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ABSTRACT
We show it is possible to assemble nanoparticle−polymer layers in a controllable manner dictated by the difference in nano-object morphology
and dielectric properties. A thin (10−100 nm) layer of the two components is spin coated onto a solid substrate and the system thermally aged
to activate a cross-linking process between polymer molecules. The nanoparticles segregate to the solid substrate prior to complete crosslinking if entropic forces are dominant or to the air interface if dielectric (surface energy) forces are properly tuned. Subsequent layers are
then spin coated onto the layer below, and the process is repeated to create layered structures with nanometer accuracy useful for tandem
solar cells, sensors, optical coatings, etc. Unlike other self-assembly techniques the layer thicknesses are dictated by the spin coating conditions
and relative concentration of the two components.

Self-assembled, ultrathin films function as membranes and
sensors as well as photovoltaic devices and structural
elements, exemplifying their ubiquitous nature and application.1-8 Layered self-assembly of amphiphilic materials using
the Langmuir-Blodgett procedure9 is well-known, and more
recently electrostatically driven layer-by-layer or LbL assembly of polymeric multicomposites10,11 has been demonstrated. In the LbL approach the fabrication of polymeric
multilayers is achieved by consecutive adsorption of polyanions and polycations and hence is driven by electrostatic
forces to achieve monolayers whose thickness is dictated by
the polymer geometry. Extension of the LbL method to selfassembly of alternating layers of polymers and nanoparticles
significantly extends the scope of this approach.12 However,
the LbL approach cannot be used for nonpolar or uncharged
nanoparticles and polymers, which excludes a wide range
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of functional materials. Here we show that self-assembly of
nonpolar linear polymers and nanoparticles into layers with
controllable thickness can be fully realized using relatively
simple and robust processing steps. Moreover, by controlling
entropic and enthalpic driving forces, we demonstrate
controlled self-assembly of nanocomponent multilayers,
promoting facile manufacture of a wide range of biomimetic13 and other fascinating14 nanostructures from nonpolar
materials.
Self-assembly of nonpolar, uncharged polymers and nanoparticles is strongly influenced by entropic effects; however
local enthalpic terms and long-range dispersion forces can
also be significant. Kinetic effects such as jamming and selfassembly during drying are also important in some situations
effectively trapping the structures.15-17 We first show that
entropic effects due to architecture differences18 can drive
self-assembly of multilayers by using unique polystyrene
nanoparticle-linear polystyrene mixtures where the difference in monomer-monomer enthalpic effects is minimized.
Here the nanoparticles assemble at the solid substrate without
jamming to maximize the system entropy. We then show
that multilayers formed from CdSe quantum dots and linear
polystyrene are controlled by the interplay between surface
energy, dispersion forces, and entropy. In this system, the
nanoparticles primarily segregate to the air interface, yet

multilayer fabrication remains facile. A third example
consists of a multilayer of two incompatible polymers,
namely, linear polystyrene and linear poly(methyl methacrylate) (PMMA), where CdSe quantum dots are used to
stabilize the multilayer, displaying the capability of our
processing technique to incorporate a wide range of polymer
and nanoparticle combinations. We also show that different
sized nanoparticles segregate into two layers pushing the
larger nanoparticles to the solid substrate demonstrating the
technique can be used with architecturally and chemically
dissimilar systems as well as with systems with chemical
similarity but size dissimilarity.
We have recently shown,19 using neutron reflectivity
experiments, that polystyrene nanoparticles made by an
intramolecular collapse strategy20,21 blended with linear
polystyrene are uniformly distributed in a spuncast thin film
(ca. 40 nm thick). Yet, after annealing the film above the
glass transition temperature of the linear polymer, they were
found to segregate to the solid substrate. Separate experiments with different deuteration contrast ruled out migration
of nanoparticles due to any isotopic effect.22,23 Also, since
the nanoparticles and linear polymer have identical repeat
units (styrene monomer), adverse monomeric enthalpic
interactions between the linear polymer and the nanoparticles
are minimal,24 the migration of the nanoparticles to the solid
substrate is primarily an entropic effect.25 Nanoparticle
localization to an interface26,27 has great utility since it
changes a range of physical and mechanical properties of
thin films; in particular it inhibits their dewetting from lowenergy substrates,19,28-30 a phenomenon we use in the present
work.
