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Confinement enhances dispersion
in nanoparticle-polymer blend films

Sivasurender Chandran', Nafisa Begam', Venkat Padmanabhan? & J.K. Basu'

Polymer nanocomposites constitute an important class of materials whose properties depend
on the state of dispersion of the nanoparticles in the polymer matrix. Here we report the first
observations of confinement-induced enhancement of dispersion in nanoparticle-polymer
blend films. Systematic variation in the dispersion of nanoparticles with confinement for
various compositions and matrix polymer chain dimensions has been observed. For fixed
composition, strong reduction in glass transition temperature, Tg, is observed with decreasing
blend-film thickness. The enhanced dispersion occurs without altering the polymer-particle
interactions and seems to be driven by enhanced matrix-chain orientation propensity and a
tendency to minimize the density gradients within the matrix. This implies the existence of
two different mechanisms in polymer nanocomposites, which determines their state of
dispersion and glass transition.
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lends of polymers and nanoparticles—polymer nanocom-

posites (PNC)—constitute a new class of materials exhibit-

ing tunable and novel physical properties!™. A major
obstacle in achieving the desired properties of the blends is their
state of dispersion. Extensive research has, therefore, been
devoted to understand the morphological and dynamical phase
diagram of such blends and the consequent role it 3plays in
determining the physical properties of these materials®~!°. On the
basis of these studies, various strategies are therefore being
devised to enhance the dispersibilty of various functional
nanoparticles in PNCs®~!5, Tt is believed*®!1:13 that a wetting
nanoparticle-polymer interface is required for homogeneous
nanoparticle dispersion in bulk PNCs. For bulk PNCs it has
also been well established>®31! that for dewetting grafted chain—
matrix chain interface, the T, of nanoparticle-polymer blends
decreases with increasing fraction of the nanoparticles, whereas
T, for wetting interface increases or remains unchanged. This
implies that T, and dispersion of nanoparticles cannot be tuned
independently in PNCs, at least for single-component graft
molecules. Recent studies, however, have also shown that
dispersion and thermomechanical properties could be
controlled using multicomponent grafted polymer chains'®. On
the other hand, very little is known or understood about
the nature of dispersion of nanoparticles in thin polymer
films>~7*1%12_ This is a bit surprising since, a vast amount of
research has been devoted to understanding of structure and
properties of thin polymer films, es?ecially those related to the
perturbation of chain conformation'’~2! and glass transition due
to confinement®> ®11:22-25_ Although there is significant progress
in understanding the chain conformation with confinement,
some conflicting reports still exist'®-202627  Similarly, in the
case of glass transition of thin polymer films, contradictory
reports on finite size effects on T, in polymer thin films have
emerged® 322724 If polymer chain conformations do get
perturbed due to confinement, does it affect the state of
dispersion and other physical properties in thin films of PNCs?
To address this fundamental question, we have probed the
structure and internal morphology of polymer and PNC films of
variable thickness using a combination of X-ray reflectivity (XR)
and real-space imaging techniques as well as molecular dynamics
(MD) simulations. We observe confinement-induced enhanced
dispersion of otherwise bulk phase-segregated blends of
nanoparticles and polymers. To gain insight into the mecha-
nism responsible for enhanced dispersion of nanoparticles at a
microscopic level, we used coarse-grained MD simulations,
which has been widely used for PNCs*!328-30 We simulated
uniformly grafted nanoparticles in a homopolymer matrix
confined between two smooth surfaces. We find that as we
decrease the distance between the two surfaces, L, the nano-
particles tend to disperse more readily and there is a significant
drop in nanoparticle density near the surfaces, as observed in the
experiments, and a corresponding increase in polymer segment
density. In addition, calculated bond orientational parameter for
matrix polymer chains indicate considerable chain orientation at
the interfaces, as observed earlier for linear polymers in
confinement®'3* with a finite value of this parameter being
observed to persist, even in the bulk, for the thinnest films
simulated.

On the basis of our results, we show the effect of confinement
on dispersibility, D, of nanoparticles as a function of size
asymmetry f and fraction of inclusion ¢, which would alter the
reported bulk phase behaviour®*!11315 "Ag a consequence of the
enhanced dispersion, we observe a reduction in T of such blends
as compared with that in the bulk at comparable nanoparticle
volume fractions. Interestingly, simulations indicate that the
nanoparticle-polymer interactions responsible for T, reduction
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do not get significantly altered with confinement. This clearly
implies the existence of two different mechanisms in
nanoparticle-polymer blends, which determines their dispersion
and glass transition, allowing for their independent control.

