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ABSTRACT: We study the mechanism and kinetics of fullerene
Ceo association in model homopolymer thin films upon iso-
thermal annealing. Uniform polystyrene (PS) films loaded with

—5% Cgo mass fraction, on both sides of the miscibility
threshold, are annealed and monitored over time. A transition
from heterogeneous, sparse, nucleation to a percolated spinodal
morphology is observed with increasing Cg( loading and time.
Fullerene association is followed by crystallization, which is
quantified by Avrami kinetics in two dimensions. Key regimes of
the process are identified as nucleation, percolation, saturation
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and coarsening stages, and defined in terms of the evolution of cluster average size (r), number density N, area fraction A; and
dominant wavenumber g*. The “spinodal clustering” process results in a percolated lateral morphology and undulating surface
topography whose wavelength A and amplitude Oh can be tuned with temperature T, time ¢, film thickness & and polymer molecular
mass M,,. These results provide insight into pattern formation in nanocomposites relevant to engineering functional materials,

including organic photovoltaics and thin film coatings.

I. INTRODUCTION

Controlling the structure and stability of nanofillers in poly-
mer matrices is key to the development of functional nanocom-
posites." The miscibility and dispersion of polymer—nanoparticle
mixtures is governed by a subtle balance of enthalpic and entropic
contributions," ™ in addition to interfacial wetting in thin films,*> all
of which control the spatial arrangement at the nanoscale and
thereby the macroscopic performance of the composite material.
Increasing experimental and theoretlcal work demonstrate the great
potential galns in mechanical,® gas transport,” and optoelectronic
properties® of nanostructured comp051tes Current applications
range from advanced coatings*®~"' to photovoltaics.*'>

Polymer and fullerene-derivative mixtures are indeed among
the most promising polymer solar cell materials reported so far,
in terms of efficiency and stability,'> as well as relative low cost.
Their power conversion is governed by the amount of donor/
acceptor interface generated in bulk heterojunction device
structures, which rely on the nanoscale phase separation within
the thin (~100 nm) photoactive layer."> " Performance is largely
determined by the composite morphology, including amor-
phous and crystalline (polymer and fullerene) domains, and de-
pends cr1t1callgr on film preparation and post production thermal
annealing.'

We have recently reported the spinodal association®® of full-
erene Cgo in model polystyrene thin films, above the Cg
miscibility threshold.*' Cg, in the nanocomposite films was
found to nucleate within minutes of thermal annealing and
percolate into well-defined spinodal-like pattern. The coarsening
kinetics of the structure were quantified by the time-evolution of
the dominant length scale A* and shown to follow a A* ~ %
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where t is time and @ the coarsening exponent. o is /5 for
relatively thick films (170 nm) and gradually decreases to essen-
tially O for ultrathin films,* Jas expected for the 2D phase separation
in thin film conﬁnement ** which breaks the symmetry of the
process. The o = '/5 power law corresponds to evaporation—
condensation and Brownian coalescence mechanisms in the
bulk. The combination of film confinement and Cgo— Cgy affinity
at this high fullerene loading leads to a collective nuclea-
tion process, named “spinodal clustering”,*® which is followed
by crystallization. In this paper, we investigate the effect of
concentration and temperature to elucidate the mechanism
and kinetics of this polymer-fullerene association process.

Il. EXPERIMENTAL SECTION

Uniform polystyrene—Cg, nanocomposite thin films were prepared
from dilute solution and spun-cast onto silicon wafer substrates. Cg was
purchased from MER Corporation (99-+9% purity) and used as received;
Polystyrene (PS) was obtained from BP Chemicals and purified by
reprecipitation in 20-fold excess of methanol before use (M,, =270 kg/mol,
M,/M, =24, R, = 14 nm). PS and Cg, fullerenes were separately
dissolved in toluene (99.8+%, GLC, Fisher Scientific); the C4(-toluene
solution was sonicated for 30 min and then added to the PS-toluene
solution to obtain the required relative Cyo-PS mass fraction. The
mixture was further sonicated for 30 min, stirred, filtered (0.45 um
PTFE) and then spun-cast onto toluene-cleaned (100) silicon wafers
(380 um thick; ITME Poland) with a native (= 2 nm) oxide layer,
characterized by X-ray reflectometry (PANalytical X’Pert PRO MPD).
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Figure 1. Optical micrographs of PS(270k) thin films (h = 150 nm) with different Cy, loading, annealed isothermally at 175 °C for selected time
intervals. A transition from stability to to sparse nucleation is visible between 1 and 2% mass fraction, and then to spinodal clustering at 5% Cgo. The inset
of panel k shows the 2% surface pattern after 2 days. Neat PS films remain uniform and (meta)stable for approximately 10 h. Scale bars are 50 um.