Two prerequisites for facile control of multilayer fabrication are the ability to uniformly disperse nanoparticles in
thin films19 and then to control their segregation to either
the substrate or air surface. We first show that a thin film
initially composed of a uniform mixture of polystyrene
nanoparticles and polystyrene may be annealed to form a
bilayer consisting of a nanoparticle-rich phase at the solid
substrate and a polymer-rich phase at the air interface. We
then show that this process may be repeated, enabling
proficient and well-controlled fabrication of multilayers, and
that similar processing may be used for a wide range of
nanoparticle and polymer combinations. We call this the selfassembled multilayers of nanocomponents or SAMON
process.
The process of entropy-driven enrichment of polystyrene
nanoparticles at the silicon wafer substrate is demonstrated
in Figure 1a where neutron reflectivity measurements (RQ4
vs Q, R is the reflectance and Q is the wave vector) on a
polymer film containing 10 wt % polystyrene nanoparticles
(211 kDa) blended with deuterated linear polystyrene (63
kDa) show a distinct change before and after annealing (we
clarify if the polymer or nanoparticle contains deuterium by
stating it is deuterated, if no isotopic substitution is made
then no mention of hydrogen content is made). The completely deuterated linear polystyrene was purchased from
Scientific Polymer Products, and the polystyrene nanoparticles were made by collapsing and cross-linking a random
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copolymer of 20 mol % benzylcyclobutane (BCB) and 80
mol % styrene as discussed by Harth et al.20 Before being
annealed, the ca. 40 nm thick film, which was spin-coated
from a benzene solution, was accurately modeled as a single
layer with a homogeneous nanoparticle distribution corresponding to an average scattering length density (SLD) of
5.92 × 10-6 Å-2; the solid line in the figure demonstrates
the goodness of the fit to the data. Here the SLD of the pure
deuterated polymer and that of the nanoparticle is 6.42 ×
10-6 Å-2 and 1.41 × 10-6 Å-2, respectively. The reflectivity
profile undergoes a profound change after annealing for 2 h
at 160 °C as demonstrated by the data presented in Figure
1a along with the results of using a two-layer model with a
nanoparticle-rich layer at the solid substrate. Note the
nanoparticle surface coverage is approximately one-half a
monolayer in this example, as determined by a simple mass
balance assuming that all the nanoparticles are located at
the substrate,19 as confirmed by the reflectivity measurement.
The solid line in Figure 1a corresponds to a model where
the top layer consists of the pure deuterated linear polymer
and the bottom layer contains a combination of the deuterated
linear polymer and the nanoparticles with an interface
roughness of 5 nm comparable to the nanoparticle diameter
(2a) of approximately 8.8 nm. The results of using an
alternative model where the nanoparticles segregate to the
air interface yields the dotted line in Figure 1a. These data
and further analysis, using a range of models, clearly indicate
that the nanoparticles migrate to the solid substrate after hightemperature annealing. This is further illustrated in Figure
1b, where the concentration profile of the annealed film has
been extracted from the reflectivity data. A scaled representation of the nanoparticle is also shown in the lower righthand corner of this figure.