Results

X-ray reflectivity. Table 1 summarizes the properties of the
various polymer-grafted nanoparticles (PGNPs) used in these
experiments described in this manuscript. The particles have been
prepared using a method described in the methods section. They
have been characterized by using various methods described in
the Supplementary Information (Supplementary Fig. 1). Thin
films of PGNPs mixed with linear polystyrene (PS) at various
volume fractions, ¢, were prepared for thicknesses 65, 45 and
20nm. Further details about the various samples have been
specified in Table 2. Figure 1 shows the Fresnel-normalized XR
profiles of 65, 45 and 20 nm of PNC films with PGNPs of various
¢, and f as defined in the respective panels and Table 2. The
Fresnel-normalized reflectivity allows clear visualization of the
presence of modulations in the XR profile, which is indicative of
density variations along the film thickness®?%2%, For a homo-
geneous thin film on a substrate, the Fresnel-normalized
reflectivity consists simply of film thickness oscillations, that is,
Kiessig fringes of constant or decaying amplitude depending on
the magnitude of surface roughness. However, presence of density
inhomogeneity or a layer of different density along the film
thickness superimposes an additional modulation on the Kiessig
fringes with the maximum at a wave vector g,, which is inversely
proportional to the thickness of the layer. The thickness of these
layers is ~6 nm, which corresponds to approximately one diffuse
layer of PGNPs. As can be seen in all the XR data for various
65nm films in Fig. 1, larger amplitude modulations are present
indicative of presence of strong density inhomogeneity in these
films. In Fig. 1b we also compare the XR data for 45 and 20 nm
films with ¢, =1.2% and f=0.033. Clear reduction in amplitude
of the modulation with decreasing film thickness, indicative of
confinement-induced density homogenization, is evident. This

Table 1 | Properties of PGNP.

Sample R. M, X o (Chains R.
(nm) (gmol— 1) (nm) per nm?) (nm)

PST3k-Au 2.1 3,000 12 1.98 33

PST53k-Au 1.5 53,000 5.5 1.34 7.0

PGNPs, polymer-grafted nanoparticles.

R. is the radius of the core (gold nanoparticles), M, is the molecular weight of the grafting agent,
X is the thickness of the grafting layer, o is the grafting density and R is the effective radius of
the particles, that is, Re=R.+ Z.

Table 2 | Specification of PGNP-PS composite films.

Sample M, M, dp (%) W, (%) f
(kgmol—")  (kgmol 1)

S3 3 90 0.75 10.1 0.033
S4 3 90 12 16.1 0.033
S5 3 90 3.0 40.2 0.033
A 3 20 12 16.1 0.15

B 53 90 12 16.1 0.59
C 53 20 1.2 16.1 2.65

PGNPs, polymer-grafted nanoparticles; PS, polystyrene.
Mg and M, are molecular weights of the grafting and matrix polymers, respectively; ¢, and W,
are the volume and weight fraction of PGNPs, respectively; size asymmetry, f=Mg/M,.
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trend of density homogenization with confinement extends to
lower (Fig. 1a) and higher (Fig. 1b) ¢, and higher f (Fig. 1d).
However, as fincreases further, the dispersion of the PGNPs in PS
films increases, leading to increased homogenization of density
for such films as can be seen in Supplementary Fig. 2. These
observations are independent of the model used to extract the
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Figure 1| XR profiles showing enhanced dispersion with confinement.
Normalized XR profiles, Rq# versus g,, for both 65 and 20 nm films of
samples S3 (a); 65, 45 and 20 nm films of samples S4 (b); 65 and 20 nm
films of sample S5 (¢) and sample A (d). Inset: electron density profile,
p(2), as a function of normalized depth, z, from the air-film interface

for the respective samples. In all panels, solid lines are for 65nm while
dashed lines are for 20 nm films.

electron density depth profile (EDP) from respective XR data.
However, to quantify these observations accurately, we extracted
the respective EDP from all the XR data using detailed modelling
and analysis. The corresponding extracted EDPs for the XR data
are also shown in the insets in Fig. 1. Also, refer Supplementary
Note 1 and Supplementary Figs 3-7 for the details of the models
used, fitted profiles and the extracted EDPs. The obtained EDPs
clearly bring out the features of the distribution of PGNPs in the
respective films. The EDP of 65 nm films shows clear indication
of presence of high-density layers of PGNPs at the film-substrate
interface, which gives rise to the modulations observed in the XR
data. Reduction in film thickness leads to clear homogenization of
the PGNP density and hence the enhancement of dispersion. At
the highest f, the phase segregation becomes weaker to the extent
that the density of these layers is much smaller compared with
lowest f case (Suﬂ)lementary Fig. 7). The observation is along the
expected lines*>! 1213 indicating the ability to control the
dispersion nanoparticles by varying f.

