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he fabrication of polymer-based

nanocomposites through the incor-

poration of inorganic particles
throughout a polymer host is now a wide-
spread strategy to improve the perfor-
mance of polymer systems in a vast range
of applications. Significant property
enhancements,'® viscosity, diffusion, glass
transition, wetting, interfacial processes, op-
tical, thermal, electrical, and mechanical
properties are exhibited by these nanocom-
posites, particularly when the dimensions
of the particles are comparable to the aver-
age chain dimension of the polymer,
Ry->'°7"3 In this paper we examine, for the
first time, the structural evolution (coarsen-
ing) of the size of dodecanethiol-
functionalized gold nanocrystals embed-
ded in a thin film of a polymer, poly(me-
thyl methacrylate) (PMMA).

Coarsening is a ubiquitous phenom-
enon, responsible for a diverse range of pro-
cesses that include aerosol
aggregation,’*"® phase separation of
liquid—liquid mixtures,'®'” and the mor-
phology of thin metallic and semiconduc-
tor films on substrates."®' Two general
mechanisms have been proposed to ex-
plain late-stage coarsening behavior: Ost-
wald ripening (OR) and coalescence. In the
classic OR growth mechanism, particles
grow through the transfer of atoms/mol-
ecules from smaller particles to larger par-
ticles. Transport is due to differences be-
tween the chemical potentials, ., of the
particles; . varies as the particle radius of
curvature. Dynamic coalescence, on the
other hand, involves the collective motion
of particles or clusters that grow upon colli-
sion; the mean cluster size increases with
time. The growth process is self-similar for
both mechanisms, and the average radius,
R, of the particles in the system may be
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ABSTRACT Dodecanethiol-stabilized gold nanoparticles (5 nm diameter) are shown to self-organize to form

a two-dimensional hexagonal structure in poly(methyl methacrylate) films upon spin-casting from solution onto

a substrate, using high-angle annular dark-field scanning transmission electron microscopy. Through use of the

distribution functions describing particle distributions, we show that the particle coarsening dynamics is self-

similar, characterized by two distinct growth stages. During the initial stage, coarsening occurs via simultaneous

Ostwald ripening and coalescence mechanisms, whereas during the second stage, the dominant coarsening

mechanism is coalescence.
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characterized by a single length scale: (R)
« t?, where the value of the exponent can
provide insight into the mechanism of the
growth process.

We show that nanoparticles which ini-
tially self-assembled from solution to form
a two-dimensional hexagonal close-packed
structure in a thin polymer film coarsened
upon annealing at elevated temperatures.
The structural evolution was characterized
by two stages: an initial stage wherein
growth is due to simultaneous mecha-
nisms, OR and coalescence, and a later
growth stage characterized by a scale-
invariant distribution reminiscent of growth
by coalescence alone. The transition be-
tween the growth stages is evidently facili-
tated by desorption of the dodecanethiol
ligands. To the best of our knowledge, this
is the first study of nanoparticle coarsening
in a polymer system showing that the
growth process is well-described by classi-
cal coarsening mechanisms.

RESULTS

A scanning transmission electron micro-
scopy (STEM), Z-contrast image of the as-
cast PMMA/Au nanocomposite film is pre-
sented in Figure 1a, where it is evident that
the gold nanoparticles initially form self-
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Figure 1. High-angle annular dark-field images illustrating the morphol-
ogies of PMMA/gold nanoparticle nanocomposite films. (a) The as-cast
film presents a self-assembled two-dimensional network of Au nanocrys-
tals, with some nanoparticle bilayer domains (brighter regions). The 2D
Fourier power spectrum included as an inset confirms hexagonal symme-
try in the lattice. (b) The image depicts coarsening of the gold nanoparti-
cles after annealing the film in vacuum environments at T = 150 °C. The
power spectrum demonstrates loss of order in the nanoparticle array.

(

organized, two-dimensional hexagonal structure. The
2D Fourier transform power spectrum included as an in-
set confirms that the packing exhibits hexagonal sym-
metry. The average edge-to-edge distance is 1.9 nm, re-
vealing interdigitation of the alkyl chains, given that
the length of a dodecane chain is calculated to be

1.77 nm.>?

