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ABSTRACT: X-ray reflectivity and tapping mode atomic force microscopy reveal that, Au, sputter-deposited
on polystyrene films for film thicknesse4Rg (Rg being unperturbed polymer gyration radius), diffuse and coalesce
slowly, under ambient conditions and predominantly along the polymer surface, to form nanoparticles. The
nanoparticles are highly monodisperse, and their in-plane dimensions increase with decrease in polystyrene film
thickness. The observed directed coalescence is caused by sharply defined, higher surface energy zones or “traps”,
corresponding to lower cohesion, between gyration spheres on polystyrene film surface. Lowering of in-plane
cohesion and coalescence are found only when gyration spheres are layered along film depth due to thinning of
the polystyrene film. The coalescing potential of these traps is given by the spatially localized increase in surface
energy and can be increased by confinement. This fact is the principle behind this tunable self-assemblysa new
and generalized mode of self-assembly of Au nanoparticles with monodispersity and tunability in size.

Introduction

Polymers have the unique property that their molecular
dimensions can be in the nanometric length scales. Of course,
what “molecular dimensions” of a polymer mean has to be
qualified. If we consider the polymer in the state of maximum
entropy as regards the orientations of monomers, we obtain the
polymer molecule in a spherical conformation,1 the so-called
“gyration sphere”, with its dimension given by radius of gyration
Rg ) 0.272M1/2, where M is the molecular weight of the
polymer.2 Nanometer sized gyration spheres of almost any
polymer are thus observed2-4 if a sufficiently high order of
polymerization is achieved.

In the past decade a large number of experimental observa-
tions have established that fluids, when confined to films
supported on substrates, form molecular layers parallel to the
substrate surface.5-7 It has been shown that complex fluids such
as colloids and polymers8,9 also can be nanoconfined to form
such layers where the layer period corresponds to some
molecular size: the colloid dimension or the radius of gyration.
More relevant to our discussion here are the recent findings
that, at least for polystyrene, the cohesion between these layers
are reduced with respect to bulk.10 This reduction is initiated
when polystyrene film thickness is reduced to 4Rg and, while
the value of the reduction in cohesion is constant for a particular
film thickness, it increases with decrease in film thickness. The
diffusion of materials,11 including self-diffusion,12 as well as
transfer of energy,10 across polymer film thickness is again found
to be drastically reduced with respect to bulk, as these layers
are formed. This reduction of cohesion along film thickness is
expected to have some significant effect on the distribution of
free energy on polymer film surface and, as we have pointed
out in the previous paragraph, an understanding of this may
provide a means to control surface diffusion of material in the
nanometric scale. The reproducible reduction of cohesion, along
thickness, of a nanoconfined polymer and its variation with
polymer film thickness suggests a generalized means of achiev-
ing tunable self-assemblyof nanoparticles, i.e., tunability of

nanoparticle size and shape while retaining monodispersity,
perhaps the most important goal in nanomaterials research, via
the effects of such reduction on free energy distribution on this
polymer film surface and its consequences on surface diffusion
of deposited materials.

In this paper, we have presented a realization of tunable self-
assembly using a nanoconfined polymer as the template for self-
assembled growth of nanoparticles. Specifically, we have shown
that Au, sputter-deposited on a spin-coated polystyrene (PS)
film on fused quartz forms initially a thin layer, and then, under
ambient conditions and over a period of 2 months, diffuses13

and coalesces to form monodisperse nanoparticles on the film
surface. The in-plane dimensions of these nanoparticles increase
on solely decreasing the thickness of the PS film, i.e., the degree
of confinement of the PS substrate andnot the duration of the
initial Au deposition. In particular, only below a critical PS film
thickness (4Rg), this coalescence can take place. We have found
that, formation of layers with period∼ Rg, for polystyrene
thicknesse4Rg and the consequent decrease in out-of-plane
cohesive energy10 creates sharply defined surface energy varia-
tions with fixed dimensions on PS film surface. Trapping the
initially diffusing Au in these higher free energy regions forms
nanoparticles with fixed size and shape. The strength of these
“traps” increases with decrease in film thickness.

