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The effect of Au nanoparticle spatial distribution on
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1 the stability of thin polymer films.
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ABSTRACT. The stability of thin poly(methyl-methacrylate) (PMMA) films of low molecular
51 weight on a solid substrate is controlled by the areal coverage of gold nanoparticles (NPs) present
53 at the air-polymer interface. As the polymer becomes liquid the Au NPs are free to diffuse,

coalesce and aggregate while the polymer film can change its morphology through viscous flow.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

These processes lead at the same time to the formation of a fractal network of Au NPs and to the
development of spinodal instabilities of the free surface of the polymer films. For thinner films a
single wavelength is observed while for thicker films two wavelengths compete. With continued
heating the aggregation process results in a decrease in coverage, the networks evolve into
disordered particle assemblies while the polymer films flatten again. The disordering occurs first
on the smallest scales and coincides (in thicker films) with the disappearance of the smaller

wavelength. The subsequent disordering on larger scales causes the films to flatten.

1. Introduction

Thin films of hybrid materials, formed by mixing nanoparticles with polymer films = offer the
possibility of creating materials with features on the nano/microscale with tunable properties due
to nanoparticle-polymer, polymer-polymer and nanoparticle-nanoparticle interactions.™® While

2

there has been significant research on the stability of thin polymer films''? and on particle

13,14 15-17

aggregation, the study of the stability of films of hybrid materials is still at an early stage.

In Amarandei et al.'® we describe the stability of thin polystyrene (PS) films covered by
uniformly distributed Au nanoparticles (NPs). A PS film placed on a Si wafer (with a native
oxide layer) is typically metastable, holes are nucleated and the film dewets.”*'° We show that
such films covered by Au nanoparticles are unstable, a spinodal instability develops, and that the
stability is mainly influenced by the coverage of the films by nanoparticles. Moreover, a
transition from unstable to stable films occurs when the Au coverage reduces through NP
aggregation. As a result the polymer chain interconnections between neighboring particles are
broken. As the PS chains tend to adhere to Au, the nanoparticles have a low mobility. Their

aggregation occurs by a relatively slow coalescence process, involving the collision of migrating

particles and subsequent recrystallization and reshaping into new nanoparticles, and/or Ostwald

ACS Paragon Plus Environment

Page 2 of 32



Page 3 of 32

©CoO~NOUTA,WNPE

Langmuir

ripening, in which diffusion of atoms through the polymer leads to the growth of larger particles
at the expense of smaller ones." Independently of the process, during their diffusion and
aggregation on the thin polymer surface, the nanoparticles remain uniformly distributed.'® As the
coverage decreases, the van der Waals potential that controls the film stability becomes
dominated by the thin polymer component, the system stabilizes and the film becomes flat again.
We modeled the stability of a thin liquid PS film with the polymer-air interface uniformly
covered by Au NPs and demonstrated that the well-known time evolution equation for the film

. 7-12,18
thickness'™ =

0,h=-V- FV(yAh ~ P (h))} (1)
3n

applies in the linear regime. Here, the pressure contains the Laplace (or curvature) pressure and
the Derjaguin (or disjoining) pressure p, , =11=-0 h<I>(h) where @ is the wetting energy. For
apolar materials @ is a van der Waals potential that can be related to the dielectric properties of

the various involved materials.'® The film is linearly unstable ford,,®(h)<0 with a fastest

growing instability mode of wavelength A = \/ -8’ 7/ 0 hth(h) .

Here we describe how the NP coverage and aggregation affect the stability of a NP-polymer
film system in the case of NPs with high mobility, namely Au NPs on poly(methyl-methacrylate)
(PMMA). The higher mobility of Au NPs on PMMA than on PS films'’ allows them to
aggregate and coalesce. During their aggregation the NPs do not retain their initial uniform
distribution and fractal networks form.* *° The large mobility of the nanoparticles leads to cluster
-cluster limited aggregation, and the fractal network is the signature of the particles’ tendency to

maximize the occupancy of available polymer surface.”'
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We present an experimental investigation into the stability of the thin films, and discuss the
influence of different parameters on the stability. Thus, we show that the stability of a PMMA
film that normally remains flat on a Si wafer covered by its native oxide changes because of the
presence of the nanoparticles and their spatial distribution. We demonstrate that the Au NP
network first forms and then disintegrates due to an aggregation and coalescence process. In
response to the different phases the polymer film first develops a spinodal surface instability and
then recovers the flat surface. Our investigation demonstrates that NP coverage may be used to

tune the stability of a thin liquid polymer film.