Lateral dispersion. The phenomenon of confinement-induced
enhancement in dispersion is further corroborated from the field
emission scanning electron microscope (FESEM) images shown
in Fig. 2. While the 65 nm films show strong surface segregation
and formation of domains of PGNPs, the 20nm films are
remarkably homogeneous with an enhanced bulk density of
PGNPs and almost complete absence of preferred surface segre-
gation and domain formation. Additional confirmation of con-
finement-induced enhanced dispersion comes from the atomic

Figure 2 | Effect of confinement on lateral dispersion of particles. FESEM
images of 65nm (a) and 20 nm (b) films of sample S4. Effect of
thickness on dispersion can be clearly seen. The bright objects are PGNPs
in the background of polymer matrix. Scale bar shows 200 and 100 nm
for a and b, respectively.
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force microscopy (AFM) images of the surface morphology of
these films. Figure 3 shows typical AFM surface topography
images of films of various thicknesses for some of the samples
specified in Table 2. From Fig. 3a-c, we observe that surface
segregation and clustering clearly reduces with decreasing film
thickness for a fixed ¢, Similarly, for film thickness of 20 nm and
¢, =1.2%, we observe clear enhanced dispersion of the PGNPs,
with increasing f as visible in Fig. 3d-f. Further, the surface
morphology of a 65-nm film for sample C (Fig. 3i) shows con-
siderably reduced surface segregation and clustering as compared
with that of sample S4 (Fig. 3g). These observations lend addi-
tional confirmation to the conclusions drawn earlier on enhanced
PGNP dispersion, based on the extracted EDPs for the respective
samples. The volume fraction dependence of the lateral disper-
sion was shown in Supplementary Figs 8-10 and discussed in
Supplementary Note 2. However, while the EDPs provide the
information about the depth-dependent density profile along the
film thickness, the information obtained from both AFM and
FESEM is largely restricted to the surface of these films, thus
nicely complementing and supporting the conclusions drawn
from analysis of XR data.

Quantifying the dispersion. To quantify the dispersion of PGNPs
along the thickness, we have extracted their volume fraction, ¢,

from the corresponding EDPs for the various films. The ¢, was
further subdivided in terms of bulk ¢P!X, surface ¢**f and interface

¢ volume fractions. The respective values must always satisfy
the rule ¢,= @™ + K+ P We further defined, ¢*&=
¢+ ¢ as the volume fraction of segregated PGNPs for
respective films. Figure 4a shows ¢°8 as a function of film
thickness for a fixed ¢, and f. Clear reduction in the segregated
fraction of PGNPs, ¢, and hence the enhancement of bulk
dispersion, with confinement, is evident. Similarly, the reduction
in ¢%%8 with increasing f is also evident in Fig. 4b. At fixed f, ¢*°®
(20nm) <¢**® (65nm), again indicating confinement-induced
enhancement of dispersion for different f. In Fig. 4c, enhanced
dispersion with confinement can also be seen for various ¢, at a
fixed £ We have summarized these results in terms of the dis-
persibility parameter, D( = ¢P%/*8), in Fig. 4d. While the D for
65 nm films follows the behaviour observed in bulk PNCs*!!, the
20nm films show enhanced dispersion, even for bulk immiscible
blends of nanoparticles and polymers, indicating the possible
modification of the corresponding bulk miscibility phase diagram*
due to confinement. Coarse-grained MD simulations of melt-like
PNCs confined between two parallel surfaces were performed to
obtain further microscopic insight into the phenomenon of
enhanced dispersion with confinement. All simulations were
performed at a single ¢, = 5%, using lammps>>. The polymers
were modelled as bead-spring chains using the finite extensible
nonlinear elastic potential with standard values as in®®, with bead
diameter d = 1 and the nanoparticles were spheres of size Dy = 4d.
The nanoparticles were uniformly grafted with chains identical to
matrix chains with a grafting density ¢ ~ 1 chain/d?. The degree of

Figure 3 | Variation of surface morphology with confinement. AFM images of S4 samples for 65 (a), 45 (b) and 20 nm (c) films, respectively. Clear
reduction in surface clustering as well as concentration of PGNPs at the surface with decreasing thickness at a fixed ¢,=1.2% and f=0.033 is
visible. AFM images of S4, A and C samples for both 20 (d-f) and 65 nm (g-i) thickness films, respectively. Effect of thickness and size asymmetry,
f, on the lateral dispersion of PGNPs can clearly be witnessed. All the images shown are 3.0 x 3.0 um.
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Figure 4 | Enhanced dispersion with confinement. ¢°°€ as a function of thickness (a) and size asymmetry f (b) of S-based films for ¢,~1.2%. () ¢p*8 as
a function of ¢, for two different thicknesses as identified in the panel. (d) D versus f for a fixed ¢,~1.2% and two different thicknesses, as
indicated. The error bars in the panels show the error band associated with XR modelling and analysis.

polymerization, Ny,, for matrix polymers considered in this study
were 50 and 100, while that for the grafted polymers, N, was fixed
at 2. Figure 5ab shows the normalized (w.r.t. the bulk density
Pn—bul) density profiles, p,(z), of nanoparticles with increasing
f as a function of distance from the surface for various film
thickness. Since both surfaces are identical, we only show
the average profiles from surface (z=0) to a point where the
densities reach their respective bulk values, p, _pux. We clearly
observe that the density of surface PGNP layer decreases
with reduction in film thickness. As shown in Fig. 5b, the
extent of this enhancement also increases with increase in effective
f, which is realized in the MD simulations using a smaller
matrix chain while keeping the grafted chain length fixed. This
behaviour is quite consistent with our experimental observations
(cf. Fig. 4). We also observe a consequent increase in matrix
polymer density, p,(2), at the interface as shown in Fig. 5¢,d. This
indicates that, for thinner films, nanoparticles are dislodged by
polymers near the surface.