The organization of the article is as follows. In the Experi-
mental Section, we have outlined the process of sample
preparation, the techniques of data collection through grazing
incidence X-ray reflectivity (GIXR) and tapping mode atomic
force microscopy (TM-AFM), and the analysis schema used
for extraction of electron density profiles (EDPs) along film
thickness from X-ray data and extraction of surface energy maps
of pristine PS films from AFM phase images. In the next section,
we first present the results of nanoparticles formation and show
that (a) these particles are highly monodisperse, (b) their shapes
and sizes depend only on the thickness of the PS film on which
they form, and (c) their shapes and sizes do not depend on the
deposition parameters like dosage (the other parameters are kept
constant). We then show how the formation of nanoparticles is
correlated to the formation of layers in the PS films due to
confinement, i.e., thinning the film below a certain thickness,
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and present the surface energy maps to exhibit the emergence
of sharply defined maxima (traps) in these maps as the layers
are formed. In the final section we draw our conclusions about
this new mode of nanoparticle growth.

Experimental Section

Polystyrene (mol wtM ≈ 560900 g mol-1, unperturbed radius
of gyration≈ 20.4 nm)2 was spin-coated onto polished fused quartz
(Qtz) substrates (10 mm× 10 mm× 1 mm) from 5.5 to 15.0 mg
mL-1 toluene solutions, at angular velocities varying from 1.00 to
4.00 krpm, using a photo resist spin-coater (Headway Inc.), to
prepare films of thickness varying from∼2Rg to ∼8Rg, which
correspond to 40-160 nm. The quartz substrates were cleaned
according to the RCA cleaning procedure using ammonia and
hydrogen peroxide solutions, followed by rinsing in acetone and
ethyl alcohol. A series of these PS films was used as the pristine
(pPS) samples while Au was sputter-coated on a second identical
series forming the AuPS samples. Au was sputtered on PS films
of different thickness by a dc magnetron coater (Pfeiffer) always
under identical conditions and with the same dose to prepare one
set of AuPS films. Deposition was for 10 s at 25 W, 10 sccm Ar
gas flow, under 4.7× 10-3 mbar pressure (base pressure) 8.6×
10-6 mbar). Another set was prepared by using PS films of same
thickness but different deposition times (10, 15, and 25 s) of Au.
Stopping and Range of Ions in Matter (SRIM) calculations14 show
that Au is deposited with a mean energye2 eV, about an order of
magnitude less than the bond strengths in PS, precluding any chance
of polymer damage due to Au deposition. No further processing
of the samples was carried out and all samples were studied under
ambient conditions.

Grazing incidence X-ray reflectivity data of pPS and AuPS films
with Rg e d e 8Rg were collected using an 18 kW rotating anode
X-ray generator (Enraf Nonius FR591). The Cu KR1 line at λ )
0.1540562 nm was selected with a Si(111) monochromator and
measurements were carried out in a triple-axis diffractometer (Optix
Microcontrole). Specular reflectivity scans, i.e., scans in the plane
containing the incident beam and the normal to the sample surface,
with incident angleRin ) scattering angleRsc, were performed with
Rin varying from 0° to 3° in 5 mdeg steps. Ifq ) ks - ki is the
momentum transfer vector withks(i) being the scattered (incident)
X-ray wave vector, then this geometry makes the components in
the sample plane,qx ) qy ) 0, and the value ofqz ( ) (4π/λ) sin
Rin), the component normal to the sample surface, vary from 0 to
4.3 nm-1. The resolution inqz is =2.9× 10-3 nm-1 and the spatial
resolution along film depth is given by 2π/qz

max whereqz
max is the

maximum value ofqz for which Kiessig fringes are observed. In
our experiments, this gives a typical value of=1.5 nm for z
resolution. We have measured the off-specular background in all
the samples. This was found to be about one-third of the specularly
scattered intensity at the maximumqz (0.3 Å-1) used. This off-
specular background profile was subtracted from the specular profile
and this background-subtracted data has been analyzed. We have
analyzed our reflectivity data using two different schemes.