2.Experimental details

Thin poly(methyl methacrylate) films [PMMAI10, M, = 10 kg/mol, R, = 2.76 nm, M/M, =
1.05, Sigma-Aldrich, UK] are obtained by spin coating from 2% (w/w) polymer solution in
toluene onto Si wafers (and native oxide, hsiox =~ 2.0 nm). Prior to spin coating the Si wafers
with a resistivity of 2-3 Q cm are cleaned in a jet of CO, ice crystals. Gold layers with nominal
thicknesses of 1, 2, 2 and 3 nm are then sputtered at a low rate (0.09 nm s™') onto polymer
thicknesses of 40, 39, 28 and 35 nm respectively creating in each case a Si/SiO/PMMA/Au
NP/Air configuration.'®*** On amorphous substrates such as polymer films, sputtering of metal
can create metal islands that are free to diffuse and coalesce on the film surface. These nanometer
objects are referred to in the present study as nanoparticles.'®'** The Au deposition leads to
uniformly distributed NPs on the polymer surface in the central region of the samples allowing a
direct comparison between Si/SiO/PMMA/Air and Si/SiO,/PMMA/AuNP/Air systems.
Maintaining a constant deposition rate, the size of the nanoparticles is influenced only by the
nominal thickness of the metal film. Thus, their size increases with the metal film thickness. A

continuous Au film does not form for the nominal thicknesses of Au films deposited here (< 3
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nm). The samples are heated at 170 °C, i.e. above the glass transition temperature of the polymer,
and are removed and quenched at different time intervals.

Optical microscopy is employed to image surface morphology (Figure 1 and Figure S1)
and to acquire a non-contact optical profilometric measurement of surface roughness (Figure 2b)
over large sample areas. Roughness, R, is the root mean square average of polymer height

deviations and is calculated using

R:\/Zi:(hi—i_z)z/N,

where (hl. -h ) is the local deviation of film height from the average value and N is the number of

points where the height is measured. The measure of roughness presented in this work is the
roughness value at each time step normalized to the mean value for all time steps. Optical
imaging and roughness measurement are performed using a MicroPhase camera (PhaseView,
France) placed on a Zeiss Axiolmager Al.m microscope. The MicroPhase camera allows 3D
visualization with highly repeatable non-contact optical surface profiling capabilities. For each
time step a fast-Fourier-transform (FFT) of the optical images is performed, and the dominant
wavelength is obtained (Figure 1b and 2a). After Au deposition (at = 0 min), no difference in
roughness is measured between the central regions covered by Au NPs and the lateral regions
that remain metal free.

Gold nanoparticle distributions are imaged using electron microscopy (Figure 3). The
particle radius (R,) and nearest neighbor center-to-center distance (d..) are acquired by image
processing SEM images of the sample surface using SPIP (Image Metrology AS, Denmark) and
the edge-to-edge distance between particles is calculated using de. = d.c — 2R,,. The SPIP analysis
at t = 0 min gives the initial distribution of particle radius sizes (Figure S2). R, is the mean of the

distribution (Figure S3) which increases with annealing time (Figures S3 and S4). The SPIP
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analysis allows the determination of the form shape factor St of the Au NPs and its variation with
time (Figure S5). This reflects the relative circularity of the NPs and is given by S, =4 7 A / P,

where A and P are the projected area and the perimeter of a NP as seen measured from SEM
images. Thus, as Sr approaches 1, the projection of a NP resembles a circle.”?

The box counting fractal dimension of the networks formed by the Au NPs imaged by SEM is
measured using the Open Source image processing package FIJI, which is based on Image J
(National Institutes of Health, USA). Only square images with the lateral length presented in
Figure 4 are used for the fractal dimension calculations. For illustration purpose, the full SEM

images are presented to show large areas of the fractal networks (Figure 3, S6 and S7).

3. Results

Figure 1 presents the time evolutions of the free surfaces of two thin polymer films (2 = 28 nm
left and 4 = 39 nm right), covered by Au NPs (ha, = 2 nm). For the regions where the films are
not covered by NPs (not shown in Figure 1), all films remain flat throughout the experiments.
Locally, nucleation-triggered dewetting is sometimes observed, most probably caused by
impurities (see Figure S1 in the Supplementary Information). However, the nucleated holes do
not grow and, therefore, the nucleation never leads to complete film rupture and drop bead-up.
After 45 min of heating both films develop a spinodal pattern in the Au covered regions with
similar surface topographies (Figure 1), and comparable instability wavelengths 4 (Figure 2a) of
11 and 9 pum for the thinner and thicker film, respectively. In both films, 4 increases up to the
time ¢ = 315 min (Figure 2a) revealing a power law 1 ~ 7° with values for v of 0.29 and 0.31,

respectively.
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48 Figure 1. (a) Optical images of PMMAI10 films covered by Au particles (ha, = 2 nm), hpvmalo =
28 nm (left) and hpmmaio = 39 nm (right). The scale bars represent 50 um. The insets are 2D