To fabricate multiple polymer-nanoparticle layers, stacked
on top of each other, functionalization and cross-linking of
each layer were accomplished by spin coating an 85 wt %
polymer-15 wt % nanoparticle blend on top of a previously
aged and cross-linked film via the procedure shown in Figure
1c. The numbers 1, 2, etc. in the figure represent addition
of a new layer. The polymer was a 211 kDa random
copolymer of 80 mol % styrene and 20 mol % BCB
stabilized from dissolution during the subsequent spin coating
operation by heating to 230 °C for 24 h to activate the crosslinking process between BCB groups. Subsequent experiments demonstrated a significantly decreased aging time is
actually required. The 78 kDa partially deuterated, crosslinked polystyrene nanoparticles are found to segregate to
the substrate or cross-linked polymer layer below prior to
completion of the cross-linking process, allowing repetition
of this procedure two more times to give a six layer system
with each bilayer being about 44 nm in thickness. Note the
nanoparticles were synthesized according to the procedure
previously described20 except the styrene monomer was
deuterated while the BCB was not. The segregation was
confirmed by neutron reflectivity measurements (Figure 1d),
where modeling confirmed six layers, demonstrated by the
inset, with the nanoparticles at the solid substrate in each
bilayer. Modeling the nanoparticle distribution as if they were
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Figure 1. (a) Reflectivity (R) multiplied by reflectance wave vector (Q) to the fourth power (RQ4) vs Q for a silicon wafer with a thin film
(∼40 nm) of polymer-nanoparticle mixture before and after annealing to demonstrate that polystyrene nanoparties migrate to the solid
substrate. The solid lines represent the fits for the before and after annealed films as described in the text while the dotted line represents
the reflectivity profile if the nanoparticles migrated to the air interface. (b) Nanoparticle concentration profile determined from the scattering
density profile for the “after annealing” film shown in (a). A scaled representation of the nanoparticle is placed in the lower right-hand
corner. (c) Spin-coating process to make the multilayered films. (d) RQ4 vs Q for a silicon wafer spin coated with three layers of crosslinked polystyrene and polystyrene nanoparticles. The fit (solid line) corresponds to six alternating layers of polymer and deuterated nanoparticle
(see inset) while the dotted line is the prediction if the nanoparticles were homogeneously distributed. The thickness of each polymernanoparticle layer is approximately 44 nm.

homogeneously distributed shown by the dotted line in the
figure, or at the air interface (not shown), gives a poor fit to
the data showing that the neutron reflectivity data strongly
support the nanoparticle segregation illustrated in the inset.
In this system segregation of the nanoparticles is driven
by an entropy gain for the entire system which has been
shown to be important when cracks form in nanoparticle
filled polymers.31 Yet, one expects a translational entropy
loss when a nanoparticle segregates to the substrate, which
is approximately kBT per nanoparticle, where kB is Boltzmann’s constant and T is temperature. We also found in our
previous work24 that each nanoparticle gains approximately
[a/σ]2 ×  worth of enthalpic contact energy between the
nanoparticle and polymer when it is dispersed in the polymer.
Here  is the components’ monomeric interaction energy and
σ is the monomer size, so the nanoparticle loses both
enthalpic contacts with the polymer chains and translational
entropy due to segregation. This loss is countered by the
conformational entropy gain of moving the linear polystyrene
chains away from the substrate. An estimate of this entropy
gain is RkBT[a/σ],3 with R representing the degrees of
freedom gained by a monomer unit when it is released from
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substrate constraints. In writing this term, we note that the
conformational entropy gain of the linear chain on moving
away from the substrate is proportional to the volume of the
nanoparticle, a result which is valid provided the nanoparticle
is smaller than the radius of gyration of the linear chains. In
order for segregation to occur, the conformational entropy
gain of the polymer should be greater than the translation
entropy and mixing enthalpy losses of the nanoparticle or
R [a/σ]3 > 1 + [a/σ]2 × /kBT
where /kBT is of order 0.1-1 for dispersion forces. Since a
and σ are of order 1-10 and 0.1 nm, respectively, then R
must be greater than order 0.01-0.1 to allow this segregation.
This is reasonable, since a monomer unit on a linear chain
may gain up to one degree of freedom on constraint release,
in which case R )1.
The versatility of this process is further demonstrated by
the ability to replace the polystyrene nanoparticles with
inorganic-based materials. Though the above entropic and
enthalpic terms are always important in nanoparticle segregaNano Lett., Vol. 7, No. 2, 2007

Figure 2. (a) Transmission electron micrograph (TEM) of an assembly of 16 layers: 8 CdSe quantum dots (QDs) alternating with 8
cross-linked polystyrene layers, assembled on a silicon wafer. Each bilayer is numbered on the micrograph from 1 to 8. In all the micrographs,
a gold layer was sputtered on the film after fabrication to mark the air interface and masks the uppermost quantum dot layer. (b) A six-layer
asembly made by assembling QDs and polystyrene (layer 1), pure polystyrene (layer 2), QDs and polystyrene (layer 3), and finally pure
polystyrene (layer 4). The inset shows a TEM micrograph of the first layer normal to the substrate surface demonstrating a reasonably
uniform film (c). Assembly of eight layers: four QDs and four polystyrene where the quantum dot layers are thicker than previous assemblies
and the polystyrene are thinner (both ∼15 nm).

