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ABSTRACT: We investigate the influence of fullerene (Ce)
nanoparticle (NP) additives on a thermodynamically miscible
polymer blend thin film of polystyrene (PS) and polybutadiene
(PB). In this system both homopolymer components individu-
ally dewet from the commonly used silicon substrate. Three NP
concentration regimes having distinct blend nanocomposite
film morphologies are observed: (a) In the neat blend and low
NP mass (0—1%) range, the blend films rapidly dewet, appar-
ently due to fluctuations in the polymer surface tension arising
from the composition fluctuations of a surface enrichment layer
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at the film air boundary. This behavior is in sharp contrast to the corresponding NP-filled homopolymer films where dewetting is
progressively slowed by the segregation of NPs to the solid substrate in this same concentration range. (b) In the intermediate NP
concentration range of 1—5 mass %, the Cgqo additive acts as a “compatibilizing agent”, progressively reducing the size of the
dewetted droplets with increasing NP concentration. Dewetting is fully suppressed in the homopolymer films in this NP concentration
range. We conclude that C4 segregation to polymeric interfaces within blend film competes with the NP film stabilizing effect.
(c) At higher NP concentrations between S and 10 mass %, the NPs enrich the substrate sufficiently to fully inhibit the blend film
dewetting through a percolating blend—NP structure. At very high NP concentrations (10—1S mass %), the NPs form clusters
within the blend film giving rise to a “spinodal clustering” NP morphology.

B INTRODUCTION

Polymer thin films are proving to be increasingly important
because of their indispensable role in applications such as
optoelectronic coatings, polymer-based bulk heterogunctions,
nanolithography, biomedical scaffolds, and sensors."”” Polymer
blend thin films in particular have many practical applications due
to their potential for combining different homopolymer attri-
butes to create molecular composite materials, e.g., the combina-
tion of glassy and rubbery polymers to create tough structural
materials, films of variable gas permeability, and conducting
and insulating polymers of variable thermal and electrical con-
ductivity. A persistent concern with blend films, however, as in
homopolymer films, is their stability against dewetting.

While there are some previous studies of polymer dewetting
on polymer substrates,> > there has been limited investigation of
the dewetting of polymer blend films on inorganic substrates
where a coupling between dewetting and phase separation can
make the interpretation of such measurements difficult. How-
ever, the escalating use of nanoparticles (NPs) such as Cg as
fillers in polymer films for diverse applications such as organic
photovoltaic heterojunctions® makes the study of the stability of
these complex nanocomposite films timely. Apart from issues
relating to phase separation in these multicomponent films, there
is also concern about the influence of NPs on the stability of the
films against dewetting. The present paper focuses on this
technologically important problem.
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Almost a decade ago, Barnes et al.” demonstrated an uncon-
ventional route for controlling the dewetting of homopolymer
films on nonwettable substrates that involved the addition of a
small quantity (on the order of 1 mass %) of fullerene NPs (Cg)
to homopolymer films. The C4o NPs were found to segregate to
the film—substrate interface. This NP segregation modifies the
polymer—substrate interaction® " and also enhances film sta-
bility by pinning the growing contact lines of any dewetting holes
that might form in the film.” A synergy between these thermo-
dynamic and kinetic stabilization effects results in a strong and
practically useful net film stabilization against dewetting. This
phenomenon has been found to be very robust for other NP
polymer thin film systems and suitable for the gractical purpose
of stabilizing films used in sensor applications."* This is uniquely
a NP effect since larger particles behave like “dust” and lead to a
prevalent tendency toward film dewetting. At the time of its
discovery,” the NP film stabilization effect in homopolymers was
completely unexpected.

In the present work, we explore an extension of Barnes et al’
to a binary miscible polymer blend system. Here, we system-
atically investigate the effects of addition of fullerene additives to
a model blend film system of polystyrene (PS) and polybutadiene
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(PB). Our initial study is constrained to the one-phase region of bulk
blend miscibility in order to compare the film stabilization effect
for the blends to the homopolymer films. We find again some
intriguing effects of the NP additive associated in these films with
the capacity of the NPs to preferentially segregate to new interfaces
than the solid film—substrate interface.