Discussion

Figure 6a shows the variation in bond orientational parameter S,
along the depth for various thicknesses. The bond orientational
order parameter was calculated as Sp;=0.5 [3<c0529j,z>i7 1],
where 0 is the angle made by the bond between beads j and j — 1
with z axis and { ... ) represents the ensemble average taken over
all segments of a single chain i. As expected®! 343738, 5, becomes
~0 in the bulk for the thicker films, but retains a small but
noticeable value even in the bulk for the thinnest film simulated.
In fact, on closer inspection (Supplementary Fig. 11) it reveals

that the degree of chain orientational anisotropy for the blend
film is marginally higher than that of the pristine polymer film at
similar thickness. To further substantiate the correlation between
confinement-induced polymer chain packing alterations and
PGNP dispersibility, we show in Fig. 6b the excess adsorption
calculated as I'; = || gl [0i(2) — p; pun]dz, where i represents the
species. We note that as film thickness decreases, the excess
adsorption of nanoparticles also decreases, while the excess
adsorption of polymers segments increases. We would like to note
here that an earlier report by Hariharan et al3° found similar
behaviour for polymer-polymer blend films. Their results were
interpreted in terms of minimization of the density gradients,
created by phase segregation of one component of the blend to
the interfaces, due to confinement. We feel that the mechanism
for the observed confinement-induced enhanced dispersion is
along similar lines. The observed reduction in agglomeration with
confinement, as seen quite clearly from SEM (Fig. 2) and AFM
(Fig. 3) images, stems from the reduction in PGNP density at the
interfaces due to this tendency of density gradient minimization.

Does the enhanced dispersion of PGNPs indicate an effective
dry-wet brush transition as far as the grafted chain-matrix chain
interface is concerned? To obtain better insight into this aspect,
potential of mean force (PMF) between PGNPs and polymers
defined as w(r)/kT= — log(gnp(r)) were calculated, as shown in
Fig. 6¢,d for two different values of . Here, g,,,(r) is the two-point
correlation function of particle-polymer pairs. The repulsive
barrier in the effective PMF between PGNPs and polymers is
due to depletion interaction-mediated autophobic dewetting of
the PGNPs by the matrix chains, leading to their phase

segregation as observed earlier*®!l, Tt could be clearly seen
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Figure 5 | Decreased segregation with confinement. MD simulation results of PNC confined between two parallel smooth surfaces. Normalized
nanoparticle density, p,, profile as a function of distance from the surface for increasing f, (@) f=0.02 and (b) f=0.04 for different film thicknesses
indicated in respective panels as legends. The corresponding polymer density, p, profiles are shown in ¢,d, respectively. Note that the nanoparticle
density at the surface decreases with confinement and the effect is more pronounced at higher f (b).
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Figure 6 | Microscopic insight on enhanced dispersion. (a) Bond orientational parameter, Sy, as a function of depth for different thicknesses. The
thickness is 20d (blue), 30d (pink) and 40d (green), respectively. Solids lines present blend systems and dotted lines present pure polymer systems. (b)
Excess adsorption of polymers and nanoparticles on surface as a function of film thickness. Squares represent nanoparticles (left axis) and circles represent
polymers (right axis). PGNP-matrix polymer PMF for ¢, f=0.02 and d, f=0.04. Interestingly, no thickness dependence is observed, although a

strong repulsive barrier, signature of autophobic dewetting could be observed.
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Figure 7 | Additional deviation of T, of PNC films with confinement. AT, versus ¢, (a) and ¢®* (b) for S-based 20 and 65 nm films. Inset: variation of
mean interparticle spacing, h, as a fucntion of (/)b'k. The enhancement in AT, for 20 nm films, compared with the 65nm films at identical ¢, can be
clearly seen. Further, the extent of decrease roughly scales with (bb'k and hence, mean interparticle spacing, h, establishing the link between additional bulk
dispersion and change in T,. The error bars for thicker films show the thickness spread around the glass transition, while for thinner films it shows

error associated with the sigmoidal fits of the data.

that the particle-polymer PMF is invariant with confinement for
both the f. It is thus clear that the nature of polymer-particle
interaction does not depend on confinement, irrespective of the f
used. Also, from the experimental point of view, given the
grafting densities it is highly unlikely that the enhanced
dispersion is due to the conformational transition in the grafted
chains. So, both simulation and experiments point to the fact that
there is no dry-wet brush transition. To illustrate the effect of
enhanced dispersion on T, we will focus on the S-series samples
that have the smallest f, implying that they are the ones most
likely to be affected by increase in dispersion of the particles.
Figure 7 shows a comparison of the relative change in T, (= ATy)
of PS nanoparticle composite films as compared with the
respective pristine material. Data for 65nm films have been
taken from our earlier work® and compared with the current
measurements on the 20 nm films. The T, estimates for all 20 nm
films have been made using in situ temperature-dependent AFM
measurements and the details are given in the Supplementary
Note 3 and Supplementary Figs 12 and 13. It is clear (Fig. 7b) that
enhanced relative dispersion of the nanopart1cles in the 20nm
films, represented by larger value of ¢P'X, leads to larger values of
AT, at similar ¢, which is expected based on the nature of
grafted chain-matrix chain interaction for the S-series samples.
Using an approximate estimation of the mean interparticle