tion, other enthalpic terms play an important role for these
systems. Dispersion of CdSe quantum dots in nonpolar
polystyrene is made possible by attachment of oleic acid
chains to the quantum dot surfaces to yield a sterically
stabilized system that is soluble in toluene. The quantum
dots were synthesized using a previously published procedure32 that involves injection of a selenium-trioctylphosphine solution into a heated (250 °C) CdO-oleic acid-heat
transfer fluid solution and allowing the reaction to progress
for ca. 1 h. Phase segregation of the quantum dots from linear
polystyrene, in thin films, is clearly evident in transmission
electron microscopy (TEM) images shown in Figure 2. We
note that these quantum dots are completely soluble in bulk
polystyrene, as occurs for others systems where nanoparticle
architecture enables bulk miscibility, with a particularly
notable case being dendritic polyethylene33 in polystyrene.24
The TEM image in Figure 2a shows eight bilayers selfassembled with the SAMON process (Figure 1c) using the
same linear polystyrene as above, having 20 mol % BCB
groups that can be cross-linked. Each quantum dot layer is
close to a monolayer coverage (approximately ∼5 nm thick),
and the thickness of each polymer layer is about 75 nm.
The quantum dots primarily assemble at the air interface
in this system with the exception of the first layer, layer 1
in the figure, where they are at both interfaces. This is made
clear by viewing Figure 2b, which has the following layer
deposition scheme: layer 1, polymer + quantum dots; layer
2, pure polymer; layer 3, polymer + quantum dots; layer 4,
Nano Lett., Vol. 7, No. 2, 2007

pure polymer. Each layer is processed by thermal aging after
spin coating to activate the cross-linking process before the
subsequent layer is deposited. Some quantum dots have
assembled at the substrate interface in layer 1, yet most have
segregated to the air interface. This is more evident by
viewing the interface between layers 2 and 3 and 3 and 4.
Here it is clear that the quantum dots in layer 3 have mostly
gone to the air interface which is subsequently covered by a
pure, cross-linked polymer layer.
The assembly is easily described by careful consideration
of the Hamaker constant for trilayers making-up a multilayer
assembly. If the constant is negative, then that trilayer is
stable with the effective interface potential positive to ensure
stability.34 If we consider a trilayer of air (component 1)quantum dots (3)-polystyrene (2), then one can determine
the sign of the Hamaker constant (A132) using,35 A132 ∼ [n12
- n32][n22 - n32], which is a good heuristic for nonconducting materials. Here ni is the refractive index of component
i with the following approximate values: 1.0 (air), 1.54
(quantum dots), and 1.59 (polystyrene). The value for the
quantum dots’ refractive index was arrived at by computing
a volume average of a CdSe inner core with a 2.2 nm radius
(refractive index of 2.8) surrounded by an oleic acid layer
which is 2.5 nm thick (refractive index of 1.4). The oleic
acid layer thickness was determined by dynamic light
scattering of a dilute toluene solution and is a reasonable
value based on the chemical structure. With these values,
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Figure 3. (a) Optical micrographs of a 58 nm thick polystyrene (PS) film floated onto a 56 nm thick PMMA film after thermal aging on
a silicon (Si) wafer with its native oxide layer (SiO2). Isolated polystyrene drops can be seen on the surface of PMMA. (b) PMMA film
floated on polystyrene subject to the same annealing procedure given in (a) to show a similarly unstable film. The instabilities shown in (a)
and (b) disappear in (c) and (d), respectively, when the top layer is replaced by a composite film composed of both the quantum dots (QDs)
and the polymer. The film ordering is given in the figure with the abbreviations listed above; the length of the scale bar is 200 µm. (e)
Reflectivity profile of 25 kDa nanoparticles (NPs) blended with 60 kDa partially deuterated NPs shows that before annealing the film is
homogeneous while after thermal annealing the 25 kDa NPs assemble at the air interface rather than at the substrate.

