparticles (b-SiO2 NPs) (4 nm to 5 nm nominal radius)
were purchased from Nissan Chemicals and used as received.
The solution is 30% (by mass) colloidal silica mono-dispersed
in methyl isobutyl ketone (MIBK), specially catered towards
acrylic resins (PMMA in our case) where the surface of this NP
has hydroxyl groups, making it highly compatible with our
matrix. The glass transition of the composite lm containing
20% (mass fraction relative to the matrix mass) bare SiO2 NPs in
the PMMA matrix was 100.3 (�0.5) �C, determined via ellips-
ometry.11 The synthesis of PMMA-graed SiO2 NPs (g-SiO2 NPs)
was performed utilizing surface-initiated atom transfer radical
polymerization.41,42 The nanoparticles had an average radius of
7.7 (�2) nm aer graing, as measured by transmission elec-
tron microscopy (see ESI, Fig. S3†). The number average
molecular mass (Mn) of the graed PMMA chains was measured
to be 19.4 kg mol�1 using gel permeation chromatography with
a polydispersity of 1.17. The glass transition of the composite
lm containing 20% (mass fraction relative to the matrix mass)
PMMA graed SiO2 NPs in the PMMAmatrix was 99.7 (�0.1) �C,
determined via ellipsometry.11 The number-average molecular
weight (Mn) and molecular weight distribution were determined
by size exclusion chromatography (SEC). The SEC was con-
ducted with a Waters 515 pump and Waters 410 differential
refractometer using PSS columns (Styrogel 105, 103, and 102 Å)
in THF as an eluent at 35 �C and at a ow rate of 1 mL min�1.
Linear PMMA standards were used for calibration. Prior to SEC
analysis, samples were etched with HF (to remove the silica
core) in a polypropylene vial for 20 h, then neutralized with
ammonium hydroxide, and subsequently dried with magne-
sium sulfate before SEC injection. It is noted that the neutrali-
zation process has to be conducted with caution under liquid
nitrogen to dissipate heat. The PMMA graing density was
estimated to be z0.65 chains per nm2 based on the organic
mass loss from TGA (see ESI, Fig. S4†).43

Neat PMMA solution and composite solutions for the b-SiO2

NP system and g-SiO2 NP system (5%, 10% and 20% mass
fraction relative to the matrix mass) were prepared in acetone.
The solutions were then ow coated onto silicon substrates; the
silicon substrates were rst cleaned by ultraviolet ozone
© 2021 The Author(s). Published by the Royal Society of Chemistry
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treatment for 2 h. The thickness of the lms was 104 (�6.5) nm
as measured by spectral reectometry (F-20 Ultraviolet Thin
Film Analyzer; Filmetrics, Inc.). Patterned, crosslinked poly(-
dimethylsiloxane) (PDMS) elastomer stamps (thickness z 1
mm, 20 : 1 curing ratio) were made by casting the prepolymer
against the patterned inset of commercial polycarbonate digital
versatile discs (Sony, DVD-R, pitch l z 750 nm, height differ-
ence Dh z 135 nm), subsequently curing at 120 �C for 8 h, and
peeling off the patterned PDMS aer cooling to room temper-
ature. The patterned elastomeric stamps were then placed in
contact with the polymer/polymer composite lm and heated at
180 �C for 1 h to transfer the DVD patterns onto the thin lm
utilizing capillary forces (see ESI, Fig. S5†).44

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 before and aer
slumping was measured using atomic force microscopy
(Dimension Icon, Bruker) operated in tapping mode. Multiple
AFM scans were taken at random locations on each sample to
determine the average height and standard deviation of the
slumped pattern height. Representative AFM scans at a slump-
ing temperature of 110 �C are shown in Fig. S6.†
Disclaimer

Certain commercial materials and equipment are identied to
specify adequately the experimental procedure. In no case does
such identication imply recommendation by the National
Institute of Standards and Technology nor does it imply that the
material or equipment identied is necessarily the best avail-
able for this purpose.
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