Piranha-etched silicon substrates (Caution!) were also employed to
probe possible surface energy effects.”® A constant film thickness of
approximately 150 & 5 nm is used throughout this study, as measured by
UV—vis interferometry (Filmetrics, F20—UV). The films were dried at
room temperature for at least 24 h*® and then isothermally annealed on a
custom-made hot stage mounted on a reflection optical microscope
(Olympus BX41M), equipped with an XY stage and CCD camera (AVT
Marlin). Annealing temperatures within 100—185 °C and times of
0—2 days were investigated, with typical sampling intervals of 1 min. The
surface topography of selected annealed films was characterized by
atomic force microscopy (Innova, Bruker AXS) in tapping-mode, using
super sharp TESP-SS tips. Wide angle X-ray scattering (WAXS)
measurements on bulk PS—Cg, sample were carried out with the multi
purpose PANalytical (XPert Pro) diffractometer as a function of
annealing times to study the development of crystallinity in the phase
separated composite.

Ill. RESULTS AND DISCUSSION

The dependence of the PS—Cgp thin film morphology on
fullerene loading, upon isothermal annealing above the glass
transition temperature Ty, is shown in Figure 1. Optical micro-
graphs for 150 nm thick PS—Cg, films annealed at 175 °C at
representative times are selected for illustration. No sign of Ce
association is observed at <2% Cgg loading, while dense nuclea-
tion is observed at 2 wt % upon annealing. A “spinodal”-like
structure develops within a few minutes in 5% Cgp films, with
well-defined dominant length scale and connectivity. Upon pro-
longed annealing over 48 h, the 2% mixture eventually percolates
into an interconnected spinodal-like structure, which is qualita-
tively similar to 5% specimens, albeit less dense (thus with a
larger characteristic length scale A*). Although a transition from
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nucleation to percolation is not apparent in the 5% Cgo mixtures,
the similarity between the final structures at 2 and 5% suggest a
common association mechanism, starting with a nucleation and
growth step. Subsequent experiments on the early stages of
association at lower temperatures corroborate this hypothesis.

Various limits of miscibility and dispersibility of fullerenes in
polymers have been reported.”"*”*® The miscibility threshold of
Ceo in PS thin films agrees well with that measured in bulk PS,
namely ~1.5 wt %, established by calorimetry (DSC), dielectric
spectroscogy (DS), small angle neutron scattering (SANS) and
WAXS.*"* It is possible to disperse higher Cg, loadings in PS via
rapid precipitation (bulk) or spin-casting (thin films). However,
we expect mixtures with Cgo loading of 2% and above to demix
upon annealing.

The undulations on the film surface (air interface) at 5% Cgq
loading do not correspond to spinodal dewetting,*>*' as shown by
the evolution of surface topography obtain by AFM. Further, neat
PS films remain uniform within the experimental time window
(Figure 1), and up to 10 h annealing, as expected for the (meta)
stability of this relatively high PS M,, and film thickness.*" In order to
elucidate the underlying mechanism responsible for pattern forma-
tion on the nanocomposite surface, a combination of microscopy
experiments and image analysis is employed.