53 FFTs of the images. (b) the radial averages of the FFT insets in (a).
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Such a dependence of wavelength on time is commonly associated with a coarsening of the
evolving structures. '’ Optically, the surface morphologies of the two polymer film surfaces
(Figure 1) remain similar at + = 135 min (data not shown), although their topographies vary
slightly due to the increasing instability wavelengths. As the instabilities develop the roughness

in both films increases, and a maximum value is measured at = 315 min (Figure 2b).
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Figure 2. The time evolution of (a) wavelength and (b) roughness for PMMA10 polymer films

covered by Au NPs.

Remarkably, in the next stage of the evolution the thicker film (4 = 39 nm) develops fine
wrinkle-like features as a second smaller wavelength appears between ¢ = 315 min and 7 = 675

min (Figures 1 and 2a). No such features or smaller wavelengths are observed in the thinner film
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(h = 28 nm). The roughness of both films attains a maximal value during this time (Figure 2b).
The larger wavelength in the thicker film and the single wavelength in the thinner film saturate
between ¢t = 315 and ¢t = 2835 min at comparable values (Figure 2a), the wavelength being
slightly larger for the thinner film (4 ~ 20 um). In the thicker films, the value of the smaller
wavelength (4 ~ 5 um) is approximately one-third of the corresponding larger wavelength (4 ~ 16
um).

Continued heating leads in the final stage of the evolution to the disappearance of all features
related to the smaller wavelength (Figure 1 and Figure 2a) at + = 1395 min. The optical
resemblance of the topographies of the two film surfaces is restored at this time (Figure 1) and
the pattern amplitude in both films starts to diminish at # = 1395 min as reflected by the decrease
in roughness (Figure 2b). At r = 7155 min the instabilities are completely suppressed and the
films return to a flat state in which they remain during continued heating to 37395 min (Figure
1).

The existence of two wavelengths is confirmed for two other PMMA 10 films of 40 and 35 nm
in thickness, covered by Au layers with nominal thicknesses of 1 and 3 nm, respectively. For
both samples, the first appearance of the initial spinodal instability, the appearance of the second
smaller wavelength (again, = 1/3 of the longer wavelength), and the disappearance of first the
smaller and then the larger wavelength are observed at the same times as for the PMMA10 film
with 42 = 39 nm covered by 2 nm of Au (Figure 2a). Fitting the wavelength increase for t < 315
min to A ~ ¢ yields v = 0.32 and 0.21 for 1 and 3 nm thick Au layers, respectively. The trends in
roughness for each sample are also remarkably alike (Figure 2). Note that at # = 1395 min the
samples show a similar decrease in roughness that continues until the films become almost flat.
These results suggest that the appearance of the second smaller wavelength is a characteristic of

thicker films (4 > 35 nm) and is independent of the Au thickness.
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315 min BEHE R 37395 min

Figure 3. The Au nanoparticle distribution (nominal thickness /4, = 2 nm) at different time steps
for the hppmmalo = 28 nm sample. The scale bars represent 1um, with the exception of the smallest

inset for = 0 min where it represents 50 nm.

The distribution of the Au NPs is monitored by scanning electron microscopy (SEM) (Figure
3). For small nominal thicknesses of the Au layer, all the samples are, as previously seen for PS
samples,'® initially covered homogenously by Au nanoparticles of a certain size distribution (see
the smallest inset at = 0 min in Figure 3 and Figure S2). The initial NP size is determined by
the nominal thickness (as measured by the crystal monitor) of the deposited Au film. As seen in
Figure S2, the mean particle radius increases with the thickness of deposited Au (Figure S2 and

also S3). Once the samples are heated, the polymer liquefies, the gold is free to move across the

ACS Paragon Plus Environment 10
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film surface and the nanoparticles coalesce and aggregate. As a result, the mean radius of the
nanoparticles grows with time (Figures S3 and S4) as their size distribution shifts and broadens
towards larger mean values of the radius (Figure S4). As the aggregation is due to a collision-
coalescence process that is particle—migration—based,13 the particles exhibit a relatively small
form factor (Figure S5). The observed fluctuations in S; (Figure S5), can be explained by the
continuous reshaping of the palrticles.13 At the time scales presented here, a competition occurs
between the coalescence (that decreases the form factor) and surface energy which causes the
aggregates to become spherical. The fluctuations of the form factor at intermediate times suggest
that coalescence is the dominant process.13

As particles coalesce and aggregate, they do not retain the initial homogeneous coverage
(Figure 3 at t = 0 min) as seen in PS films where the NP mobility is low and the change in
coverage is determined by Ostwald ripening or slow coalescence.''® Instead, due to their higher
mobility, at about + = 45 min the particles aggregate into a fractal network of individual
nanoparticles (Figures 3, S6 and S7), similar to the networks formed as a result of a cluster-
cluster limited aggregation process.zof23 At the same time, the film develops the spinodal
instability discussed above (Figure 1).