By comparison, the effect of nanoparticles on even the
simplest multicomponent (binary) blend film structure and
stability is substantially more complex than homopolymer films
due to simultaneous effects of polymer and particle segregation
and dewetting. The phase stability of the film can be designed by
the choice of molecular mass of the polymers and temperature to
be in the single phase state. In this single phase region for the
blend, surface segregation of the lower surface energy compo-
nent occurs near the air surface for thin films and interfacial
tension controls the segregation at the substrate boundary."® In
the two-phase region, these segregation layers transform into
wetting layers which serve to drive the polymer component
segregation in their own fashion. There are evidently multiple
phases accessible and multiple interfaces to which the NP can
segregate, depending on the thermodynamic state of the film and
its surroundings. In our initial study, we confine ourselves to the
relatively simple case of thin blend films with NP in the single
phase miscibility region of the blend phase diagram.

Naively, one might expect such “miscible” films to behave
much like homopolymer films with NPs, but this proves not to be
the case generally. Instead, we observe a partitioning of the Cg
particles to the solid substrate (silicon wafer) that is strongly
influenced by the segregation of the lower surface energy
polymer to the air boundary, which in turn leads to a segregation
of Ceo to this interfacial region. We find that this competitive NP
segregation process with the segregation of the NPs to the
polymer enrichment layer interface greatly diminishes the NP
stabilization effect observed in homopolymer films of which our
blends are composed. Moreover, the interfacial segregation of the
Ceo to the polymer—polymer interface within the film largely
influences the late-stage evolution of the morphology of the
dewetting polymer films. Once the interfacial layer between the
polymers is saturated with fullerene particles, substantial NP
enrichment occurs at the solid substrate, and we finally see an
effective stabilization effect against blend film dewetting, as seen
before in the reference homopolymer films. These observations
should help in future efforts in the design of stable nanocompo-
site blend films for diverse applications.

B EXPERIMENTAL SECTION

Polystyrene (PS), average relative molecular mass M,, = 3000 g/mol
and a polydispersity index (ratio of mass average to number-average
relative molecular mass, M,,/M,) of 1.09, and polybutadiene (PB),
M,, = 2400 g/mol and a polydispersity index of 1.0S, from Polymer
Source Inc.'® were used for our experiments. The molecular masses were
chosen so as to be similar to the ones used in a previous homopoly-
mer—NP study.” Laboratory grade toluene was used as the solvent for
the polymers and was purchased from BDH Chemicals.'® Homopoly-
mer solutions of PS and PB in toluene were prepared separately by
stirring the polymers in the solvent overnight. Blend solutions were
made by dissolving the PS and PB in common solvent toluene, such that
the total polymer concentration in the solvent was 3 mass %, and the
solutions were then stirred overnight. Both homopolymer and blend
solutions were filtered thoroughly using a 0.2 «m PTFE filter. C4o NPs of
purity >99%, from Sigma-Aldrich Chemical Co.,'® were dispersed in
toluene, accompanied by ultrasonication, before addition to the blend
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Figure 1. Optical microscope images tracking the homopolymer PS
and PB thin film stability, annealed at 130 °C, as a function of Cgo
nanoparticle concentration: (a) neat homopolymer PS, (b) 0.1 mass %
Ceo-filled PS, (c) 1 mass % Cgo-filled PS, (d) 2 mass % Co-filled PS, (e)
S mass % Cgo-filled PS, (f) 10 mass % Cgo-filled PS, (g) neat homo-
polymer PB, (h) 0.1 mass % Cgo-filled PB, (i) 1 mass % Cgo-filled PB, (j)
2 mass % Cgo-filled PB, (k) S mass % Cgo-filled PB, and (I) 10 mass %
Ceo-filled PB.

solution. The nanoparticle solutions were handled inside a nitrogen-
purged glovebag.