separation, h ~ 2R, (W —1 ¢rcp the

volume fractlon of random close packing®), corresponding to a
particular ¢P value it can be seen that the AT, decreases with
decreasing h, similar to earlier observations®!! So how does one
rationalize the observed enhancement in dlspersmn as well as
further reduction in Tg? Simulations indicate that on the scale of
chain dimensions, the polymer—polymer pair correlations, g(r), as
shown in Supplementary Fig. 14 (Supplementary Note 4), as well
as the particle polymer PMF, as shown in Fig. 6¢,d, is not altered.
This therefore indicates that interactions at the segmental level,
which essentially determine physical properties like glass
transition, are not altered, significantly due to confinement.
However, enhanced PGNP dispersion within the interior of the
blend film increases the relative fraction of dewetting PGNP-
polymer interface. Hence, the AT, increases further in proportion
to A(bblk( blk bik ) as would be expected for a dewetting

65nm ~ ¥20nm
brush—polymer interface>®®!!, This in turn alludes to the

0.638 is

possibility of controlling nanoparticle dispersion and Ty,
independently, in PNCs, under confinement.

In conclusion, we report the first observation of confinement-
induced enhancement of dispersion in nanoparticle-polymer
blend films. We observe systematic variation in the dispersion of
nanoparticles with confinement for different size asymmetry and
PGNP volume fractions, which would modify their phase
behaviour when compared with their bulk counter parts. Using
MD simulations, the decrease in PGNP density is shown to be
compensated by the corresponding increase in polymer segmental
density at the surface. For one of the systems displaying enhanced
dispersion, we show that its T, can also be altered from the
corresponding thick-film limit. Considerable changes in polymer
chain packing exemplified by surface enrichment of matrix
polymer segments and considerable chain orientation primarily at
the interfaces as well as in the bulk for the thinner films is
observed in simulations. Our results point to the existence of
confinement-induced minimization of nanoparticle density
gradients within the matrix, aided by polymer chain packing
and chain orientation modifications, similar to that observed
earlier, while keeping the polymer-PGNP PMF invariant. This
leads to simultaneous enhanced PGNP dispersion and larger
reductions in blend film T, with decreasing thickness.

Methods

Preparation of PGNP. Here we discuss the synthesis of polymer-grafted gold
nanoparticles. We used the reduction and in situ grafting-to method first described
by Lennox and coworkers?. Freshly distilled tetrahydrofuran (THF) is used as a
solvent medium, and all the reactants were dissolved in THF. A typical synthesis
will consist of mixing thiol-terminated PS and chloroauric acid (HAuCl,.3H,0)
and made to stirr for half an hour. The reduction of chloroauric acid is started with
the addition of 0.5M super hydride (lithium triethyl borohydride) at once, with
which the solution turns dark brownish pink. The total reaction is carried out in
dark environment. The mixture is stirred for a couple of more hours, and then
ethanol is poured (1:3) in, to selectively precipitate the particles. The solution is
then centrifuged at 5,000 r.p.m. for 5min to seperate out the particles. The
supernatant was discarded, the nanoparticles were redissolved in THF to which
ethanol is added and then centrifuging process was repeated for 3-5 times, so that
all the ungrafted free chains could be removed. The different physical properties of
PGNPs were summarized in Table 1. The grafting densities were measured using
the combination of thermogravimetric analysis (weight ratio of graft chains to the
gold core) and the size obtained from transmission electron mcroscopy, using
standard methods described earlier®”4°,

Preparation of PNC films. The PGNPs as obtained were stirred in toluene for a
day, and atactic PS (MW-20 and 90 kgmol ~!) were also stirred in toluene for a
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day. These pristine polymer and particle solutions were mixed in appropriate ratios
to obtain samples as defined in Table 2. These mixtures were stirred for ~24h, to
ensure homogenization of the samples. These solutions were then used to spin cast
PNC films of required thickness. Before spin casting, the silicon wafers (2 inch Si
{100 wafer bought from Vin Karola, USA) were first cut into 10 x 10 mm pieces
and were then cleaned using freshly prepared Piranha solution (70:30 mixture of
sulphuric acid and hydrogen peroxide, respectively). The substrates were kept in

the freshly prepared Piranha solution for 10 min and then rinsed with de-ionized
water (18.2 MQ resistance) for few times. These substrates were then used to spin
cast the solutions prepared. The films as prepared were annealed at 150 °C (T of
PS 90 kgmol ~! is 106 °C) for 12 h. This high-temperature annealing removes the
trapped solvent and also ensures an equilibrium dispersion of particles.