The fractal network of Au NPs in the Au covered sample regions is similar regardless of where
on a sample the SEM images are acquired, and the Au distributions on peaks and in troughs of
the film surface are indistinguishable. The particle density is independent of surface topography.
Au NP movement is dominated by Au-Au interactions which are several orders of magnitude
larger than the Au-polymer interactions'® and do not depend on the polymer film thickness. The
particle movement and diffusion coefficient are controlled mainly by the particle size (i.e. their

adhesion to the surface), liquid viscosity and particle density.

11
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The changes that the Au NP spatial distribution undergoes in time are apparent in the SEM
images for the thinnest polymer film sample (k2 = 28 nm, ha, = 2 nm, Figure 3). From ¢ =45 to
675 min, the Au NPs exhibit a clear and well-defined fractal network. The network consists of
regions with high particle densities and spaces devoid of particles on multiple scales (compare
images with the insets at higher magnification for # = 45 min and ¢ = 315 min in Figure 3). The
regions of higher density are connected by narrow filaments of particles. In contrast, at 2835 min
only a poorly defined remnant of the original fractal pattern is still visible. At smaller scales (see
insets Figure 3) the network appears fragmented and the particle arrangement appears to be more
homogeneous. This is even more pronounced at ¢ = 37395 min (Figure 3) when the polymer
surface is at a local scale again covered nearly homogenously by nanoparticles. The transition
from the fractal to the disordered state is captured in the SEM image in Figure 3 at = 1395 min,
where the fractal Au NP network appears to be breaking-up. While there are still regions of
higher particle density in a fractal arrangement, the tenuous particle filaments between them are

broken or in the process of disconnecting (for higher magnification see Figure S6).

12
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Figure 4. Fractal dimension of Au NP networks (ha, = 2 nm) covering the hpvmalo = 28 nm
sample as a function of image lateral size L. The box-counting fractal dimension is calculated

using bins of 2 to 64 pixels (1 nm < 1 pixel < 100 nm).

The arrangement of NPs can be characterized by calculating the box-counting fractal
dimension D which is presented in Figure 4 for the thinner PMMA film with s, = 2 nm. From ¢
=45 to 675 min at the smaller image scales (0.4 to 10 um), the Au pattern has an approximately
constant fractal dimension of D ~ 1.7 which is similar to gold colloidal aggregates in aqueous
solution.”’ Above a characteristic length (§ ~ 10 um) the fractal dimension increases towards 2
suggesting that & is a correlation length,26 corresponding here to the length scale of the largest
open polymer spaces. At scales much greater than the correlation length, the Au distribution is
expected to appear uniform. The fractal dimension at all scales below the correlation length
corresponds directly to the well-defined Au NP fractal pattern observed in Figure 3 (at = 45 and

315 min, see also Figure S6).
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Figure 5. Fractal dimension of a square area of lateral size 870 nm for all PMMA10 samples.

The presence of the wavelength(s) in the polymer films is indicated.

The transition to a more disordered network at r = 1395 min is reflected in the reduction of the
fractal dimension to ~ 1.6 (on lateral scales of 0.4 to 5 um), as the network starts to disintegrate,
and the particle filaments break. A subsequent deterioration of the network is seen in D at ¢ =
7155 to 37395 min when the fractal dimension reduces to ~ 1.4 on a lateral scale of ~ 1 um.

At the larger scales (20 — 80 um), SEM images reveal the Au to be distributed in a near
uniform way although a fractal character is still apparent in an underlying ‘coral-like’ pattern
which becomes more evident with heating time until in the final stages the Au particle
arrangement appears to be homogeneous (Figure S7). The fractal dimension for the 80 um
lateral length image (Figure 4) remains constant from ¢ = 45 to 675 min, dropping to ~ 1.8 from ¢

= 1395 to 7155 min, and reducing again to ~ 1.6 at ¢t = 37395 min.

