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P
olymer�nanoparticle composites ex-
hibiting advantageous electrical, opti-
cal, and mechanical applications are

of interest for chemical sensors, flexible solar
cells, self-healing, and high-performance
electronics.1 The availability of nanoparticles
of various sizes and diverse chemical proper-
ties opens up the possibility of imparting
anticipated functionality to composite ma-
terials. Clarifying the mechanisms by which
nanoparticles interact with polymers is a pre-
requisite for designing polymer�nanoparticle
composites, therebycombininguseful proper-
ties of both polymers and nanoparticles.2 It
enriches theunderstandingof the relationship
between nanoscale property and meso-
scope structure. In general, the phase beha-
vior of polymer�nanoparticle composites is
governed by an intricate balance of entro-
pic and enthalpic interactions.3�5

The presence of an additional surface
can significantly alter the phases that are
developed in bulk polymer�nanoparticle
composites.6 Bywayof simulations andexperi-
ments, it has been found that nanoparticles

are often driven to a substrate or into
defects, which exist in the substratematerial
upon annealing.7,8 The forces acting on the
nanoparticles are predominately of entropic
originwhen thepolymers and nanoparticles
are chemically similar. By using classical
density functional theory (DFT), Mackay
and co-workers concluded that there exists
a first-order phase transition, induced by
entropic interactions, in which the nanopar-
ticles segregate to the substrate and form a
densely packed monolayer above a certain
nanoparticle density, expelling the poly-
mers away from the substrate surface.9,10

Recently, the same authors showed that
adding attractions between polymers and
the substrate had an effect of delaying and
even suppressing the segregation transi-
tion.11 Therefore, the aggregation behavior
of nanoparticles on the substrate surface
depends on the entropy related to polymer
conformation, as well as on the enthalpy
resulting from the attraction between poly-
mers and the substrate. Inspired by these
considerations, in this work, we focus on
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ABSTRACT Using molecular dynamics simulations, we study the properties of

liquid state polymer�nanoparticle composites confined between two parallel

substrates, with an attractive polymer�substrate interaction. Polymers are in the

semidilute regime at concentrations far above the overlap point, and nanoparticles are

in good solvent and without enthalpic attraction to the substrates. An increase of

temperature then triggers the crystallization of nanoparticles on one of the two

substrate surfaces;a surprising phenomenon, which is explained in terms of scaling

theory, such as through competing effects of adsorption;and correlation blobs.

Moreover, we show that the first, closely packed layer of nanoparticles on the

substrate increases the depletion attraction of additional nanoparticles from the bulk, thereby enhancing and stabilizing the formation of a crystalline

phase on the substrate. Within the time frame accessible to our numerical simulations, the crystallization of nanoparticles was irreversible; that is, their

crystalline phase, once created, remained undamaged after a decrease of the temperature. Our study leads to a class of thermoreactive nanomaterials, in

which the transition between a homogeneous state with dissolved nanoparticles and a surface-crystallized state is triggered by a temperature jump.
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polymer�nanoparticle composites confined between
two parallel substrates. The computer simulations
revealed that the nanoparticles, forming irregular clus-
ters at low temperatures, assume a higher degree of
order at higher temperatures while creating crystalline
layers on one of the substrates. The polymer-induced
effective interactions between nanoparticle�substrate
and among nanoparticles, being responsible for the
inverse temperature crystallization of nanoparticles,
are discussed for systems of varying polymer concen-
tration and monomer�substrate interaction.

RESULTS AND DISCUSSION

Behaviors of Confined Polymer�Nanoparticle Composites
upon Increasing Temperature. In a first series of simula-
tions, the volume fractions of polymers and nanopar-
ticles were kept constant at c = 0.257 and cNP = 0.146,
respectively. The polymer concentration was well
above the overlap threshold (c* ≈ 0.05) and below
the melt density.12 After a relaxation inside a simula-
tion box with periodic boundaries, nanoparticles and
polymers were distributed fairly homogeneously in-
side the system. The resulting conformation was taken
as the initial phase for further studies. Two parallel LJ
walls, serving as the confining substrates, were added,
and these walls had an attractive interaction with the
monomers of strength ε = 0.2 (see eq 3). Upon relaxa-
tion of the systemat low temperature, T= 0.5, polymers
were (as a result of their attraction to the substrates)

adsorbed on both surfaces, while the nanoparticles
aggregated in the central region of the film, as shown
in Figure 1a. Note that in this case a partial solidification
of the nanoparticles is visible, which is not seen in the
case of the fully periodic system, and is triggered by the
confining substrates which effectively increase the
inter-nanoparticle depletion attraction.13

An increase of the temperature then led to a
segregation of the nanoparticles at the substrate sur-
face, which tend to crystallize on just one of the two
substrates. The fraction of nanoparticles segregated at
the surface is further enlarged at higher temperatures.
As shown in the snapshot at T = 2.0 (Figure 1a), the
substrate surface is completely covered with nanopar-
ticles, arranged in a hexagonal packing. For systems
studied in the present paper, the distance between the
walls is about 1 order of magnitude larger than the
radius of gyration of the polymer chains. In this case,
confinement does not affect the depletion attraction
and thereby the crystallization of nanoparticles. There-
fore, similar behavior is expected on a single surface.
Starting from an amorphous phase in which nano-
particles and polymers are mixed in bulk, such as an
equilibrium state at T = 0.5, the crystallization of
nanoparticles takes place quite rapidly when the tem-
perature is increased to T = 2.0, as can be seen in
Figure 1b, in which we have plotted the time evolution
of the density profile after the temperature jump. In
what follows, wewill explain the origin of this behavior.