A series of NP-filled blend solutions consisting of Cgo concentrations
varying from 0 to 10 mass % relative to total polymer blend weight were
prepared by dissolving the Cgp—toluene mixture with the blend solu-
tions. Thin homopolymer and blend films were prepared by spin-coating
at identical spin conditions of speed, acceleration, and time on nitrogen
blow dried and UVO cleaned p-type Si (100) wafers purchased from
Silicon Quest International.'® This ensured that both homopolymer and
blend films had the same thickness of 110 & 2 nm, which was verified
using a a DI-Veeco Nanoscope V atomic force microscope (AFM) and a
Filmetrics F20-UV thin film analyzer. Annealing temperatures were kept
in the one-phase region of bulk phase miscibility of this blend system as
characterized by light microscopy in bulk films previously.'” Blend film
compositions in this study were kept fixed at 50:50 PS:PB composition.
The upper critical solution temperature (UCST) in neat bulk PS/PB
blend films was determined to be at 110 °C at a critical composition of
0.5.)7 The films were annealed at 130 °C, i.e., in the blend bulk one-
phase region, for 1, 2, 12, and 48 h under vacuum. We observed that
beyond 2 h the morphology and film stability remained unchanged, and
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hence in all our further studies we chose to analyze and present sample
data for an annealing time of 2 h. In parallel, we examined the
stabilization effect of the Cgy under similar conditions on each of the
blend component homopolymer films as well as compared with our
previous homopolymer dewetting stabilization by NP studies. The
annealed blend and homopolymer films filled with NP were character-
ized using an Olympus BX41 optical microscope and a DI-Veeco
Nanoscope V atomic force microscope (AFM).lé Further, a Zeiss
confocal laser fluorescence microscope'® was used in order to map
out the z-stacking distribution of Cy in the samples. Image J (NIH) data
analysis software was used to quantify our results.

B RESULTS AND DISCUSSION

Ceo-Filled Homopolymer Films. Consistent with prior ob-
servations, neat PS and PB homopolymer thin films cast on
silicon substrates spontaneously dewet on annealing above their
glass transition temperatures and exhibit typical dewetting
patterns as shown in optical microscopy (OM) images in
Figures 1a and 1h, respectively. On adding fullerene nanoparti-
cles (0.1—2 mass %), the dewetting holes are pinned progres-
sively as observed before” (as shown in OM images in Figures 1b,
¢,i,j), and this phenomenon is now well-attributed to a fullerene
surface enrichment layer on the substrate.”'*'* In the fullerene
concentration range of 2—5 mass %, PS and PB homopolymer
thin films are entirely stabilized against dewetting (Figures 1d,e k).
At even higher concentrations of Cg in the range of 10—15 mass
% relative to PS and PB, we observe a large scale clustering of the
Cso in the NP stabilized films (Figures 1f,g;m,n), a morphology
that Cabral et al.' termed “spinodol clustering” in hompolymer
PS films with Cg Thus, all of our results on Cg, addition to
homopolymer films are consistent with literature studies.

Cso Nanoparticle-Induced Blend Film Morphology Re-
gimes. In the case of a (unfilled) PS/PB blend thin film, we
observe a more complex and interesting behavior. In this study,
all blend films are at critical bulk composition annealed in the
single-phase region of the PS:PB bulk phase diagram. First, the
dewetting occurs far more rapidly so than their homopolymer
counterparts, and the film breaks up into droplets almost
instantaneously. We suggest that this enhanced instability is
due to polymer composition fluctuations in the surface enrich-
ment layer that accelerate the film breakup process. Second, we
observe a randomly dispersed bimodal distribution of large and
small droplets rather than the traditional cellular-shaped Voronoi
tessellation patterns (e.g., see Figure 1a)" in late-stage (occurs
very fast however) film dewetting morphology of homopolymer
films. Kinetic studies tracking film break up at as low as 30 s after
annealing the film at 130 °C showed final stage dewetting,
indicating a very fast film breakup process. The precise mechan-
ism of this fast dewetting process of film breakup into final stage
droplets requires further study using a high-speed camera, but
this phenomenon is not the focus of our current study on
nanoparticle-blend dewetting. Next, the effect on the bimodal
distribution of dewet droplets with progressive addition of the
NP initially causes the larger droplets to reduce in size, with a
higher NP surface density, a NP-induced compatibilization
“surfactant” effect. At higher NP concentrations, these larger
droplets form percolating clusters composed of droplets having a
bicontinuous morphology.”® These dense NP-filled films appear
optically homogeneous to the naked eye and at low magnification
OM. Conspicuously, the NP concentrations (10 mass %)
required to stabilize the blend films against dewetting are well

Increasing C) Concentration (mass %)

W

Figure 2. Morphological and film stability evolution as a function of Cg,
nanoparticle concentration in 50/50 PS/PB blend thin films annealed at
130 °C: (a—f) optical micrographs of neat, 0.1, 1, 5, 10, 15 mass % Cgo-
filled blend films, respectively; (g—e) optical micrographs of neat, 0.1, 1,
S, 10, 15 mass % Cgp-filled blend films, respectively, at a higher
magnification; (m—r) AFM phase images of neat, 0.1, 1, 5, 10, 15 mass %
Ceo-filled blend films, respectively.