Dynamic secondary ion mass spectrometry (DSIMS)
measurements of a nanocomposite film reveal that the
gold nanocrystals are segregated at the free surfaces.
Further evidence of this interfacial segregation is ob-
served in scanning force microscopy (SFM) images of
the as-cast film, which possess a relatively large root-
mean-square roughness (1.9 nm) with features of depth
comparable to the size of the nanoparticles (see Sup-
porting Information). The colloidal nanocrystals are seg-
regated exclusively at the free surface due to the rela-
tively low surface tension of the dodecanethiol ligands
(Yor = 25.4 mJ/m?) with respect to that of PMMA
(Yemma = 40.2 mJ/m?). This is better understood by
considering that the adsorption energy of a particle at
an interface?®?* is given by E, = TR Yemmall —
|cos 0)), where cos 6 = (Yor — Yor-pmma)/Yemmas and
R is the radius of the coated particle (gold core radius
plus brush thickness). The particle/interface interaction
is strongest when cos 6 =1. Here, Ypr_ppmma = 5.2
mJ/m? and R =~ 4.1 nm, which reveals that £, >>
10KT. Clearly, the energy required to remove a particle
from the free surface of the film is large compared to
the thermal energy; hence, the particles are expected
to be bound at this interface. When these particles seg-
regate to the free surface of a film, they typically ex-
hibit hexagonal packing. To this end, the hexagonal
pattern formation is consistently observed at suffi-
ciently high packing densities in solution-cast polymer
thin film systems that include other polymers such as
polystyrene (PS) and polyvinylpyridine (PVP).

It is noteworthy that the dynamics of the organiza-
tion of nanoparticles has been studied by a number of
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authors;?>~*” specifically, the controlled drying of par-

ticle solution mixtures on solid substrates was exam-
ined. However, to our knowledge, the formation of self-
assembled monolayers (SAMs) of nanoparticles on
polymer surfaces, through rapid evaporation (spin-
coating) of polymer/nanoparticle solutions, has never
been demonstrated and therefore requires further
study. Ultimately, a clear understanding of the dynam-
ics of nanoparticle formation on the polymer matrix
would be desirable to produce transferable self-
assembled nanocrystalline monolayers with improved
long-range order.

After annealing the nanocomposite film in a vacuum
at 150 °C for a period of 1920 min, it is evident, even
from the low-magnification image presented in Figure
1b, that the particles have coarsened considerably and
that the hexagonal order which the particle array ini-
tially exhibited no longer exists (see Figure 1b inset).
Higher-magnification high-angle annular dark-field
(HAADF) images of the nanocomposite film, along with
a plot of the probability distribution of particle sizes at
two different times (Figure 2), show more clearly the in-
crease of particle size with annealing time. It is also
clear that particles become more irregular at long times
(t = 5700 min), as observed when examining the plot
of the average shape factor, S, versus time (Figure 3),
which provides a measure of the relative circularity of
planar shapes (S; = 1 for a circle).

To gain insight into the mechanism of coarsen-
ing of the gold nanoparticles in the films, we exam-
ined the time dependencies of the average particle
radius, (R(t)), and the number of particles, N(t). Both
quantities seem to exhibit a power-law dependence
on time, showing that the growth of gold cores with
annealing time, as described by (R(t)), is naturally ac-
companied by a decrease in the N(t). The value of
the power-law exponent for the former is 0.192,
while that for the latter is —0.627 (see Supporting In-
formation). Conservation of mass defines the rela-
tionship between N(t) and (R(t)). Assuming that the
characteristic length R scales as m'’®, where m is the
mass of the aggregate and D is its fractal dimen-
sion (equal to 3 for the compact, approximately
spherical clusters obtained after shape relaxation),
then (R(1))>N(t) is approximately constant, as con-
firmed from their time dependence. Thus, the coars-
ening exponent, B, is given by (R(t)) = t* and N(t) =
t 3P, Based on the mean-field theory of OR, § = '/,
in dimensionally homogeneous systems (2D/2D and
3D/3D systems) when the rate limiting step for trans-
port is associated with detachment of atoms, while
B = "/3 when transport is limited by surface diffusion
of the species.?®2° For 3D particles in a 2D diffusion
field, a divergence in the steady-state solution of the
2D diffusion equation complicates the analysis.>°
However, an asymptotic growth exponent g = '/,
has been found when transport is determined by dif-
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Figure 2. (a) Evolution of particle size within the film processed in vacuum environments (T = 150 °C), shown in the HAADF
images at four different annealing times. (b) Coarsening of the nanoparticles captured in the broadening of (non-normalized)