A. Image Analysis. Quantitative image analysis of the thin film
morphology and topography was carried out to characterize fullerene
association and kinetics. Specifically, we probe the lateral (in-plane)
morphology by a combination of optical microscopy (OM) and
AFM, and the vertical topography (ie., undulation amplitude) by
AFM. Each pattern is thus quantified by its characteristic lateral length
scale (A*) or wavenumber (q*), average amplitude (Oh), cluster
average radius ({r)), number density (N,;), and area fraction (Af).
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Figure 2. Image analysis procedure to quantify the time evolution of (a)
the characteristic wavenumber (g*) and (b) the number density (N,),
average radius ({r)), and area fraction (Ay) of the clusters. A fast Fourier
transform (FFT) and radial average of binary filtered image yields a
structural dominant g* and thus length scale A =2m/ q*. A filter of the
bicontinuous envelope permits the determination of cluster statistics via
procedure b. The procedure is illustrated with a PS(270K)-S wt % Cg
150 nm thick film annealed at 175 °C for 61 min.

Figure 2 illustrates the image analysis procedure of an optical
micrograph. Each pattern exhibits darker clusters correspond-
ing to Cgorich regions, surrounded by lighter connected
domains, corresponding to undulations in film thickness. Each
image is analyzed following two routes, to obtain (a) the
characteristic length scale A* and (b) Cg, cluster distribution
statistics. Structure factors S(q) of the film lateral bicontinuous
morphology were obtained using Image] (NIH): images were
thresholded and the cluster regions filled to create binary
images that were then fast Fourier transformed (FFT) and
radially averaged. The characteristic spatial frequency of the
pattern was obtained by A* = 271/q* where q* is the wavenum-
ber corresponding to the maximum intensity of S(g). The
coarsening kinetics of the in-plane structure 1*(t) were inves-
tigated as a function of isothermal annealing time (t). For
comparison, neat PS films were investigated in the same
experimental conditions. Route b yields cluster statistics, {r),
Ny, and A5 and was carried out using Vision Assistant (National
Instruments 8); the same thresholding procedure was adopted,
but now the connected “envelope” was removed. The char-
acteristic cluster size (r) and polydispersity were obtained from
the maximum and width of the cluster radius histogram. Ny, is
defined as the number of clusters per unit area and Ay their
surface coverage normalized to image area. Measurement un-
certainties were computed by varying image thresholding
levels. For completion, the undulation average amplitude (Oh)
and maximum peak height of the surface topography were
obtained from AFM data using the SPM Lab Analysis V7.00
software provided by Bruker AXS.

B. Cluster Characterization. The surface patterns are domi-
nated by two features: dense clusters and surrounding inter-
connected domains. In order to ascertain the nature of the
“clusters” formed, a combination of polarized microscopy and
WAXS experiments were carried out. We have previously
examined the bulk miscibility and thermal properties of PS-
(270K) and Cg with DSC, DS, SANS, and WAXS*"* to
establish a threshold of ~1.5% Cg, below which Cgy remains
dispersed even after prolonged annealing. It is therefore likely
that the clusters observed are Cg rich, or pure Cgp, domains. The
area fraction obtained by image analysis tends asymptotically to
5% with annealing time, suggesting the latter, although an exact
determination would require volume (3D) scanning.
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Figure 3. WAXS spectra for S wt % Cgo-PS bulk mixtures as a function
of annealing time at 180 °C. At S wt % Cg loading, the system is initially
dispersed but, upon annealing, develops Cg crystalline peaks that match
the WAXS spectrum of neat Cgp, indicating fullerene crystallization
upon agglomeration. Similar evidence of Cgq crystallinity is also ob-
served in the nanocomposite thin film (inset: 180 °C and 60 min) under
cross-polarized microscopy. The WAXS data are shifted vertically for
clarity.

WAXS experiments on PS—Cgo mixtures of various loadings,
acquired as a function of annealing time, help to clarify the cluster
formation. The measurements are carried out on bulk specimens
as nanocomposite thin films provide poor signal-to-noise ratios.
Figure 3 shows that PS(270K)-S wt % Cg annealed at 180 °C
develops crystalline peaks that correspond to the crystallization
of neat Cgp at g = 0.77, 1.26, and 1.48 A" within a few (2—5)
min of annealing. This time scale agrees well with the onset of
spinodal clustering in thin films. The inset of Figure 3 shows that
Coeo crystallites appear under cross-polarized microscopy, visible
as Maltese crosses, in annealed nanocomposite films toward the
later stages of annealing (shown here for 180 °C and 60 min).
Prior to annealing, (fresh) nanocomposites only display Cqo
peaks if above the dispersibility threshold of ~5%Cg. These
experiments indicate that the “clusters” result from the phase
separation of PS—Cg, and ensuing crystallization of Cyo within
the polymer matrix.