the ordering of air-quantum dots-polystyrene is stable while
others are not.
Of course, this type of assembly requires similar forces
as described by Gupta et al.31 However, since the nanoparticles are presumably homogeneously dispersed after the
initial spin-coating step, they must rapidly diffuse to form
the stable configuration before dewetting occurs. By use of
the Stokes-Einstein relation and the viscosity for the
polystyrene melt,36 a diffusion coefficient of ca. 50 nm2/s is
calculated. Since the layer thickness is of order 50 nm, then
approximately 1 min is required for the nanoparticles to
diffuse to either interface. This time scale is so small that
we believe the dewetting behavior is stabilized throughout
the diffusion process as nanoparticles rapidly accumulate to
their stable configuration thereby prohibiting nucleation and
growth of holes. Nevertheless, some nanoparticles are trapped
at the unstable position, for example near the substrate, either
due to the entropic stabilization or by kinetic means where
local cross-linking confines them at the given position. This
later hypothesis seems unlikely since we have not observed
quantum dots trapped in the middle of the film (Figure 2b).
Much thicker quantum dot layers and thinner polymer
layers can also be formed as demonstrated in Figure 2c where
ca. 15 nm thick quantum dot layers have been assembled
with ∼15 nm thick cross-linked polystyrene. Again, the first
layer shows a thin quantum dot layer at the substrate with
most of them located at the upper part of this film.
Subsequent films show alternating layers of the two components which are not as coherent as the layers formed with
a lesser amount of quantum dots, parts a and b of Figure 2
as well as the inset of Figure 2b, although they are certainly
distinct. We believe the layers can be further refined through
optimization of the processing conditions.
Generalization of the SAMON technique to incompatible,
non-cross-linked polymers, and nanoparticles is demonstrated
in Figure 3 where optical micrographs of PMMA and
polystyrene polymers are considered. The first layer, either
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PMMA (76 kDa, Figure 3a) or polystyrene (75 kDa, Figure
3b), was spin-coated onto the silicon wafer, which has its
native oxide layer, followed by floating the other polymer
on top and aging the composite for 24 h at 180 °C. Both
systems were found to dewet as expected; however, when
the top layer contained quantum dots, the dewetting was
eliminated as shown in parts c and d of Figure 3. Previous
work has demonstrated that other nanoparticles will slow
the dewetting dynamics;37 however, our work shows complete elimination of dewetting. So, the SAMON process
applies to a wide range of polymers, and stabilization may
be carried out both with or without cross-linking the polymer
layer yielding a robust procedure for self-assembly of
functional multilayers from nonpolar nanoparticles and
polymers.
We also show that the process can be extended to different
sized nanoparticles38 in Figure 3e. A blend of two crosslinked polystyrene nanoparticles, differing in molecular size,
was spin-coated together on a silicon wafer at an overall
and relative concentration to yield a monolayer of the larger
nanoparticles and a bilayer of the smaller. One component
was a cross-linked random copolymer of 80 mol % styrene20 mol % BCB to form a nanoparticle (25 kDa molecular
mass, radius ∼2.3 nm) while the other nanoparticle had four
styrene monomer units deuterated and the final BCB unit
remained hydrogenated (60 kDa molecular mass, radius ∼3.1
nm). Thermal aging was performed, and it was found that
the larger nanoparticles segregated to the solid substrate in
agreement with recent simulations.39 This effect is caused
by a system entropy gain since there are fewer larger particles
near the wall per unit volume and hence less translational
entropy loss for the system occurs as a whole. We tried
another size ratio of nanoparticles, 3.1 and 4.1 nm radius,
without significant success. A slight change in the homogeneous neutron reflectivity profile is seen after hightemperature aging, yet the difference is within experimental
error and so delicate packing effects are apparent or the
Nano Lett., Vol. 7, No. 2, 2007

nanoparticles are in a jammed state. Rheological characterization shows the two larger size nanoparticle systems (3.1
and 4.1 nm radius) have a yield stress while the smallest
system (2.3 nm radius) does not,21 which may trap the system
into a kinetically stabilized state. Regardless we have
developed a process to produce assembly on the nanoscale
based on size dissimilarity as well as architecture.
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