above the threshold concentration (R2 mass %) needed to
stabilize the individual homopolymer films against dewetting.
In blend films, the NP-induced film stabilization is “recovered” at
relatively higher NP concentrations (27— 10 mass %) to stabilize
the films in a fashion similar to the NP-filled homopolymer films.
This is due to partitioning of the NP within the blend interfaces
and the blend substrate interface. The NPs are initially driven to
the blend surface segregation interfaces and then the blend
substrate interface at higher NP concentrations. A neat critical
composition PS/PB blend film cast on a silicon substrate exhibits
evident dewetting almost immediately at 130 °C, 20 °C above the
bulk T, of 110 °C. While the macroscopic (large) dewet droplets
look similar to those found in homopolymer dewetting, they are
randomly distributed spatially, as illustrated in low- and high-
magnification OM images in Figures 2a and 2g, respectively.
Additionally, there are numerous tiny dewet droplets that are
observable even by high-resolution optical microscopy. The
droplet distribution for neat blends is distinctly bimodal, and
an image analysis using Image J (Figure 3A) illustrates the
droplet domain count and droplet size distribution versus mass
concentration of nanoparticles as plotted in Figure 3B. A closer
look at the microstructure of the large droplet reveals a single
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Figure 3. (A) Image analysis of a 1 mass % Ceo-filled 50/50 PS/PB blend film annealed at 130 °C. (B) A plot of the number density of polymer blend
dewet domains and domain size distribution as a function of Cg, nanoparticles concentration. (C) A plot of net polymer blend film coverage on the
substrate (a measure of film wetting and thus stability against dewetting) as a function of C¢o nanoparticles concentration, indicating the three distinct
regimes of film stability. The line (curve) interpolating between the points is drawn to guide to the eye. Bars on data points indicate a standard

uncertainty of £2.5 of the “% of net polymer area”.

“moth-eye” type of morphology as shown in an AFM image in
Figure 2m. This moth-eye morphology is apparently a manifesta-
tion of the dewetting induced capillary wave driven breakup of a
surface enrichment layer of PB, which enriches the polymer-
interface by v1rtue of its lower surface energy (32 mJ/m” for PB
and 40.5 mJ/m” for PS).*"** The surface curvature of the dewetted
blend film droplets imposes a tension on the surface enrichment cap
layer that probably influences the breakup of this layer.

Next, Figures 2bh show that the optically macroscopic
dewetting morphology is only mildly impacted upon adding

8139

0.1 mass % of Cg, nanoparticles (NPs) to the polymer blend and
shows a plot of domain number density and domain size as a
function of NP concentration (Figure 3B). However, the surface
layer breakup is appreciably affected by the addition of NPs, with
the fullerenes apparently acting as surfactants at the surface
enrichment layer interface. This leads to emulsion-like droplets
that are elongated, but of smaller width and highly distorted in
shape from a circular shape (Figure 2n). A core—shell type of
morphology is observed upon further increasing the added NP
concentration to 1 mass % (Figures 2c,i,0), with the NPs aiding
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the coalescence of the surface enriched layer leading to a polymer
“disc” at the top of the film forming a 2-D core—shell type of
structure. The effect of the NPS on domain size and number
density is indicated in Figure 3B. Evidently, the overall dewetting
of the blend film on the silicon substrate is not affected much by
the presence of NPs up to a concentration of ~1 mass %, with the
fullerenes only segregating to the polymer—polymer interface
and thus affecting the morphology of the dewet droplets. We
again emphasize that the blend films behaves rather differently
from the individual homopolymer films in relation to the
concentration of NP required for stabilization against dewetting.
In the blend film case, little Cg segregation at the substrate is
expected at such low concentrations due to the preferential
partitioning of the NPs to the polymer—polymer interface as is
later confirmed by selective solvent etching and confocal fluor-
escence microscopy.