C. Surface Topography. AFM scans of annealed nanocom-
posites characterize the development of the topography and
provide additional height information. As mentioned earlier, an
undulating bicontinuous morphology at the air interface could
suggest spinodal dewetting. This has been reported in ultrathin
polymers, including polystyrene films of h ~ § nm.>**" The early
stages are well described by linearized capillary wave instability
models, whereby thermally induced thickness fluctuations be-
come unstable and grow exponentially with time, with dominant
time-independent wavenumber ¢* = (3/2) Y2(a/h*) where a*isa
surface interaction parameter (inversely dependent on viscosity 17).>*
The initial wavelength 4 of the structure is expected to follow A3
~ K% where h is film thickness. In the present case, however, the
films do not actually dewet the substrate within experimental
time scales (up to 48 h) and the film thicknesses (~100 nm)
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Figure 4. (a) AFM topography of PS(270K)-S wt % Cgo 150 nm film annealed at 175 °C for representative times. All images are 20 #m x 20 um. (b)
Average height of the surface topography as a function of annealing time. The solid line is a guide to the eye ((h) = In(£) + C).

are much larger than expected for spinodal dewetting. Further,
neat PS films under the same conditions remain uniform for
approximately 12 h before slowly dewetting via nucleation
of holes. By contrast, the nanocomposite surface topography
develops with a few minutes (1—10 min) depending on anneal-
ing temperature.

In fact, Cg, fullerenes™*** (and other nanoadditives)”****
have been found to actually suppress the dewetting of thin
polymer films, including low M,, PS, providing an effective route
to stabilizing thin polymer coatings. The underlying mechanism
appears to involve the nanoparticle segregation to the substrate
interface and this stratification then screens surface interactions
and increases the interfacial viscosity, thereby pinning the contact
lines of nucleating holes.* We have recently shown®® that this
fullerene association process depends on the polymer M,, and
environmental conditions, and mapped the transition from uni-
form films to spinodal clustering. In the present case, we find no
evidence of significant fullerene layering by neutron reflectivity.

Figure 4 shows AFM data and corresponding pattern average
amplitude for a PS(270K)-5%Cgo film of 150 nm thickness
annealed at 175 °C. Clearly the film does not dewet the
surface and, further, the amplitude growth (Figure 4b) can be
well approximated by a logarithmic time dependence — in
contrast with the exponential growth expected for spinodal
dewetting. An Avrami fit (Oh < 1 — exp(— Kt")) is also
compatible with the data and is discussed below. Selective
dissolution of PS in the sample using tetrahydrofuran (THF)
reveals that the micrometer-sized Cy aggregates (insoluble in THF)
are anchored on the substrate, and retain the spinodal coordina-
tion. The combination of AFM scans on annealed and selectively
dissolved films indicates that the morphology is composed on
Ceo aggregates covered by a PS top layer, resulting in an
undulating surface topography that develops with time, with
peak maximum amplitudes reaching between 200 and 300 nm
after annealing at 175 °C for 60 min. This process is reminiscent
of the 2D phase separation of polymer blends,**** which results
in surface buckling attributed to spatial surface tension variations
accompanying demixing.

A recent study of film stability of PS—CdSe films onto silicon
substrates seeded with sparsely distributed 120 nm SiO,
particles®® reports surface undulations, for films thinner that
the large particle size, and overall film stability due to CdSe
surface attraction. The final state of this self-assembly process
exhibits interesting similarities with the current work, as it results
in undulating yet stable films, with a coexistence of large particles
(or clusters) and nanoparticles. However, the mechanisms differ
in that the current work involves the association of a single type

of nanoadditive, Cg( fullerenes, and initiates from an otherwise
uniform, flat thin film.