14
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Correlating the fractal analysis and SEM observations with the evolution of the surface
instability, the following is revealed: The spinodal instability is present while the Au NP fractal
network with D ~ 1.7 (0.4 to 10 um) is seen; the disappearance of the second smaller wavelength
mode occurs when the fractal dimension decreases to D ~ 1.6 (on a scale of 0.4 to 5 um), as a
consequence of network deterioration; the instability disappears entirely when the Au NP
distribution is again nearly homogeneous and the fractal dimension is D ~ 1.4 on the ~ 1 pm
scale. Given these correlations, it is likely that the Au NP arrangement has an effect on polymer
film stability and may determine the appearance and form of the spinodal instability. Once the
fractal network deteriorates to a homogeneous state, the Au NPs are no longer able to exert a
collective effect on the polymer film and can influence it only locally at small length scales. The
film behaves then as expected for a film with a homogeneous but low NP coveralge18 — the
polymer film returns to a flat topography.

The time evolution of the Au NP fractal dimension at the image scale of 870 nm, where
changes in D are most pronounced, is for all samples presented in Figure 5. The changes of D
over time are broadly similar in all samples, regardless of polymer and Au film thicknesses. This
supports the notion that Au-Au interactions dominate over the Au-PMMA interactions, and that
the Au movement presented in Figure 3 (see also Figures S6 and S7) is not influenced by the
topography of the polymer surface or the film thickness. In agreement with earlier observations,
the disappearance of first the smaller and then the larger wavelength (related to the primary
instability) corresponds to significant reductions in D, which indicates increased disorder and a
deteriorating NP network. Interestingly, there is also a slight increase in the fractal dimension
during the early development of the instability, and a modest decrease in D, as the second

wavelength emerges.

15
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Figure 6. Mean edge-to-edge distance de. (large symbols) and connectivity limit d,, (small line-
connected symbols) as function of time for all PMMAI10 samples. The presence of the

wavelength(s) in the polymer films is indicated.

As the particles diffuse and aggregate on the polymer surface, their number and size changes
(Figure S3); as a result the distance between the NPs and the area of film covered by them also
changes. Adapting for PMMA the model developed by Cole et al”” and following the procedure
developed in Amarandei et al.'® the maximal distance between two particles at which they are
connected by polymer bridges can be established (small symbols in Figure 6). In this model, any
polymer chain in contact with more than one NP at a time is defined as a “’bridge”. The total
number of polymer chains y which have at least one segment in contact with a NP can be

extracted as a function of the NP radius R, and the polymer molecular weight M, as

Wonna = 7-30R, +290M 'R’ . The average number of NPs which are bound together by

16
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bridging molecules is givenlg’27 by N, = 2/(2—(0C (d)aw), where ¢.(d) is the local volume

fraction of contact chains, and a is the number of NPs at an inter-particle distance d that are

available for bridging. Following Cole ef al.”” and taking a = 1, the requirement that all NPs are

connected by polymeri.e. N, = is ¢ iy =2 . Using the experimentally determined mean radius

of the NPs, y and ¢, are calculated and the maximum edge-to-edge separation d,, for which NPs
remain connected is extracted.'®*’

The film stability can be then correlated with the presence of polymer bridges between NPs
(Figure 6). As the particles aggregate, their coverage decreases, and therefore the distance
between particles increases. The measured mean edge-to-edge distance d.. between nearest-
neighbor NPs is plotted versus time in Figure 6 and compared with the theoretical bridging limit
dm.

Up to ¢t = 675 min the mean edge-to-edge distance d.. measured between nearest neighbors is
smaller than the connectivity limit d,, while the spinodal instability is present (Figure 6).
However, the films remain unstable even when d.. becomes larger than d,, which is unlike the
case of uniformly distributed NPs.'® Note that for thicker films which exhibit two wavelengths,
the smaller one disappears at this threshold for dk..

Although the spinodal instability persists for de. > dn, we note that d.. is the mean of a
distribution of nearest neighbor distances and some particles may remain connected. Only when
the fractal network has completely fallen apart, is the particle distribution sufficiently uniform
and sparse so that d.. > dp, for all particles. At this point, the film returns to its flat state as seen at
t =7155 and 37395 min.

The aggregation process is slowed down by the bridges between the nanoparticles. These

bridges cause the nanoparticles to move collectively and therefore have a lower diffusion

ACS Paragon Plus Environment 17
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coefficient®’. This effect is observed in the time dependence of the mean particle radius which
does not increase significantly as long as the particles are connected (compare Figure S3 and
Figure 6). The NP spatial distribution does however change as reflected by the time evolution of
the network fractal dimension (Figure 4 and 5). These changes in the network apparently lead to
the changes in film stability.

A further factor that may retard the aggregation process is the particle size itself. The Stokes-
Einstein diffusion equation of isolated spherical particles in a viscous medium®’ shows that the
nanoparticle diffusion coefficient should decrease with increasing particle radius. This effect is
expected to dominate in the late stages of the experiment when the particles are no longer
connected by polymer bridges. Indeed, this explains the presence of the poorly defined remnants

of the initial fractal pattern that remain visible at long times (e.g. t = 37395 min in Figure S7).