The reflectivity data of AuPS films are analyzed by the (more
general) Parratt formalism. This scheme recursively solves Fresnel
equations at each interface, i.e., change in electron density (F) within
any film. More precisely, in this method, we recursively solve the
equation for the reflectancern-1,n at the interface between thenth
and the (n - 1)th layers, with thenth layer having thicknessdn

and electron densityFn, given as15

where

with

qz,0 ) qz the z component (normal to surface) of momentum transfer
in vacuum or air andqc,n

2 ) 16πFnre is the critical value ofqz for
total external reflection for thenth layer. The constantre is the
classical electron radius ()2.8× 10-6 nm). Equation 1 then yields
the reflectivity as

This expression for reflectivity, valid for an ideally smooth
interface, is modified in presence of the Gaussian interface width
(σn-1,n) as

We have used the thicknessesdAu, dPS, the electron densitiesFAu,
FPS for the Au and PS layers and the widths or “roughness”σAu,
σAu-PS, andσPS-Qtz for the air/Au, Au/PS, and PS/Qtz interfaces,
respectively, as the fit parameters and with the values extracted
from the best fit of reflectivity data using eqs 1- 5, have constructed
the electron density profiles (EDPs) i.e., the electron density as a
function of film depth from the top for AuPS films, after
convoluting the profile with the interface widths. The calculated
reflectivity profile has also been convoluted by a Gaussian
resolution function with a fwhm corresponding to the 400µm wide
detector slit.

The scheme of distorted wave Born approximation (DWBA),15

which treats the film as a perturbing potential causing the scattering,
is very sensitive to small density variations, and has been used to
detect density variations due to layering in liquids or polymers.5,8

Variations ofF are expected to be small in pPS films and, following
our previous studies, we have used the DWBA method to extract
EDPs for these films and to look for layer formation. In the DWBA
scheme we consider the film to be composed of a number of slices
of equal thickness with electron densityF(z) ) F0 + ∆F(z), where
∆F varies with slices but is constant in a slice. The specular
reflectivity is then given by15

wherer0 is the specular reflectance coefficient of the average film
of electron densityF0, at andar are the coefficients for transmitted
and reflected amplitudes of the average film, and∆F(qz) is the
Fourier transform of∆F(z). By selecting an appropriate number of
slices (of width always greater than 1.5 nm, the maximum
achievable resolution) and properF0 for the film, we fit eq 6, after
convolution of the calculated reflectivity for the detector slit, to
the data for pPS films, keeping∆F’s and air/PS and PS/Qtz
Gaussian interface widths (σPS andσPS-Qtz) as the fit parameters.
The EDP is constructed from the values ofF(z) obtained from the
best fit. The veracity of this procedure has been crosschecked by
generating the reflectivity profiles from the extracted EDPs using
the Parratt scheme.

AFM images were acquired with Nanoscope IV, Veeco Instru-
ments, using etched Si tip (radius≈ 10 nm) and phosphorus-doped
Si cantilevers. We have worked in the tapping mode withA0, the
free amplitude of the cantilever) 36 nm,A, the set point amplitude
) 10.94 nm,ω0, the resonance frequency) 2π × 283 kHz,Q, the
quality factor) 505, andk, the cantilever spring constant) 20
N/m. Both topographic and phase images have been collected by
us for pPS and AuPS samples. We have estimated the average
energy,ED, dissipated per cycle by the tip over the film surfaces,
from the phase images, using the expression16

rn-1,n ) { (rn,n+1 + Fn-1,n)

(1 + rn,n+1Fn-1,n)} exp(-iqz,n-1dn-1) (1)

Fn-1,n )
(qz,n-1 - qz,n)

(qz,n-1 + qz,n)
(2)

qz,n ) (qz,0
2 - qc,n

2)1/2 (3)

Rn-1,n ) |rn-1,n|2 (4)

Rrough(qz) ) R(qz) exp(-qz
2σ2) (5)