distribution of nanoparticle sizes with time.

fusion. On the other hand, for interface-limited mass
transport in 3D/2D systems, it was found that B =
'/5."8 Thus, the experimental value of the coarsen-
ing exponent revealed by our experiments, B ~ '/,
suggests that the coarsening process is not exclu-
sively driven by capillarity.

Www.acsnano.org

DISCUSSION

It is well known that the value of the power-law ex-
ponent is sometimes insufficient to deduce the mecha-
nism that engenders coarsening.®' However, theory
shows that each mechanism leads to distinct scale-
invariant distribution functions for the particle size, F(R/
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Figure 3. Time dependence of the shape factor, S;.

(R)) vs R/(R), in the asymptotic limit (t — ). Accord-
ingly, we now analyze the nanoparticle size distribution
function of the vacuum-annealed nanocomposite film
by normalizing the cluster size frequency distribution at
each time (Figure 4). It is noteworthy that all the data
did not collapse onto a single curve, as expected for a
self-similar coarsening process. The normalized distribu-
tion functions that characterize the structure at earlier
times, t =~ 120—480 min, are relatively narrow and sym-
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Figure 4. Comparison of the theoretical and experimental
normalized distribution functions. The experimental distri-
butions at five different annealing times are plotted with un-
filled markers for the early growth stage, and with filled
gray markers for late-stage growth (t > 480 min). The solid
black line represents the distribution characteristic of
diffusion-limited OR, and the dotted lines are the Smolu-
chowski distributions that best fit the data at each of the
stages: the black curve corresponds to t < 480 min, with «
= —1.6, and the gray curve corresponds to t > 480 min, with
o =—0.1.
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metric. The probability distributions at later times (t
=1920 and 5700 min) collapsed perfectly onto a single
curve, exhibiting a log-normal shape that is positively
skewed. Moreover, the non-logarithmic plot of (R) vs t
(Figure 5a) shows that the coarsening kinetics of the
particles can be divided into two distinct growth stages,
with a discontinuity at ~480 min. In the following, we
will examine both regimes separately.

The experimental particle distribution at earlier
times show the best agreement with the diffusion-
controlled OR equation:

F(R'=R/<R>)=
2 r
4Ry ( 3 )7/3( —3/2 \11/3 ( R ) ifR' <3/2
9 \3+Ry Rr—3/2 R'—3/2
0 ifR'>3/2

m

For example, at time t = 120 min, the calculated
R-squared error between the experimental distribution
and eq 1is R? = 0.96 (Figure 4). However, some features
of the experimental curve, such as the slight tail extend-
ing to larger cluster sizes, are better captured by the
analytical solution to the Smoluchowski equation, eq 2
(R =091, a = —1.6):

W(R » W) **"" expl—(WR)°]
[(—a+2/3)

FR') =2 @
where W = I'(—a + 1)/T'(—a + 2/3), and « is a scaling
exponent that quantifies the dependence of the cluster
diffusion coefficient with its mass. It is important to
note that this long-time analytical solution is consis-
tent with the expected power-law scaling behavior of
the average particle size, (R) ~ t*, with B = 1/(2 — 3).