4. Discussion

The experimental results show that thin PMMA films covered by Au NPs heated above the
glass transition temperature develop a spinodal instability, while bare regions remain flat. The
stability of a bare polymer film on a coated solid substrate (here a Si wafer covered by a native
SiO; layer) is governed by effective molecular interactions between the air-polymer and polymer-
substrate interfaces.” The different behavior of bare and NP-covered regions of the same polymer
film implies that the presence of Au NPs at the polymer-air interface changes the interaction
potential controlling the film stability.

Once the film is liquid, the particles are free to diffuse, coalesce and aggregate. During this
process the NPs form an evolving fractal network. The polymer develops an initial spinodal

instability as for homogeneously covered films (Figure 7a), followed for sufficiently thick films
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by a second instability mode of smaller wavelength (Figure 7b). This secondary wavelength

appears as wrinkles on the top of the first and later disappears.
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Figure 7. 3D representations of the optical micrographs of in Figure 1 for (a) = 135 min (single
mode), (b) £ = 315 min (two modes) and (c) r = 37395 min (flat mode). The schematic insets
show the theoretical profiles of the surfaces. The differences between the wavelengths are
exaggerated for illustration purposes. (d) An illustration of the dispersion relation i.e growth rate

versus wavenumber for the different modes seen in the polymer films.

The evolution of these instabilities is related to the changing size and arrangement of the NPs,
as characterized by the fractal dimension. With increasing NP aggregation, the Au coverage is
reduced, the fractal network is eventually destroyed, and all surface instabilities disappear

(Figure 7c¢). In other words, changes in the NP arrangement affect the interface potential that
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determines the instability development. The way in which the fractal arrangement influences the
instability appears to be linked to the polymer-connected NPs, as characterized by the edge-to-
edge distance and its relationship to the connectivity limit, since there is a correlation between
the breaking of this limit and the disappearence of the smaller of the two instability wavelengths.
For a thin film covered by NPs, the surface tension y and the van der Waals potential ® will
depend on the fractional particle coverage F(F,t) =A, (t) p(?,t) where Ay(f) and p(? ,t) are the
mean cross-sectional particle area of the NPs and surface number density of NPs (0 < T'(7,¢) <1
and F=x-i+y-)).
The coverage-dependent surface tension is
y(0)=7(F.0) = D) Vs + (=T (1) 7y 2)
where, yaunp and ypory are the Au nanoparticle surface tension (corrected for the variation with
particle size Ap) and the bare polymer surface tension, respectively. In general, yaunp in Equation
2 should be replaced by an interfacial energy yinerf that may be approximated as a combination of
polymer-nanoparticle and nanoparticle-air interfacial energies.28 Here, as the materials involved
are air, gold and polymer, this leads to yintert & YauNp S YAuNP >> Ppoly-
The total interaction potential is
®(A4,.T,1) = (1=T(7,1))- © , (1) + p(F.1)- @ o (2, 4, (1)) (3)
where @py(h) is the effective interface potential of a thin polymer film on a SiO,-covered Si
substrate and ®aunp(h,A,) represents the van der Waals interaction between a single particle and a

flat surface (see Suppl. Inf.).'s 2

For relatively immobile, uniformly distributed particles, their density, their mean size and
therefore the film coverage are independent of position, i.e. p(F,t)= p(t) and T'(F,r)=T(t).

Using Equations (1) — (3), a linear analysis gives the condition for the stability of a NP-covered
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film. This approach has been validated for Au-NPs on PS films.'® Equations (1) - (3) may also be
used to describe the nonlinear time evolution of the film.

For a thin film covered by mobile NPs, as in the present case of Au NPs on a PMMA film, the
situation is more complicated as the system has more degrees of freedom. The particles are
uniformly distributed on the film only at # = O and the system behavior is determined by the

coupled evolution of the film thickness and particle coverage. In particular, the density p(?,t)
and coverage F(F,t) vary in space and change in time in a complex manner. The behavior may
be captured by coupled partial differential equations as discussed by Pototsky et al.®* for two-
layer films, Thiele'” for films of mixtures and by Thiele ef al.’' for surfactant covered films. Such
models allow one to explain coupling-induced instabilities and for some parameter regions, give
rise to two competing instability modes, a behavior not covered by Equation (1). Although it is
out of the scope of the current work to develop and analyze a detailed model for the present case,
we will discuss its general form in analogy to Thiele ef al.>' and draw some general conclusions.