X-ray reflectivity. The dispersion of the particles along the depth were quantified
using specular XR. XR is an invasive, non-destructive method, where the reflected
intensity from the sample is proportional to the density gradient along the thick-
ness of the film. This very nature of reflectivity’s dependency could be used to find
the surface/interface phase segregations, without modelling the data (as discussed
with the normalized reflectivity profiles in Fig. 1). XR measurements were per-
formed with both synchrotron radiation (BL 18B in Photon Factory synchrotron,
Tsukuba, Japan) at an incident X-ray energy of 12keV as well as with a lab source
(D8 Discover, Bruker, Germany) at 8 keV. The electron density profile, EDP (p(z2)),
of the various films were extracted from the measured XR as a function of the
perpendicular wave vector transfer, q.°% using IGOR PRO—MOTOFIT4L. All the
data discussed in this article were modelled with a three-slab model whose
descriptions and more details are given in the Supplementary Information.

Field emission scanning electron microscopy. FESEM (Ultra, Carl Zeiss, Ger-
many) is used to find the lateral dispersion of the particles. FESEM is used in in lens
mode at a working distance of 2-3 mm with an operating voltage of 8-10keV. As it
is known that with AFM we could only see surface topography, whereas with the
help of penetration depth of electrons in FESEM, we could see dispersion of
particles in slight interior of the films as well. With the depth of the features
increasing, the contrast goes down. By looking at the contrast we could clearly say
the lateral dispersion in the surface and dispersion in the interior of the film
(penetration depth depends on parameters like operating voltage, dielectric con-
stant of the sample, working distance, and so on).

AFM and temperature-dependent atomic force spectroscopy. Surface topo-
graphy of the samples was imaged using AFM (NT-MDT, Russia) in contact mode.
Cantilevers with a force constant of 0.03-0.2N'm ~! and radius of curvature
<15nm were used for imaging. The images were collected at a scanning velocity of
3-5pums~ ! and at a minimum normal force (to avoid dragging of the tip on the
sample) as determined from force-displacement curve. Also, it is well known that
the polymer films through the glass transition temperature, Tg, will change from a
hard and brittle-like to soft and fragile. Temperature-dependent AFM-based force-
distance spectroscopy has been used to find the mechanical properties of the film
for a series of temperatures. The methodology used for collecting the data is as
follows: the samples were kept in an environment-controlled sample chamber and
the chamber is purged with nitrogen gas at a rate of 40 mlmin ~ . The sample was
heated at a rate of 1°Cmin~! and the force-displacement curve is measured at
every 3 °C interval. Force-distance spectroscopy is a widely used*>*3 technique that
senses the local forces on the sample with a spatial resolution of the order of few
tens of nm. Force-displacement curve is a plot between the tip-sample interaction
force (F) and the displacement of the sample towards tip (Z). The slope gives a
measure of the elastic modulus of the sample*?#3, The re-trace or trace parts of the
force-distance curves were fitted with a straight line and the slopes are extracted at
each temperature. Ten to fifteen measurements at each temperature is made to get
a statistically averaged data. Refer Supplementary Figs 12 and 13 for the data and
extraction of Ty respectively.

Coarse-grained molecular dynamic simulations. The PNC systems considered
in this study were made of bead-spring polymer chains and uniformly grafted
spherical nanoparticles with a total packing fraction # = n(ppd3 +p,D3)/6 =
0.415 (in reduced units, d and Dy are the sizes of polymer segment and nano-
particles, respectively). To study the effect of confinement on these systems, the
PNCs were simulated between two infinitely long smooth surfaces perpendicular to
the z axis. Systems with three different distances between the surfaces (L, =20d,
30d and 40d) were considered. Periodic boundary conditions were enforced in x
and y directions. The pair-wise interactions between all particles in the system were
defined using a shifted Lennard-Jones (LJ) potential of the form,

(_LA), (,fAﬂ; rerctA M

where, ¢ is the well-depth, r is the distance between two particles, A is the shift
parameter and r. is the cutoff distance beyond which the potential is truncated and
shifted to 0. This form of potential was chosen such that the non-bonded inter-
actions for all particles as a function of distance from the particle surface are the

Epj = 4e
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same, regardless of particle diameter. Thus, the shift parameters Ay, = Ag, =
A =0, while Ay, =Dy — d, Ay, = (Do — d)/2 and Ay, = (D, — d)/2 where, p, g and
n represent matrix polymers, grafted polymers and nanoparticles, respectively.

References

1. Manias, E. Nanocomposites: stiffer by design. Nat. Mater. 6, 9-11 (2007).

2. Rittigstein, P., Priestley, R. D., Broadbelt, L. J. & Torkelson, J. M. Model
polymer nanocomposites provide an understanding of confinement effects in
real nanocomposites. Nat. Mater. 6, 278-282 (2007).