R(qz) )

|ir0(qz) + (4πre/qz) [at
2(qz)∆F(qz) + ar

2(qz)∆F*(qz)]|2 (6)

sinφ ) ( ω
ω0

A
A0

) +
QED

πkAA0
(7)
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whereφ is the phase-shift with respect to the drive signal andω is
the working frequency. Tip interaction (during approach and
retraction) with surface via the van der Waals force is modeled as
a sphere approaching a plane with an effective contact area 4πrcRSi,
where rc is the radius of tip curvature andRSi is the Si atomic
diameter. Then relative energy dissipation by the tip in film planes
with respect to minima is given by2,17

where we have considered the tip-sample adhesion, given by the
corresponding Hamaker constantASiPS, to be the varying interac-
tion.17 This is unaffected by cantilever tilt.18 Here z0 is the tip-
sample separation (≈ 0.2 nm in contact2), rc ≈ 10 nm andRSi )
0.22 nm. Variation in PS Hamaker constant in the film plane,∆AH,
can be determined usingASiPS ) ASi

1/2 AH
1/2, eqs 7 and 8, and the

value ofASi, the Si Hamaker constant.19 Hence∆γPS (in mJ m-2)
≈ ∆AH (in J)/(2.1 × 10-21), the variation in surface energy, is
determined.2

Results and Discussion

1. Au Nanoparticles: Tuning of Self-Assembly. The
behavior of Au on PS films of different thickness, immediately
after sputter deposition for 10 s under identical conditions, is
summarized in Figure 1. Parts a and b of Figure 1 show,
respectively, the topographic and phase images obtained from
tapping mode atomic force microscopy (AFM) and the X-ray
reflectivity and EDP of these AuPS films. Figure 1a (top) shows
the topographic image while Figure 1a (bottom) shows the phase
image of sputter deposited Au on a PS film of thicknessR ≈
2Rg. Both, in particular the phase image, show an uniform and
smooth film with no pronounced morphological features. The
same results were obtained irrespective of PS thickness and
hence other films with different thickness are not shown. X-ray

reflectivity (data in open circles) of films withR ≈ 2Rg, 4Rg,

and 8Rg with the corresponding best fits using Parratt method
(in line), has been shown from bottom to top, respectively, in
Figure 1b while the EDPs across film depth, extracted from
these fits, are shown inset in the same sequence as the
reflectivity profiles. The reflectivity profiles have been normal-
ized by Fresnel reflectivity (RF ∝ qz

-4). The EDPs clearly shows
an Au layer of thickness= 3 nm on top of PS with no diffusion
into the polymer in all cases with coverage∼ 40% - 45%, as
calculated from electron density of bulk Au () 4.391ε Å-3).
From these data we find a uniform layer of Au with thickness
= 3 nm and with similar partial coverage just after sputter
deposition (Table 1). The air-Au and Au-PS interfaces are
sharp. This indicates negligible diffusion of Au in PS due to
the sputter deposition process, in the as-deposited films.

Figure 2 summarizes the condition of the above AuPS films
after 2 months of keeping in desiccators at room temperature
and under identical conditions. The topographic (top) and phase
(bottom) images in Figure 2, parts a-d, corresponding toR ≈
2Rg, 3Rg, 4Rg, and 8Rg, respectively, show the presence of
nanoparticles with circular in-plane cross-section, with decreas-
ing values of the in-plane dimensions,a andb (a ≈ b) as PS
thickness (R) is increased and finally, for the thickest PS film,
no such particle is seen to be formed. Characteristic reflectivity
profiles forR ≈ 2Rg, 4Rg, and 8Rg are shown (open circles for
data, lines for best fits), again from bottom to top, in Figure 2e
and EDPs, extracted from these fits, are shown in the same
sequence inset. From the EDPs it is seen that the out-of-plane
dimension,c, has grown to about 6 nm in 2 months but has
remained invariant with PS film thickness. Though in all cases
there is the same growth along depth yet, interestingly, for the
cases of in-plane coalescence the EDPs show a lower density
region (“hole” ) in the PS just below Au pointing to an extra
Au-PS segregation during coalescence. These results are
summarized in Table 1, along with best-fit values of the
interfacial widths. The increase inσAuPS is consistent with Au
coalescence. After this, even after passage of 6 months, there
is no change in these dimensions, suggesting that growth of
the particles has stopped. From Table 1, it is clear that the initial
sputter-deposited Au is diffusing and coalescing, predominantly
in plane and at room temperature, to form larger nanoparticles
with a ≈ b > c. Such an instance of Au coalescence at ambient
temperature, as far as our knowledge goes, has not been reported
previously. It is also clear that such in-plane coalescence takes
place only when the PS film thicknessR e 4Rg, and that the
in-plane size of coalesced nanoparticles increases asR is
decreased below this limit. As both Figure 2 and Table 1 show,
the coalesced nanoparticles arelargest for the thinnest PS film,
indicating also a stronger driving force for in-plane coalescence.
It should be mentioned here that we have minimized the effect