First we discuss the dependencies on material ‘constants’. After linearization the surface
tension (Equation (2)) is

y()=y(7.1)= 7(0)+ 7 -T(7.1) @

where 7(0)= Ypoy @04 Y1 =7 ainp — Vpoy > 0, in contrast to a surfactant on a liquid surface treated

in Ref. 31 where y. <0. Note that y, ., slowly varies with time as the particles grow and

coalesce. This results in a correction to .. As a consequence of the existence of regions of
higher and smaller NP density within the fractal networks observed here (Figures 3, S6 and S7),
the surface tension varies with position. Thus, in regions of high particle density (NP ‘clusters’)
the surface tension (Equation (4)) is larger than in regions without particles (‘voids’), where

F(F,t)=0:> Vvid = Vpoy - Regions of sparse NP density with particle filaments have
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intermediate surface tensions. This implies 7 juuer > ¥ giament > Zvoid @ Y auvp > 7 poly - LN Variation

in surface tension also occurs on multiple length scales due to the fractal distribution of NPs and
varies as the Au NPs coalesce and the NP distribution changes (Figures 3 and 4). The spatial
variation of surface tension gives rise to tangential Marangoni forces at the free surface given by
Vy=y:V,I', where Vg is the derivative along the free surface. Changes in NP coverage are
also expected to cause a spatial-temporal variation of the interaction potential ® (Equation (3)).

It has recently been shown [Equation 23 in Ref. 31] that the evolution equations for a thin film

covered by a surface active material that is insoluble in the bulk liquid are:

A R | s
oIr=V. {h;—nr V|3, f(h.T)=V-(yVh)]- (%F + f)][w ~T'Vé, f(h,l“)]} (5b)

The surface active material may consist of surfactant molecules or surface-active nanoparticles.
Which particular material these equations are applied to will affect the transport coefficients and

energies but not the overall structure of the model. Thus we use the notion ‘surfactant’ for any
surface active material. In Equations 5, D is the diffusion coefficient and f = f (F, h) is a general

surfactant-dependent wetting energy and the surfactant-dependent vy results from entropic terms,
surfactant-surfactant interactions, etc., as contained in the underlying free energy functional.
Interpreting I" as our particle coverage and f as our interaction potential @ (given by Equation 3),
the Equations 5 can describe the evolution of the PMMA film thickness and the Au NP surface
coverage. Note that while the interactions characterizing the molecular surfactants differ from the

interactions in the present NP system, these differences are reflected only in the particular
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expressions for y, @,  and D . Also, an attractive particle-particle interaction must be included in

the energy functional to account for the observed particle aggregation into fractal networks.

For an imposed uniform particle distribution, i.e., without diffusion (13 =0), Equation 5a
reduces to Equation 1 with the 1/3 in the mobility replaced by 1/12. Note that also disjoining
pressure and surface tension in Equation 1 then depend parametrically on I'. This applies to the
case of Au NPs on thin PS films studied by Amarandei ez al.'® where the same particle density is
measured in the instability peaks and troughs and the homogeneous coverage changes in time via
coalescence.

Here for the Au NP-PMMA system, the condition for a spinodal instability 8,,®(h)< 0

obtained from Equation 1, is also met at t = 0 min when the distribution of NPs is homogenous.
All Au NP-PMMA systems studied lie initially above the spinodal line in a stability diagram (see
Figure S8). As this is not changed by the additional degree of freedom (it does not make such a
system more stable, cf. Ref. 30) these systems are expected to develop an initial instability, prior
to NP coalescence taking place. However, the instability acts now on both fields and may initiate
as well the growth of spatial variations in coverage whose development is faster for a larger
diffusion coefficient.

A linear stability analysis of a system like our coupled Equations 5 can result in several types
of dispersion relations that relate the growth rate of the instability to its wavelength (see sketches
in Figure 7d). One may have®": (i) a single unstable dispersion curve corresponding to a single
dominant growing wavelength (dot-dashed curve in Figure 7d), (ii) two individual unstable
dispersion curves as the dot-dashed curve in Figure 7d corresponding to two growing

wavelengths of which one is normally dominant, and (iii) a single unstable dispersion curve that

has two maxima corresponding to two growing wavelengths (dashed curve in Figure 7d).
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Although the stability of the system is purely determined by its free energy, the dominant
instability modes, i.e., their wavelengths, growth rates and relative strengths of growth in the two
fields depend strongly on transport parameters such as viscosity and diffusion coefficient. Indeed,
it is possible that a change in the transport parameters alone may even change case (i) into case
(ii1) or vice versa.