We suggest that the distributions at earlier times
are the result of simultaneous coalescence and
ripening-based growth. The relative contributions of
coalescence and condensation can be obtained from
the moments of the nanocrystal size distribution, ., =
R5/Ry, and s = (R)/R5, where (R) is the arithmetic mean
radius, (R) = >R/n, R; is the cube-mean radius, R; =
(>R3/n)'3, and R,, is the harmonic mean radius, R,, =
n/>(1/R)).>* Both moments are unity for monodisperse
particles obtained by condensation, while for ., > 1.25
and p.; < 0.905 growth occurs only through coales-
cence? If 1 <, < 1.25and 1 > p; > 0.905, coarsen-
ing is achieved by a combination of both mechanisms.
For the sample at t = 120 min, the moments of the par-
ticle size distribution were ., = 1.117 and p; = 0.955,
indicating that both condensation and coalescence
may play a role in the growth of the particles at this
stage (Figure 5b).

It is worth mentioning that predictions of the mean-
field model for ripening represented by eq 1 are valid
for vanishingly small volume fractions. Simulations have
shown that reductions in the height of the particle size
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distribution characteristic of OR, as well as broadening

of the profile, can be obtained at higher particle volume
fractions.®® Hence, the differences between our experi-
mental data and the curve described by eq 1 could also
be due to a non-negligible particle concentration. De-

spite this caveat, the agreement between experiment

and theory is very good and provides the appropriate

insight required for the dynamics of this system.

At much longer annealing times, the particle dimen-
sions continue to increase in size (while the number of
particles decreases) and the moments of the distribu-
tion gradually diverge from unity (Figure 5b) due to an
increase in the polydispersity of the nanocrystals (c/(R),
= asomin =~ 30%). A close survey of the HAADF images
of Figure 2a provides evidence of growth by OR in the
initial stages. At t = 300 min, particles retain the very
smooth, spherical shape typical of growth by ripen-
ing;** small particles (R; << (R)) reside close to large par-
ticles (R, => (R)), as exemplified by the circular region
highlighted in the corresponding HAADF image. After
an additional 3 h of annealing, at t = 480 min, the merg-
ing of particles in the image is clearly identifiable
(square regions), in spite of the fact that most particles
are not in contact with each other and retain their
spherical shape (circular region). This suggests that, dur-
ing this initial stage, growth occurs by simultaneous
OR and coalescence, and that coalescence becomes
more significant with annealing time. The latter state-
ment is consistent with the increasing polydispersity of
the particles with time, characteristic of coalescence-
based growth.>®

We now examine the mechanism of coarsening in
the late stages of growth, for t > 480 min. The HAADF
image corresponding to t = 5700 min in Figure 2a
shows clusters characterized by irregular shapes (the
value of S; diverges from unity at t > 480 min, as seen
in Figure 3), in direct contact with each other, revealing
the predominance of coalescence events at later times.
During this stage of growth, as mentioned earlier, the
two normalized distribution functions collapse onto a
single curve, manifesting the existence of a self-
preserving distribution at long times. Not surprisingly,
the line that fits our data best was calculated on the ba-
sis of the Smoluchowski solution with « = —0.1 and
R? = 0.98 (Figure 4). The small magnitude of the diffu-
sion scaling exponent, o, indicates a weak dependence
of the cluster diffusion coefficient with mass, but its
negative value is still consistent with the notion that
small particles should diffuse more rapidly than larger
ones. From the asymptotic solution of the Smolu-
chowski equation given in eq 2, one also obtains the re-
lation between o and B [ = 1/(2 — 3w)], yielding a
value of B = 0.43. This value should be equal to that ob-
tained from the power-law exponent of (R) vs t at long
times. Further experiments in this regime (t > 480 min)
would be required to corroborate the consistency be-
tween the coarsening values obtained from the afore-
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Figure 5. (a) Kinetics of nanoparticle growth due to thermal
treatment (T = 150 °C), shown here in a linear plot of (R) vs t.
The curve presents a discontinuity at ~500 min, suggesting
the existence of two coarsening regimes. The dashed lineis a
guide to the eye. (b) First and third moments of the particle
size distribution function, p, (®) and p; (), which gradually
diverge from unity as the polydispersity of particles in the
vacuum-annealed nanocomposite grows.

mentioned plot and the fit to the particle size distribu-
tion. It should be noted that, at t = 480 min, the criteria
By > 1.25 and p; < 0.905 are met, supporting the
theory that growth occurs exclusively through coales-
cence for t > 480 min (Figure 5b).