A considerable suppression in the overall blend dewetting is
observed at higher added NP concentrations as shown in
Figures 2d,j,e kf]l for S, 10, and 15 mass % of Cgp, respectively,
and the domain size distribution for 5% is almost homogenized
(Figure 2p) or unimodal (Figure 3B). After reaching a saturation
concentration at the polymer—polymer interface, the NPs begin
to segregate to the substrate as seen in the subsequent internal
morphology analysis section as well as in previously studied PS-
Ceo nanocomposite thin film systems using direct techniques like
neutron reflectivity measurements.'> At a NP concentration of
10 mass %, we obtain a bicontinuous interconnected PS/PB
blend film morphology, as shown in Figure 2q. With a further
increase in NP concentrations, however, the in-plane morphol-
ogy gradually becomes rougher and the 15 mass % Cgo-PS/PB
blend film exhibits a “spinodal clustering” pattern of the Cgo NPs
(Figure 2r). This phenomenon of spinodal clustering of Cso NPs
at high concentrations has been recently quantified extensively
by Cabral et al.'® for homopolymer PS-Cgp thin films, although
these structures require higher Cqy concentrations (typically
7—10 mass %) in the homopolymer films. This further empha-
sizes the concentration “lag” in morphology and stability devel-
opment in blend films as compared to homopolymer films arising
from the competitive NP segregation to polymer—polymer and
polymer—substrate interfaces.

Discussion on Cgo Nanoparticle-Induced Film Stabiliza-
tion Regimes. We now show that there are three distinct regimes
of blend film stabilization as a function of NP concentration
(Figures 3B,C).

Regime I. Regime I, at low Cy, concentrations (0 mass % < NP
concentration < 1 mass %), is characterized by complete dewet-
ting of the blend film with dewet droplets exhibiting interesting
“moth-eye”-like structures generated as a result of the uniform
rupture of the surface enrichment layer of the lower surface
energy polymer. The NP in this layer can be expected to
influence the impact the coalescence of the droplets to form
larger droplets as the films progressively dewet and an inhibition
of this process should result in somewhat smaller droplets.
Because of a preferential NP partitioning to the blend polymer—
polymer interface versus polymer—substrate interface in regime
I, there is no significant effect of the NPs on film stability against
dewetting and a PS/PB blend film filled with C4o NPs up to
a mass concentration of ~1% relative to the blend dewets
macroscopically.

Regime Il In regime I (1 mass % < NP concentration < S mass %),
the PS/PB blend films continue to dewet the substrate. However,
the net macroscopic polymer coverage begins to increase,

| — Selective PS etching

PB removal after etching
[

/ out PS

I
- 50pm

Figure 4. Qualitative composition analysis of neat 50/50 PS/PB blend
thin film annealed at 130 °C via (a) selective solvent etching to remove
PS and (b) further removal of PB with a PB selective solvent.

indicating an increased film stability. This is attributed to an
onset of the Cgo NPs segregating to the substrate, although to a
smaller extent as compared to segregation to the polymer—
polymer interface near the air boundary. Substrate segregation
occurs in part due to an onset of saturation of the fullerenes at
the polymer—polymer interface. As indicated in Figure 3B, a
bimodal size distribution of the dewet droplets persists. This is
attributed to an enhanced Cg, segregation to the interface between
the droplets. The Cg “surfactant” suppresses coalescence of the
dewet drops to form larger domains as found in regime I, leading to
a reduced dewet drop size (diameter ~30 tm). The polymer film
morphology in this regime transforms from a 2-D core shell
structure, to an interconnected network structure. Both the mor-
phology and the area coverage studies indicate that at intermediate
concentrations the fullerene concentration begins to become
saturated near the polymer—polymer interface and the NP then
start to segregate appreciably to the solid substrate.

Regime ll. At relatively high Cy( concentrations (S mass % <
NP concentration < 15 mass %) of regime III there is complete
film stability yet the film has a microstructure so it is not spatially
homogeneous. Up to a NP concentration of 10 mass %, the film
morphology makes a transition from an interconnected film
structure to a more continuous blend film by optical microscopy
on the scale of micrometers and a highly structured morphology
by atomic force microscopy imaging at a submicrometer scale. At
these concentrations of NPs, we infer that the fullerene-rich
polymer (likely PB) layer near the substrate forms a gel-like layer,
thus modifying the substrate energy and structure. In this regime,
the dewet droplet size distribution transforms from a discrete
bimodal behavior to a uniform interconnected bicontinuous film
morphology (Figure 3B), implying a significant suppression of
coalescence between the polymer phases due to surfactant effects
of the NPs, in addition to complete film stabilization via NP
segregation to the substrate. At NP concentrations above 10 mass
%, the NPs tend to form clusters giving rise to a spinodal