3. Ajayan, P. M. & Tour, J. M. Materials science: nanotube composites. Nature
447, 1066-1068 (2007).

4. Kumar, S. K, Jouault, N., Beniceweicz, B. & Neely, T. Nanocomposites with
polymer grafted nanoparticles. Macromolecules 46, 3199-3214 (2013).

5. Arceo, A., Meli, L. & Green, P. F. Glass transition of polymer-nanocrystal thin
film mixtures: role of entropically directed forces on nanocrystal distribution.
Nano Lett. 8, 2271-2276 (2008).

6. Chandran, S., Basu, J. K. & Mukhopadhyay, M. K. Variation in glass transition
temperature of polymer nanocomposite films driven by morphological
transitions. J. Chem. Phys. 138, 014902 (2013).

7. Chandran, S. & Basu, J. K. Effect of nanoparticle dispersion on glass transition
in thin films of polymer nanocomposites. Eur. Phys. J. E Soft Matter. 34, 99
(2011).

8. Srivastava, S. & Basu, J. K. Experimental evidence for a new parameter to
control the glass transition of confined polymers. Phys. Rev. Lett. 98, 165701
(2007).

9. Mackay, M. E. et al. General strategies for nanoparticle dispersion. Science 311,
1740-1743 (2006).

10. Balazs, A. C., Emrick, T. & Russell, T. P. Nanoparticle polymer composites:

where two small worlds meet. Science 314, 1107-1110 (2006).

. Bansal, A. et al. Quantitative equivalence between polymer nanocomposites and
thin polymer films. Nat. Mater. 4, 693-698 (2005).

12. Green, P. F. The structure of chain end-grafted nanoparticle/homopolymer

nanocomposites. Soft Matter. 7, 7914-7926 (2011).

13. Akcora, P. et al. Anisotropic self-assembly of spherical polymer-grafted
nanoparticles. Nat. Mater. 8, 354-359 (2009).

14. Martin, T. B, Dodd, P. M. & Jayaraman, A. Polydispersity for tuning potential
of mean force between polymer grafted nanoparticles in a polymer matrix.
Phys. Rev. Lett. 110, 018301 (2013).

15. Sunday, D., Ilavsky, J. & Green, D. L. A phase diagram for polymer-grafted
nanoparticles in homopolymer matrices. Macromolecules 45, 4007-4011
(2012).

. Natarajan, B. et al. Thermomechanical properties of bimodal brush modified
nanoparticle composites. Macromolecules 46, 4909-4918 (2013).

17. Hudzinsky, D., Lyulin, A. V., Baljon, A. R. C,, Balabaev, N. K. & Michels, M. A. J.
Effects of strong confinement on the glass-transition temperature in simulated
atactic polystyrene films. Macromolecules 44, 2299-2310 (2011).

18. Yang, C,, Kitahara, A. & Takahashi, I. Thickness anomalies in supported
polystyrene films with thicknesses comparable to the radius of gyration.
Polym. ]. 41, 1036-1040 (2009).

19. Mukhopadhyay, M. K. et al. Thickness induced structural changes in
polystyrene films. Phys. Rev. Lett. 101, 115501 (2008).

20. Chebil, M. S. et al. In situ X-ray reflectivity study of polystyrene ultrathin films

swollen in carbon dioxide. Macromolecules 45, 6611-6617 (2012).
. Jones, R. L., Kumar, S. K., Ho, D. L., Briber, R. M. & Russel, T. P.
Chain conformation in ultrathin polymer films. Nature 400, 146-149
(1999).
22. Tress, M. et al. Glassy dynamics and glass transition in nanometric thin layers
of polystyrene. Macromolecules 43, 9937-9944 (2010).

23. Baumchen, O., McGraw, J. D, Forrest, J. A. & Dalnoki-Veress, K. Reduced glass
transition temperatures in thin polymer films: surface effect or artifact? Phys.
Rev. Lett. 109, 055701 (2012).

24. Napolitano, S. & Wubbenhorst, M. The lifetime of the deviations from
bulk behaviour in polymers confined at the nanoscale. Nat. Commun. 2, 260
(2011).

25. DeMaggio, G. G. et al. Interface and surface effects on the glass transition in
thin polystyrene films. Phys. Rev. Lett. 78, 1524-1527 (1997).

26. Wallace, W. E., Beck Tan, N. C,, Wu, W. L. & Satija, S. Mass density of
polystyrene thin films measured by twin neutron reflectivity. J. Chem. Phys.
109, 3798-3804 (1998).

27. Xu, S., O’ Connel, P. A. & Mckenna, G. B. Unusual elastic behavior of ultrathin
polymer films: confinement-induced/molecular stiffening and surface tension
effects. J. Chem. Phys. 132, 184902 (2010).

28. Meng, D., Kumar, S. K,, Lane, J. M. D. & Grest, G. S. Effective interactions
between grafted nanoparticles in a polymer matrix. Soft Matter. 8, 5002-5010
(2012).

29. McGearrity, E. S., Frischknecht, A., Frink, L. J. D. & Mackay, M. E. Surface-
induced first-order transition in athermal polymer-nanoparticle blends. Phys.
Rev. Lett. 99, 238302 (2007).