Thus far, we have not explained the reason for the
two stages of kinetic growth described above. We sug-
gest that the transition from simultaneous OR/
coalescence-based growth to pure coalescence-based
growth, at later times, is associated with the complete
thermal desorption of the dodecanethiol ligands from
the gold metal cores. At the beginning of the annealing
process, particles are protected from aggregation and
fusion by a layer of ligands that cover the gold core sur-
face completely. As a general guideline, metallic cores
are able to fuse if they approach to within a distance of
0.5 nm (3,) of each other.>® From the HAADF images
of the film at the earlier annealing times, the interpar-
ticle separation distance was measured to be & = 1.9
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nm. Clearly, at this spacing the nanocrystals are not
able to come into sufficient proximity to coalesce. On
the other hand, atomic diffusion of gold atoms should
be somewhat restricted by the presence of the dode-
canthiol (DT) molecules, and growth through OR will
also be inhibited.>” During the course of the heating
process, however, the ligands will gradually desorb (the
desorption temperature of DT molecules from a
Au(111) surface in a vacuum is ~120 °C)*” and par-
ticles would only be partially passivated. Diffusion of
free atoms, and small oligomers no longer bound by
ligands, will promote growth by OR. As DT desorption
continues, the partially passivated particles will have an
increasing probability of coming within §_ and fuse
upon collision. Thus, OR and coalescence would occur
simultaneously. At longer times at elevated tempera-
tures, most ligands would have been thermally des-
orbed, and collisions would lead to coalescence; this
mechanism would therefore dominate the growth of
particles during this latter stage. We find evidence that
total thermal desorption of ligands in our nanocompos-
ite film occurred after 480 min, since in the HAADF im-
age for this time there is clear evidence that particles
are separated by a distance close to 9, the thickness of
the steric barrier at time t = 0.

This is consistent with the results of studies of the
structural transformation of Au(111) surfaces, with
monolayer-high islands, covered by a SAM of DT mol-
ecules in a vacuum over a temperature range that in-
cludes room temperature and the desorption tempera-
ture.?” These studies show that, at room temperature,
atomic diffusion is completely inhibited by the thiol
molecule, but as temperature increases to ~90 °C, the
gold islands start growing through Ostwald ripening.
Upon a further increase in temperature (~125 °C), rapid
island growth was found to accompany the desorption
of thiol molecules. Events of island —terrace fusion were
often observed in the STM images, strongly suggest-
ing the existence of growth by coalescence.

It should be noted that, in this system, the kinetics
of desorption of the alkanethiol SAM from the gold sur-
face are expected to be fast (on the order of minutes),
considering the rapid structural transformation ob-
served. However, in our system, the presence of the
polymer matrix is responsible for slowing down the de-
sorption rate of DT molecules. In fact, thermogravimet-
ric analysis of a similar nanocomposite system com-
posed of phenylethanethiol-coated gold nanoparticles
in a PS-PVP matrix®® indicated a weight loss of less than
50% of the total thiol ligands initially present upon an-

METHODS

Gold nanocrystals stabilized with DT were synthesized by a
modification of the two-phase arrested precipitation method re-
ported by Brust et al.*® using a 1/1 DT/HAuCl, ratio. The gold
cores had an average diameter of 4.68 nm with a relatively broad
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nealing the sample at 170 °C for more than 8 h. Fur-
ther insight into this issue would be gained by under-
standing the influence of the ligand surface coverage
on the interaction energy between colloidal gold par-
ticles in a PMMA matrix, using the DLVO theory as the
basis for studying the colloidal stability.?® The form of
the potential would ultimately give us information
about the collision efficiency (the probability that par-
ticles adhere upon collision), as well as the reversibility
of the aggregation process as a function of ligand cov-
erage. A more complete theoretical picture of the prob-
lem at hand would require accounting for possible ad-
sorption of polymer to the gold surface. This, or course,
does not change the basic physics, coarsening via Ost-
wald Ripening and by coalescence, that characterizes
the behavior of our system.