blend—NP morphology.
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Figure S. Internal morphology analysis of neat and NP-filled 50/50 PS/PB blend films annealed at 130 °C via selective solvent etching and confocal
fluorescence microscopy: (a—c) optical micrographs of S, 10, and 15 mass % Cgo-filled blend films, respectively; (d—f) optical micrographs of S, 10, and
15 mass % Cgo-filled blend films, respectively, etched with THF (PS and PB selective) and showing remnant Cg, pinning sites; (g—i) confocal
fluorescence micrographs of 5, 10, and 15 mass % Ceo-filled blend films, respectively, etched with THF.

Cso Nanoparticle-Induced Dewetting Pinning. Selective
solvent etching of the polymer blend dewet domains helps us
to identify qualitatively the composition of the dewet droplets as
shown in Figure 4 for a neat blend film annealed in the one-phase
region. The central core is mainly PS-rich, whereas the shell is
PB-rich, as seen from a PS selective solvent etch (Figure 4a)
followed by selective removal of PB (Figure 4b). Further,
selective solvent etching of the blend at Cg concentrations in
the unstable and stable region of film wetting confirms our
hypothesis of Cgo induced stabilization via segregation to the
substrate. After selectively removing the polymer blend, we
observe NP aggregates on the silicon surface that correspond
to the NP “pinning sites” that retard film dewetting. Confocal
fluorescence microscopy corroborates these results further by
exhibiting increased fluorescence signal (from Cg) from the
pinning sites on the substrate with increasing Cgo concentration.
Figures Sab,c show annealed (S5, 10, and 15 mass %) Cgo-filled
blend films. Solvent-etched samples are shown in Figures 5d,e/f,
from which we can see an increase in density of the substrate-
segregated NPs. The AFM image insets of the corresponding
optical micrographs exhibit these pinning sites clearly, and these
sites are also highlighted by confocal fluorescence images in
Figures Sg,h,i. Thus, selective polymer etching methods, as well
as fluorescence microscopy, confirm the presence of C4o NPs at
the silicon substrate and also indicate the increase in substrate
coverage by Cgo with increasing NP concentration. The fluores-
cence image of Figure 5a leads us to conclude that bimodally
distributed dewet droplets contain all three components, namely
PS, PB, and Cg, with the larger dewet droplets at lower C60
concentrations (<1 mass %) exhibiting a core—shell type of

structure. For a Cgy concentration > 5 mass %, the blend film
clearly develops an interconnected structure, and the confocal
fluorescence images further suggest the presence of a polymer
layer on top of a “gel-like” Cgo-rich layer mentioned before. This
layer screens the otherwise unfavorable interactions between the
substrate and the polymer blend.”'*** Neutron reflectivity
studies were carried out to observe any NP layering below the
stabilized polymer layer, but due to the high in-plane roughness
of these dewetted film layers, no meaningful data for quantifying
the NP segregation could be obtained.

B CONCLUSIONS

Our study of a model polymer blend annealed in the bulk
single phase with a well-defined nanoparticle additive provides
some general insights into the stability of nanocomposite blend
films found in high impact technological applications. The
stability trends with increasing nanoparticles concentration are
significantly different from the homopolymer film counterparts,
even when the blend film is miscible. In particular, the dewetting
of blend films proceeds more rapidly compared to its homo-
polymer constituents, even without the nanoparticles. With a
small concentration of nanoparticles, we observe a bimodal
distribution of dewetted film droplets reflecting a “surfactant
compatibilization” effect with increasing NP addition that pro-
gressively inhibits the droplet coalescence process necessary for
forming large dewetted droplets. Finally, we observe a strong
stabilization of PS/PB blend films by the addition of Cg
nanoparticles at high concentrations of NP. We suggest that this
occurs via the formation of a gel-like layer of fullerenes at the
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silicon substrate that modifies the substrate—polymer interaction
and pins the growth of dewetting holes, as in the case of
homopolymer films at lower nanoparticle concentrations. We
attribute this stark difference to the competitive segregation of
the NPs, preferentially to a surface enrichment induced polymer—
polymer interface and subsequently to the solid substrate at
higher concentrations.
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