Our knowledge about the involved material parameters and their dependencies on
coverage, in particular, for the transport coefficients is not sufficient to actually solve Equations 5
for our system. The theoretical predictions can be tested by varying the polymer molecular
weight. This changes the film viscosity and thereby the transport coefficients. The work here
provides however generic knowledge about linear stability to interpret the complex experimental
findings. For the thicker films we can distinguish 4 phases: (1) At # = 0 min the linear stability
corresponds to case (i), a single wavelength develops (Figure 7a). As diffusion is sufficiently
large, modulations develop in film height and coverage; (2) As the mean coverage changes the
relevant dispersion curve is either of type (ii) or (iii) that both allow for two wavelengths to
develop (Figure 7b). Note that the two modes do not need to involve film height and coverage in
a similar way. In Ref. 29 the occurrence of the different modes was tuned by the films thickness,
surface tension and viscosity ratios of the two layers. Here, the modes will be determined by the
polymer film thickness and the particle coverage; (3) As the mean particle distance becomes
larger than the bridging distance, first polymer bridges break, the transport coefficients and
interaction terms change resulting again in a dispersion relation of type (i). Thereby, changes in
the diffusion coefficient may reflect several effects: As the Au NP-Au NP interaction is much
stronger than the Au NP — polymer interaction, it is primarily influenced by the aggregation
process. Also, bridging connections between particles can change their effective diffusion

coefficient, increasing the viscosity experienced by those particles collectively above the value of
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the bulk polymer.lg’27 Thus, D in Equation 5 is expected to be a function of p(?,t) and
consequently of T’ (F,t); (4) Further coarsening changes the interaction potentials in a way that

stabilizes the film (Figure 7¢) as known from Au NP on PS.'"® In contrast to the thicker films
(right images in Figure 1), the thinner films (left images in Figure 1) do not pass through phase
(2), possibly because interaction potentials (and transport coefficients) differ and the type of
dispersion curve depends sensitively on both.

In the present study, sputter deposition was chosen as it provides a spatially uniform NP
distribution on polymer surfaces. The particle size, shape and coverage at = 0 min are controlled
by the deposition parameters, mainly the deposition rate and the nominal thickness of the
deposited metal film. The particle size and their spatial distribution can be reproduced in a
repeatable manner if the deposition parameters are unchanged.

Other techniques such as drop-casting, spin coating, dip-coating or spray coating are
sometimes also used to deposit nanoparticles on polymer films. With these techniques, fractal-
like structures often result immediately after NP deposition and those structures could cause the
presence of lateral surface tension gradients from the outset, determining the magnitude of the
Marangoni effect and its influence on the film stability. Importantly however, the general
mathematical form of the theoretical model presented here remains valid.

In the above mentioned deposition methods, ligands normally cap the nanoparticles in order to
avoid their clustering in solution. The interactions between the ligands and polymer matrix may
have an influence on the composite polymer-nanoparticle instability as they affect not only their
deposition and aggregation, but also their position on or within the polymer film. Ligands can for
instance allow nanoparticles to embed into the liquid polymer film**° forming a nanocomposite

with different properties (viscosity, dielectric constant etc.). This, in turn, is characterized by a
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different interaction potential @ that controls the system stability. Moreover, after embedding the
nanoparticles are still free to diffuse and aggregate. Under favourable conditions, the
nanoparticles can segregate at the polymer-substrate interface, modifying the short-range

. . . 18,32
interactions to overcome the long-range interactions.'®

The presence of ligands around the NPs
can be included in in the interaction potential that controls the film stability. Such a potential
must contain terms that capture the nanoparticle-ligand—polymer/substrate interactions.

In general, different deposition methods may lead to a more complex system compared to the

films presented here. This additional complexity may exhibit a richer tableau of patterns that are

interesting to study in the future.

Conclusions

We have shown that Au nanoparticle coverage is an important parameter in controlling the
stability of thin liquid polymer films. Our results, obtained with PMMA films, have confirmed
and extended results previously obtained with PS films. The development of spinodal surface
instabilities shows stark differences that we have explained as resulting from the different
mobility and adhesion of Au nanoparticles on PS and PMMA. Moreover, we have shown that the
stability is independent of the particle distribution as long as the particles are interconnected by
polymers. However, the wavelength of the spinodal surface instability is controlled by the
particle distribution, which can result in a lateral variation in surface tension. For a sufficiently
large variation in surface tension, a second smaller instability mode forms, driven by Marangoni
and dispersion forces. This illustrates the possibility that two fast growing spinodal surface
modes can develop at the same time, provided that the polymer film thickness is larger than some

threshold.
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BRIEFS.

The stability of thin liquid PMMA films is controlled by gold nanoparticles at the air-polymer
interface. First, nanoparticles aggregate into fractal networks while spinodal surface instabilities
develop. They show one and two wavelengths for thinner and thicker films, respectively. As the
nanoparticle coverage decreases, the networks evolve into disordered particle assemblies while

the polymer films flatten.
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