Figure 1. AuPS films immediately after sputter deposition of Au on
polystyrene (PS) films. (a) Tapping mode atomic force microscopy
(TM-AFM) 500nm× 500 nm scan. Topographic image (top) and phase
image (bottom) of PS film with thicknessR ≈ 2Rg. (b) Fresnel
normalized X-ray reflectivity (R/RF, data in open circles) of typical
AuPS films withR ≈ 2Rg, 4Rg and 8Rg. Corresponding best fits using
Parratt method in line. Top inset: electron density profiles (EDPs)
across film depth, extracted from fits. CorrespondingR is given beside
each profile. Reflectivity profiles were up-shifted for clarity. Qtz
signifies fused quartz substrate. Bottom inset: Magnified portion of
EDP showing Au layers.

∆ED ) 2
3

rcRSi

z0
2

∆ASiPS (8)

Table 1. Dependence of Au-Nanoparticle Dimensions on
Polystyrene (PS) Film Thickness (Measurements on AuPS Films)

Au nanoparticle dimensions (nm)

after 2 months

as deposited
from X-ray reflectivity

from
AFM

from X-ray
reflectivity

PS film
thicknessb c σair-Au σAu-PS a (≈b) ad

a c σair-Au σAu-PS

2 3 0.7 0.5 26 25 6 0.7 1.5
3 3 0.9 0.6 21 20 6 0.7 1.5
4 3 0.5 0.6 10 9 6 0.7 1.5
8 3 0.9 0.7 6 0.7 1.5

a After deconvolution of the tip effect.b In units ofRg, the gyration radius
≈ 20.4 nm.
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of convolution by the AFM tip on nanoparticle size measure-
ments by Fourier transformation of the topographic images and
the (assumed) spherical tip with radius 10 nm, division of the
former by the latter and inverse transformation of the result,
using Mathematica (version 5). The deconvoluted dimension
(ad) has been presented in Table 1.

To investigate the effect of duration of Au sputter deposition
on the morphology of the coalesced nanoparticles, we compared
AuPS films, with fixed PS film thickness, on which Au was
sputtered for 10, 15, and 25 s and kept under identical conditions
(in desiccators under ambient temperature) for 2 months. Figure
3 depicts the characteristic results for PS films withR ≈ 4Rg.
Figure 3a and Figure 3b show the topographic images of AuPS
films with 15 and 25 s sputtering of Au. It is clear that increasing
the duration of Au deposition only increases number density of
the coalesced nanoparticles and not their dimensions. Thus, the
size and shape of these nanoparticles are tuned primarily by
thethicknessof the polymer film on which the metal is sputter-
deposited. Independence of coalesced particle morphology on
initial Au coverage is in contrast to results obtained in general
with physical vapor deposition processes20 and indicates the
presence of spatially localized free energy extrema characteristic
of self-assembly processes.17,21X-ray diffraction measurements
(using Cu KR radiation in a Versatile X-ray diffractometer,
Bruker-Nonius) on the AuPS film withR≈ 2Rg and deposition
time of 25 s show only one prominent peak atθ ) 18.9° (KR1

at 18.895°, KR2 at 18.95°; Figure 3c), which corresponds to
Au(111). Very weak peaks corresponding to Au(200) and Au-
(220) were also observed, consistent with results on nanocrys-
talline Au.22

This characteristic is reinforced by Figure 4, which presents
the monodispersity of coalesced nanoparticles. Figures 4a and
4b show, respectively, topographic and phase images of Au-