Some final considerations that may affect the analy-
sis of the kinetics of growth of the nanoparticles in our
system are related to the fact that some assumptions in
our coarsening models may be violated in our system.
First, the collisions between particles are not always bi-
nary, as assumed in the coalescence model. Most im-
portantly, the coalescence model described above is
strictly valid for particles that are randomly distributed
in space, which is clearly not the case for our particles at
the initial stages of growth. In the same manner, par-
ticle interactions and spatial correlations have also been
shown to have an effect on the shape of the size distri-
bution function in ripening-based growth, as men-
tioned before.®® These are generally not first-order ef-
fects. Hence, the most remarkable finding is that the
classical coarsening mechanisms provide a very good
description of the size evolution of the particles in our
system.

CONCLUSIONS

We presented the first experimental accounts of
nanoparticle coarsening in thin polymer films in the na-
nometer thickness range. Analysis of the growth kinet-
ics, the particle size distribution function, F(R/(R)) vs
R/(R), and the spatial distribution and shape character-
istics of the nanoparticles via HAADF images shows evi-
dence of two distinct stages of growth; the transition
between the stages is associated with a gradual desorp-
tion of the alkanethiol molecules at the high annealing
temperature. We are currently studying nanoparticle
coarsening processes in different environments. We
hope that this study generates theoretical work on the
structural evolution of nanoparticles in different
environments.

size distribution, o/(R),—o =~ 21%, as determined by HAADF im-
aging using STEM.

The gold particles were used to prepare composite solu-
tions with poly(methyl methacrylate) (PMMA, Polymer Source,
Inc., M,, = 92 000 g/mol, M,,/M,, = 1.08) in toluene (Fisher Scien-
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tific), yielding a concentration of polymer in solution of 2 wt %.
The weight fraction of nanoparticles in the homopolymer was 13
wt %. Films with thicknesses of 200 nm were prepared by spin-
coating the composite solution onto glass substrates of roughly
1 cm? at a spin rate of 1000 rpm. After spin-coating, the films
were floated on water and off the glass substrate and then de-
posited onto transparent silicon nitride windows (SPI Supplies)
with the use of a water lens held by a looped wire. Once pre-
pared, the samples were annealed in a vacuum at 65 °C for a pe-
riod of 30 h to remove excess solvent. Additional PMMA/Au
nanocomposite films were spin-coated directly on silicon sub-
strates with a silicon nitride layer of 100 nm grown by LPCVD
(WaferNet, Inc.) for DSIMS analysis.

The films were then annealed above the glass transition tem-
perature in a vacuum (100 mTorr) and subsequently quenched
to room temperature. Following each annealing period, the
samples were characterized with a combination of SFM and
STEM. Ex situ images of the topography of the films were taken
with Nanoscope IV scanning force microscope operating in tap-
ping mode.

The spatial distribution and size of the gold nanoparticles
within the homopolymer films were analyzed with a JEOL 2010F
transmission electron microscope operating at an accelerating
voltage of 200 kV in scanning mode (STEM) using a HAADF de-
tector. Images for particle size measurement were acquired in at
least three different regions of the sample. The images were
then thresholded and treated with several digital filters using
Clemex Vision image analysis software v2.2 (Clemex Technolo-
gies, Inc.) as well as Image J software. On average, 1400 particles
were measured for determination of the particle size distribu-
tion at each annealing period. The average radius per particle
(R(t)) (obtained from the projected, planar surface area of the
particles, S, assuming R(t) = (S(t)/m)"/?), the shape factor, S; (de-
fined such that S; = 4wS/P?, where P is the perimeter of the par-
ticle), and the number of particles per unit area, N(t), were calcu-
lated at various stages during the coarsening of the particles.
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