1

—_

1

f=)}

2

—

| 5:3697 | DOI: 10.1038/ncomms4697 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

3

3

3

3

3

3

3

3

3

3

4

4

4

0.

—

2.

3.

4.

5.

6.

7.

8.

9.

f=}

—

N

Padmanabhan, V. Effect of grafting on nanoparticle segregation in
polymer/nanoparticle blends near a substrate. J. Chem. Phys. 137, 094907
(2012).

. Kumar, S. K., Vacatello, M. & Yoon, D, Y. Off-lattice Monte Carlo simulations

of polymer melts confined between two plates. J. Chem. Phys. 89, 5206-5215
(1988).

Kumar, S. K., Vacatello, M. & Yoon, D. Y. Off-lattice Monte Carlo simulations
of polymer melts confined between two plates. 2. Effects of chain length and
plate separation. Macromolecules 23, 2189-2197 (1990).

Pakula, T. Computer simulation of polymers in thin layers. I. Polymer melt
between neutral wallsstatic properties. J. Chem. Phys. 95, 4685-4690 (1991).
Bitsanis, I. & Hadziioannou, G. Molecular dynamics simulations of the
structure and dynamics of confined polymer melts. J. Chem. Phys. 92,
3827-3847 (1990).

Grest, G. S. & Kremer, K. Molecular dynamics simulation for polymers in the
presence of a heat bath. Phys. Rev. A 33, 3628-3631 (1986).

Plimpton, S. Fast parallel algorithms for short-range molecular dynamics.

J. Comput. Phys. 117, 1-19 (1995).

Kraus, J., Muller-Buschbaum, P., Kuhlmann, T., Schubert, D. W. & Stamm, M.
Confinement effects on the chain conformation in thin polymer films.
Europhys. Lett. 49, 210-216 (2000).

Mischler, C., Baschnagel, ]., Dasgupta, S. & Binder, K. Structure and dynamics
of thin polymer films: a case study with the bond-fluctuation model. Polymer
43, 467-473 (2002).

Hariharan, A. et al. The effect of finite film thickness on the surface segregation
in symmetric binary polymer mixtures. J. Chem. Phys. 99, 656-663 (1993).

. Corbierre, M. K. et al. Gold nanoparticle/polymer nanocomposites: dispersion

of nanoparticles as a function of capping agent molecular weight and grafting
density. Langmuir 21, 6063-6072 (2005).

. Nelson, A. Co-refinement of multiple-contrast neutron/X-ray reflectivity data

using MOTOFIT. J. Appl. Crystallogr. 39, 273-276 (2006).

. Cappella, B., Kaliappan, S. K. & Sturm, H. Using AFM force-distance curves

to study the glass-to-rubber transition of amorphous polymers and their
elastic—plastic properties as a function of temperature. Macromolecules 38,
1874-1881 (2005).

43. Tsui, O. K. C,, Wang, X. P,, Ho, J. Y. L., Ng, T. K. & Xiao, X. Studying surface
glass-to-rubber transition using atomic force microscopic adhesion
measurements. Macromolecules 33, 4198-4204 (2000).

Acknowledgements

We thank the Department of Science and Technology, India, for the financial support;
Saha Institute of Nuclear Physics, India, for facilitating the experiments at the Indian
Beamline, Photon Factory, KEK, Japan; and Dr Srihari Velega for assistance with some
XR data collection. The authors would also like to acknowledge Institute Nanoscience
Initiative (INT) and Center for Excellence in Nanoscience and Engineering (CeNSE), IISc
for providing access to TEM and FESEM facilities, respectively. We would also like to
acknowledge the insightful comments from anonymous reviewers that helped in
improving the quality of the manuscript. The authors also acknowledge the High Per-
formance Computing Center (HPCC) at Texas Tech University at Lubbock for providing
HPC resources that have contributed to the research results reported within this paper.
URL: http://www.hpcc.ttu.edu.

Author contributions

Project planning and design: S.C. and J.K.B.; sample preparation and measurements: S.C.
and N.B.; AFM measurements, analysis and XR analysis: S.C. and N.B.; MD simulations:
V.P.; and manuscript: S.C., ] K.B. and V.P.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Chandran, S. et al. Confinement enhances dispersion in
nanoparticle-polymer blend films. Nat. Commun. 5:3697 doi: 10.1038/ncomms4697
(2014).

|5:3697 | DOI: 10.1038/ncomms4697 | www.nature.com/naturecommunications 9

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.hpcc.ttu.edu
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Confinement enhances dispersion in nanoparticle–polymer blend films
	Introduction
	Results
	X-ray reflectivity
	Lateral dispersion
	Quantifying the dispersion

	Discussion
	Methods
	Preparation of PGNP
	Preparation of PNC films
	X-ray reflectivity
	Field emission scanning electron microscopy
	AFM and temperature-dependent atomic force spectroscopy
	Coarse-grained molecular dynamic simulations

	Additional information
	Acknowledgements
	References