Figure 2. AuPS films 2 months after sputter deposition of Au
on PS films. TM-AFM 500nm× 500 nm scans. Topographic
(top) and phase (bottom) images forR ≈ 2Rg (a), 3Rg (b), 4Rg

(c), and 8Rg (d). (e) Fresnel normalized X-ray reflectivity (data
in open circles) of films withR ≈ 2Rg, 4Rg and 8Rg with cor-
responding best fits (in line) using Parratt method. Inset: EDPs
across film depth, extracted from fits. CorrespondingR is given
beside each profile. Reflectivity profiles arbitrarily up-shifted for
clarity.

Figure 3. Effects of Au sputter deposition time on AuPS films. TM-
AFM 1 µm × 1 µm topographic images for films with 15 (a) and 25
s (b) sputtering of Au, respectively.R ≈ 4Rg. (c) X-ray diffraction
result of sample b, showing the strongest peak (corresponding to Au-
(111)).
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nanoparticles formed on the 2Rg thick PS film 2 months after
deposition, while Figure 4c presents, in bar graph, abundance
of nanoparticles with a particular value ofa (≈ b) as a function
of a. We have averaged the abundance over four 2µm × 2 µm
scans, involving 202 particles. The mean value ofa, from this
distribution is 26 nm with a standard deviationσ ) 1.2 nm
(4.6%). This distribution is completely different from the
lognormal distribution of sizes of nanoparticles formed by
random coalescence23 in that there is a sharp upper cutoff in
nanoparticle size, consistent with the observation in Figure 3
and very similar to that seen in colloid formation.24 However,
the size distribution seen here is much sharper than those in
lognormal distribution or colloid growth. The monodispersity
observed here has been found to be undisturbed forR e 4Rg.
This size-selective growth precludes any random coalescence
mechanism such as the Vollmer-Weber growth,25 and it
strongly suggests a directed mechanism for nanoparticle forma-
tion that, however, depends on the polymer film thickness
underneath.

2. The Growth Mechanism. TG, the glass transition tem-
perature of bulk PS (≈ 100 °C),26 or even its surface
(≈ 77 °C),26 is well above room temperature. The fact that Au
is still diffusing on the PS surface, albeit slowly, to cause the
observed coalescence, indicates low Au-PS adhesion.13,27

Therefore, two-dimensional Brownian motion is a possible
mechanism of diffusion.13 It is also known that, nearTG, there
is a “liquid-like” surface layer of thickness∼ 4 nm for polymers
in general28 on which surface diffusion of clusters has been
found to be orders of magnitude faster than bulk diffusion.25

We assume that a two-dimensional Brownian motion, even at
ambient conditions, is taking place for the initially deposited
Au. This constitutes the first “driving force” for room-
temperature coalescence and growth of nanoparticles. However,
as we have discussed in the previous subsection, there is a clear
indication of a stronger, directed force for coalescence that is

superposed on this Brownian motion. We now look at the
corresponding pPS films for clues regarding this directed force.

Figure 5a shows the reflectivity profiles of pPS films ofR≈
2Rg, 3Rg, 4Rg, and 6Rg from bottom to top respectively. In each
case open circles show the reflectivity data while the calculated
best fit using the DWBA scheme is shown by solid line and
the extracted EDPs are shown in Figure 5b in the same sequence
and same color code as reflectivity profiles. Here also the
reflectivity profiles have been normalized by Fresnel reflectivity.
It is clear from the EDPs that belowd ≈ 4Rg, PS forms layers
along film thickness with periodicity∼Rg, suggesting that these
layers consist PS molecules in the form of gyration spheres.
This phenomenon has been observed previously9,10 and is
depicted here in the cartoon in Figure 6i (left). The key point
to note in the present case is that this layer formation is strongly
correlated with surface coalescence of Au into nanoparticles,
i.e., coalescence takes place only when there is layering. Above
the thickness of 4Rg layering is absent10 and there is no variation
in EDP for pPS films with thickness 6Rg and above (EDPs of
such thicker films are therefore not shown). Under ambient
conditions, these films were found to be stable against dewetting.