D. Coarsening Dynamics. Optical micrographs shown in
Figure 5 show the coarsening of the lateral morphology during
spinodal clustering for a representative 150 nm thick PS(270K)-5
wt % Cg film isothermally annealed at 175 °C. The films were
inspected to be uniform and cluster free before annealing, as
shown in Figure Sa. Within the first few minutes of annealing, the
Cgo fullerenes start to nucleate and both the size and number of
nuclei increase until the system reaches a “saturation” stage. With
further annealing, the spinodal-like in-plane structure coarsens
with a g* e< ¢~ * relation. The coarsening exponent ot is thickness
dependent™ and thinner films generally reduce the coarsening
exponent & due to 2D confinement. After coarsening for nearly 2
orders of magnitude in time, the lateral structure eventually pins.
Pinning has also been reported in 2D phase separation in thin
films.>> The image insets are the 2D fast Fourier transforms
(FFT) of the optical micrographs. The structure factors at
selected time intervals, obtained by radially averaging the FFTs,
are summarized in Figure 6. The inset compiles the time
evolution of ¢* as a function of time for this sample. For this
thickness and Cgp loading, o0 ~ '/4 The dependence of o on h
has been reported previously®® and agrees well with the current
measurements.

E. Cluster Formation and Growth. In order to obtain a
mechanistic understanding of fullerene association and pattern
formation in polystyrene films, we quantify the key stages of the
process in terms of the evolution of the average radius (r), cluster
number density N, and area fraction Awith time, in addition to
the structure periodicity q* reported above. Because of relatively
fast clustering kinetics at high temperatures, the parameters were
studied as a function of annealing temperature and time, as
illustrated in Figure 7. At constant time (shown here for 60 min),
the morphology ranges from sparse nucleation to spinodal-like
percolation, as temperature increases from 145 to 175 °C.

We first consider the PS-5%Cgo nanocomposite 150 nm film,
annealed isothermally at 175 °C and reported in Figures 5 and 6.
The time evolution of the cluster average radius (r), number
density Ny, area fraction A; and dominant g* are shown in
Figure 8, parts a—d. For clarity, the process is divided in stages
I—1IV, according to distinct growth regimes. The process starts
with the (I) nucleation stage, characterized by the appearance of
clusters that grow in size, number and area fraction, but which
lack interparticle correlations. The (II) percolation stage begins
when a structural peak becomes visible in the radially averaged
FFT, with characteristic maximum g*. When the number of clusters
(Ny) reaches its maximum, the pattern enters a (II1) saturation stage.
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Figure 5. Coarsening morphology of spinodal clustering of a representative PS(270K)-S wt % Cgo thin film (h = 150 nm) annealed at 175 °C. Inset
show the fast Fourier transforms (FFT) of the optical micrograph images (via route a). Panel L is a higher magnification of panel k, depicting the fullerene

clusters and surrounding spinodal-like morphology.
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Figure 6. Evolution of the structure factor of PS(270K)-S wt % Ceo
annealed at 175 °C, obtained by FFT and radial average of insets in
Figure S. The inset shows the time-dependence of the dominant
wavenumber which scales as q* o< £~ /*

Finally, a (IV) coarsening stage is reached when the size () and area
fraction Ay of clusters also reach a maximum, yet coarsening of the
film morphology continues. Asreaches 5.5 &+ 0.8% for PS-5% Cgg, in
agreement with our previous work.”® At this temperature (175 °C),
the transition between the regimes happens within 2.2 min (I-1I), 4
min (II—1III) and 10 min (II—IV).

The association process remains qualitatively similar to
varying annealing temperatures, with an expected shift of time
scales, clearly shown in Figure 8, parts e—h. However, there are
significant quantitative changes worth noting. At the lowest
temperature reported (145 °C), the association kinetics are
considerably slower and there is now an induction period of
approximately 10 min, during which no nuclei are observable
using optical microscopy. Separately, the average cluster radius
(r) depends on the annealing temperature and larger clusters
are ultimately obtained at lower annealing temperatures. A
crossover in radii occurs for the various annealing temperatures
as a function of time. Inspection of the micrographs and
population statistics indicates that this is caused by faster
nucleation rates at higher temperatures, resulting in more
clusters or smaller size. Cluster growth proceeds, consuming

4534

Figure 7. Surface morphology of a 150 nm PS(270K)-S wt % film
isothermally annealed at selected temperatures (a) 145 °C, (b) 155 °C,
(c) 165 °C, and (d) 175 °C after 60 min.

the “excess” Cgq fullerenes in the matrix, until the area fraction
over prolonged annealing converges to ~5%. At higher tem-
peratures, faster nucleation leads to increased monodispersity
(inset of Figure 8e) while the coexistence of nucleation and
growth at lower temperatures is responsible for a wide cluster
size distribution.