How does layer formation along film depth give rise to
directed coalescence or self-assembly along film surface? The
answer to this question is in Figure 6. Figure 6a shows the
topographical TM-AFM image of a typical pPS film withR ≈
4Rg. The topographical images of all these films look the same,
having roughly spherical features with an average diameter of
Rg shown here.10 This clearly indicates the presence of gyration
spheres in pPS films at all thickness with a size modification.3

The frusta of these spheres (≈0.6 nm high) are consistent with
the top roughness obtained from X-ray studies and presented
in Table 2.

Parts b-d of Figure 6 show the TM-AFM phase images of
three characteristic pPS films withR ≈ 2Rg, 4Rg and 8Rg,
respectively. In contrast to topographical images, the phase
images exhibit larger variations in phase-shifts between adjacent
“spheres” on film surface as the thickness is reduced from 4Rg

to 2Rg, implying a larger change in energy being dissipated by
the AFM tip in going over from one sphere to another.29 We
have calculated∆γPS(x, y), the in-plane variation in polymer
surface energy for all the pPS films, as outlined in the previous
section on experimental details, directly from the phase images.
In Figure 6, parts e-g, we have plotted∆γPS(x, y) derived from

Figure 4. Monodispersity in Au nanoparticle size. (a) Topographic
and (b) Phase images of 2µm × 2 µm TM-AFM scans of Au
nanoparticles formed on 2Rg thick PS film 2 months after Au deposition.
(c) Histogram of in-plane size distribution of Au nanoparticles of
corresponding film (abundance vsa plot (in filled circles),a (≈ b) is
the in-plane dimension of nanoparticles in parts a and b).

Figure 5. Layering in pristine or pPS films. (a) Fresnel normalized
X-ray reflectivity (data in open circles) of films withR ≈ 2Rg, 3Rg,
4Rg and 6Rg, with corresponding best fits (in line) using DWBA method.
(b) EDPs across film depth, extracted from fits. CorrespondingR is
given beside each profile. Reflectivity profiles arbitrarily up-shifted
for clarity.
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Figure 6, parts b-d, respectively, where the length scale of
variation is over adjacent gyration spheres and measurements
are relative to the sphere tops. Magnitude of∆γPS, the surface
energy variation at the junction of two adjacent gyration spheres
relative to the top of the sphere, increases as film thickness
reduces from 8Rg to 2Rg as shown by typical line profiles across
such variations superposed on a topographic line profile obtained
from Figure 6a (in dashed line) (Figure 6h). Corresponding
values of∆AH are given in Table 2. They match values of the
decrease in Hamaker constant between PS molecular layers,
formed by confinement along depth, in films of the correspond-
ing thickness,10 also presented in Table 2. Thus, confinement
lowers cohesion between adjacent gyration spheres, i.e., mol-

ecules of PS, both parallel and perpendicular to the direction
of confinement as depicted in the cartoon (Figure 6i, left). It is
also apparent, from Figure 6, parts e-g, and Table 2, that as
film thickness is decreased, i.e., confinement of the polystyrene
molecules is increased, the reduction in the cohesion between
the gyration spheres is increased, or in other words, the sharp
enhancement of surface energy between adjacent spheres is
increased. Again, from Figure 2 and Tables 1 and 2, it is
apparent that as the enhancement in surface energy between
spheres increases the coalesced nanoparticles increase in size
while, below a certain level of surface energy enhancement,
there is stopping of coalescence. This suggests that the driving
forces of the coalescence come from the sharply defined in-
plane variations in surface energy. The situation is shown
schematically in Figure 6i (right).

The sharp lowering of cohesion between adjacent PS gyration
spheres that we observe here indicates a molecular mechanism
being involved. Chemical changes are very unlikely during
thinning of PS or sputtering of Au. This and our knowledge
that thinning breaks intermolecular benzene-benzene nonco-
valent bonds, specifically resonance transfer interaction between
adjacent benzene transition dipoles,10 lead us to suggest that
lowering of cohesion on PS surface is associated with a similar
breakdown of inter-benzene connections between adjacent
molecular gyration spheres and a possible molecular rearrange-
ment on the sphere tops. The observed lowering of Au-PS
adhesion seems also to indicate such a molecular rearrangement.