The cluster volume fraction V;can be geometrically estimated
by a product of Asand film thickness h and, since the clusters are
noncylindrical, suitable approximations include a cone or a
(hemi) oblate spheroid. For instance, a conical approximation
yields VA 1.8%, and thus ~23% C o mass fraction (slightly larger
for hemispheroids). We have previously estimated a 1.5% mis-
cibility limit for Cgo in PS**** and could thus expect an “excess”
mass fraction of 3.5% which agrees reasonable well with observa-
tions. However, uncertainties in these geometrical consideration
are large and we therefore restrict the discussion to the directly
observable area fraction A

Figure 8h indicates that the scaling power law remains g* o< t
regardless of annealing temperature. The prefactor differs, of
course, as the matrix viscosity and interfacial tension changes

1/4
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Figure 8. Time-dependence of the average radius (r), cluster number
density N, cluster area fraction A4 and characteristic wavenumber g* for
nanocomposite thin films PS-5% Cg with & = 150 nm. The left column
(a—d) shows results for 175 °C annealing. L, II, III and IV denotes the
nucleation, percolation, saturation and coarsening regimes (see text).
The corresponding images for time points A to E are shown in Figure S,
parts b, ¢, f, j, and k, respectively. The right column (e—h) summarizes
results for films annealed at various temperatures ranging from 14S to
185 °C. Red ticks denotes the onset time of nucleation regime before
which the film is uniform and cluster-free. Green ticks show the onset for
percolation regime while blue and purple ticks indicate the start of
cluster saturation and structure coarsening. The inset of panel e shows
the dependence of the cluster size distribution with annealing tempera-
ture, at constant time 60 min. Solid lines in panel g correspond to Avrami
fits. A single exponent of 0. = '/ describes coarsening at all temperatures
for constant thickness h = 150 nm.

with temperature.’” The dependence of the scaling exponent
with function of film thickness, at constant temperature, has been
reported previously™ to vary from '/ — 0, with decreasing
thickness. This new result indicates that the exponent depends
on film thickness, which in turn sets the Cg, diffusion geometry,
but not on temperature.

F. Avrami Kinetics. Figure 3 indicates that crystallization
ensues fullerene agglomeration in the polymer matrix and
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Figure 9. Temperature dependence of the Avrami kinetic parameter K
(s, describing fullerene association, overlaid onto the inverse viscos-
ity 77" of the polystyrene matrix computed by the WLF relation (see
text). The inset depicts the Avrami exponent found to be n ~ 2.

suggests a quantitative analysis following Avrami kinetics:**~*

A = 1—exp((—Kt)") (1)

where Ayis the crystallized area fraction, scaled to the maximum
value, K is the kinetic constant and 7 is the Avrami exponent. We
adopt a form of the Avrami relation that provides the correct
physical dimensions*' for the rate constant K in s~ '. As men-
tioned above, we estimate the crystalline volume fraction V; by
modeling the cluster peaks by a cone geometry. The relationship
describes the crystallized area fraction Ay reasonably well, as
shown by the solid lines in Figure 8g. The rate constant is found
to be highly temperature dependent, ranging from 10 *to 10 *s~*
over a AT = 40 °C interval, and is plotted in Figure 9. The
viscosity 77 of the PS matrix is overlaid on the graph for
comparison, calculated according to the Williams—Landel—Fer-
ry relation

n(T)) _ —G(T- Ty
o8 N(Ty)) G+ (T—T) 2

with PS constants C, = 14.6, C, = 50.4, and T, = 100 °oCcHBK
exhibits remarkable agreement with 77" suggesting that, above
the miscibility threshold, C4( association is largely mediated by
the polymer matrix, as expected from the Stokes—Einstein
relation D = kgT/67tnr where r is the particle radius. The results
apparently contrast earlier observations of anomalous
diffusion,”** but can be reconciled by the fact that, at 5% loading
(above the miscibility threshold), fullerenes associate during
isothermal annealing into larger particles, eventually forming
micrometer-sized clusters. The Avrami fits suggest an exponent
n =2, as shown in the inset of Figure 9, which is expected for
“circular” growth. This result can be understood given the large
cluster diameter (reaching ~1000 nm) and the smaller film
thickness (150 nm), which corresponds to a 2D condition h << d.