Conclusion

We have developed a new kind of self-assembled growth of
Au nanoparticles utilizing the spatial variations in surface energy
in polystyrene films caused by nanoconfinement of the polymer.
This is a substrate-directed slow coalescence, under ambient
conditions, to monodisperse nanoparticles from an initial layer
of Au sputter deposited on the polymer film surface. The
coalescence is predominantly two-dimensional, confined to the
surface of the polystyrene film, thereby resulting in Au
nanoparticles with pronounced in-plane/out-of-plane aspect
ratios. Decreasing the underlying polystyrene film thickness can
enhance this aspect ratio and size of the nanoparticles, while
increasing the polymer film thickness can eventually stop the
process of coalescence. We have also seen that the monodis-
persity and tunability in nanoparticle in-plane dimensions
remains unaffected by initial duration of Au deposition, allowing
for a larger yield of nanoparticles without loss of the attractive
features. We have shown that this growth is correlated strongly
to the formation of layers in the polymer film, parallel to the
substrate surface, with period nearly equal to the polystyrene
gyration radius. This layer formation, which is known to lower
cohesion along polymer film thickness, is found to cause
lowering of cohesion between adjacent molecular gyration
spheres on polystyrene film surface. These low cohesion regions

Figure 6. Surface energy landscapes in pPS films. (a) TM-AFM 500nm
× 500 nm scan topographic image for films with R≈ 4Rg. (b-d)
TM-AFM phase images for films withR ≈ 2Rg, 4Rg, and 8Rg,
respectively. (e-g) In-plane maps of∆γPS, surface energy relative to
top of the gyration spheres for these films (refer text for details). (h)
∆γPS, plotted along typical lines in parts b-d, across adjacent gyration
spheres given by curves black, red, and blue, respectively. Topographic
profile across line in part a is shown in dashed line. (i) Cartoons showing
(left) gyration spheres in a confined polystyrene film and (right) a
coalesced Au nanoparticle sitting on the film.

Table 2. Dependence of Polystyrene (PS) Interface Widths and
Hamaker Constant Variation on PS Thickness (Measurements on

pPS Films)

interfacial width (nm)a Hamaker constant variation

PS film
thickness σair-PS σPS-qz

in-plane
(∆AH,b meV)

interlayer
(∆AH,c meV)

2 0.6 0.5 84 97
3 0.3 0.5 45 44
4 0.4 0.5 38 28
6 0.4 0.7 25 ∼0

a From X-ray reflectivity b From AFM phase measurementsc From ref
10.
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are tantamount to spatially localized high free energy regions
whose strength can be tuned by changing the film thickness.
These then act as “traps” with tunable strength for coalescence
of the sputter deposited Au to assemble into monodisperse
nanoparticles, whose in-plane size can be tuned by the strength
of the “traps”.

The confinement-induced tuning of such traps, described
above, is more generalized than any chemical control of surface
energy30 since there is no change in surface composition. It is
known that template-directed assembly maybe achieved by
controlling the growth kinetics via spatial distribution of free
energy rather than through any epitaxy between the template
and the assembled structure,31 thus already reducing the
specificity of the growth process. Our method is a further
generalization of this class of template-directed assembly where
the template can itself be tuned by simple geometric confinement
and is ostensibly applicable to semiconductor and oxide
nanoparticles and even to organics. However, besides altering
the surface diffusion, such confinement-induced redistribution
of surface energy in the polymer is expected to change its
thermal, mechanical, optical, and other physicochemical proper-
ties that may be interesting for technology as well as basic
science. An immediate extension of this work would be to use
PS of other molecular weights, since the (out-of-plane) reduction
in cohesion has been observed to depend on molecular weight10

and a dependence of dimensions of nanoparticles assembled on
the polymer molecular weight would extend the parameter space
for tunability of self-assembly. Another field of interest would
be the evolution of crystallinity in the nanoparticle as a function
of time, polymer film thickness and molecular weight. Work
on these lines are underway.
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Note Added after ASAP Publication. This article was
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