Wang et al.'” have recently reported on the crystallization of
P3HT in solution cast P3HT:PCBM mixtures, a well-known
organic photovoltaic composite, using grazing incidence X-ray
scattering and ellipsometry. This bulk (3D) study revealed an
Avrami exponent n ~ 1.8, which was associated with hetero-
geneous nucleation from aggregates or impurities. In the present
case, PS is fully amorphous and thus only Cg crystallization is
observed. Further work is underway to extend this approach to
cocrystallizing composites.
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IV. CONCLUSIONS

Thin films of PS— C, above the miscibility threshold are shown to
develop well-defined surface patterns, upon isothermal annealing
above T,. The pattern formation ranges from sparse nucleation to a
coordinated spinodal-like morphology. The process starts with the
polymer—fullerene phase separation, followed by Cg, association and
subsequent crystallization. Thin film confinement breaks the sym-
metry of the process and results in the undulation of the film surface,
whereby the polymer covers the Cgj clusters. The surface undulations
are likely to be caused by a spatial modulation of surface tension.
Selective dissolution of the polymer by selective solvent THF reveals
that the micrometer-sized Cgqo aggregates are anchored on the
substrate and retain the visible air interface pattern. The process is
reminiscent of the 2D binary phase separation in polymer thin
films.”*** At sufficiently high Cg loading (~5%) and/or long
annealing times, a distinctive spinodal-like structure develops with
precisely controlled periodicity A* and height amplitude Oh. Experi-
ments on the early stages of the process at low temperatures show that
the patterns stem from the heterogeneous nucleation of Cg rather
than from spinodal decomposition (or dewetting). The process has
been shown to depend on M,,.*° Film uniformity and (meta)stability
can be obtained for low M,, PS matrices,*”>** under appropriate
environmental conditions.** We also find the process to be robust to
various substrate surface energy, including Piranha cleaning.*®

Fullerene crystallization is adequately described by Avrami
kinetics in 2D and great control can be exerted setting in the
characteristic size, density and coordination of the Cg clusters.
Diftusion of nanoparticles in thin films is expected to be faster
than in bulk** and very anisotropic,* ie. considerably faster on
the plane of the film than orthogonally, due to significant
lubrication forces in a confined geometry. The crystallization
rate K appears to follow the temperature dependence of the
viscosity of PS, suggesting simple Stokes—Einstein diffusion
through the polymer matrix.

A comparison between the Cqo growth kinetics in the bulk,
obtained by SANS,”"*” and in present thin films suggests that
Ceo agglomeration is faster and more sensitive to temperature
under confinement, but obeys a similar asymptotic trend. The
aggregation temperature threshold T. has been estimated at
160 °C in the bulk®"*” and decreases to approximately 140 °C
in 150 nm films, within the same experimental time scales of 1
day. The slightly lower T, observed in thin films may be
associated with increased mobility and T, depression expected
for supported PS films.**

The pattern periodicities A* and cluster sizes (r) obtained for
this PS—Cgg system are of the order of 1 ym and 100s nm,
respectively and thus still far from the required 10—30 nm length
scale in photovoltaics®'> "7 but relevant to other coating
applications, including for controlled wetting or optical proper-
ties. Smaller length scales are accessible by increasing the quench
depth, which further increases the nucleation rate, as shown in
Figure 8. However, deep quenches in this system are limited by
the depolymerization of PS above 2220 °C. This model system
provides nevertheless clear strategies for the quantitative control
of pattern formation in polymer—nanoparticle mixtures, relevant
to structured composites, coatings and photovoltaics. Engineer-
ing the component miscibility and interaction parameters y(T),
which govern the driving force for phase separation, as well as
the mobility of the species, should permit flexible tuning of
association length and time scales for numerous nanocomposite
applications.
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