Figure 1. Polymer�nanoparticle composite in confinement: (a) snapshots of equilibrium phases at different temperatures
(substrates confining the top and the bottom are not shown); (b) time evolution of the volume density profile of
nanoparticles, perpendicular to the substrate surfaces, after the systemwas heated up from T = 0.5 to T = 2.0. Color contours
indicate local volume fractions of nanoparticles over their bulk value. Bulk polymer volume fraction, c = 0.257; bulk
nanoparticle volume fraction, cNP = 0.146; attraction strength between monomers and substrate, ε = 0.2.
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Entropic Depletion. In a previous study about the
effective interaction between two nanoparticles im-
mersed in an athermal polymer solution, we had
verified that the depletion forces induced by athermal
polymers were well-described with a scaling model in
which the attraction between particles is caused by
the depletion of correlation blobs.14 In a similar way,
we directly calculated the entropic depletion forces
between one nanoparticle and a hard wall at different
polymer concentrations. The corresponding potentials
are shown in Figure 2. Here, the density of polymer
matrix was varied between c = 0.128 and c = 0.385,
above the overlap concentration of c*≈ 0.05 for chains
of length N = 64. The depletion attraction is intensified
at increasing polymer concentration, and a repulsive
barrier is observed. In combination with the knowl-
edge that the conformation of athermal polymers on
length scales smaller than the correlation length is not
disturbed by a hard substrate,15 we assume that poly-
mers close to the substrate are represented by correla-
tion blobs in the same way as in the vicinity of the
particle, and the substrate surface can be considered as
a particle of infinite size. When the nanoparticle ap-
proaches the substrate, it has to squeeze out the
correlation blobs located between, as shown in the
sketch of Figure 2. The repulsive barrier then emerges
in analogy to the depletion potential induced by
unconnected monomers.16

The corresponding peak position xpeak of each de-
pletion potential, as a function of polymer concentra-
tion c, is plotted and fitted with a power law, yielding
xpeak ∼ c�1, as shown in the inset of Figure 2. This is
consistent with the assumption that, once the concen-
tration is well above overlap and the correlation blob
size correspondingly small, it approaches the order of
the thermal blob size,17�19 and hence, despite of being
in good solvent, the dominating scaling contribution
to ξ turns proportional to c�1. The depletion potential

can be estimated to be of the order of kT for each cor-
relation blob being squeezed out of the region be-
tween the nanoparticle and the substrate.

In the Presence of Monomer�Substrate Attraction. The
addition of an attractive interaction between polymers
and the substrates increases the number of monomers
in contact with the substrate surfaces, which are there-
by gaining adsorption energy. Hence, the conforma-
tion of the polymers is obtained from the balance
between the attractive energy which tends to bring
the polymers on the surface and the corresponding
loss in entropy. There exists a critical contact energy εcr
between monomers and the substrate surface,20,21

which corresponds to the adsorption transition in the
dilute system. A single polymer chain is adsorbedwhen
the attraction strength between monomers and the
substrate surface exceeds the critical value, ε > εcr. To
estimate the value of εcr for polymer chains simulated
here, we have computed the adsorption probabilitym
of monomers of a single polymer chain with one end
grafted on the substrate as a function of polymer chain
length N and varying monomer�substrate attractions.

Based on a scaling analysis,21 at ε> εcr, there exists a
finite probability, the value of which depends on the
monomer�substrate attraction strength, for mono-
mers of one long chain to be adsorbed on the substrate
surface. Otherwise, if ε < εcr, this probability asympto-
tically approaches zero for long chains according to
m∼ 1/N. Figure 3a implies that εcr≈ 0.95( 0.05 for the
bead spring model used in this work. There exists a
characteristic adsorption thickness ξads for a single
polymer chain near the substrate surfaces for ε > εcr:
On length scales smaller than that, the attractive inter-
action is weaker than the thermal energy and the

Figure 2. Effective athermal polymer-induced entropic de-
pletion potential between one nanoparticle and a substrate
at increasing polymer concentrations. The sketch shows a
simplified conceptual model in which the polymer matrix is
represented as a melt of correlation blobs (in green). A fit of
the correlation blob size as function of polymer concentra-
tion is shown in the inset.

Figure 3. (a) Adsorption probability of monomers of one
single chain with one end grafted on the substrate as
function of chain length for different monomer�substrate
attractions. (b) Computed effective potentials between one
nanoparticle and a substrate, induced by attractive poly-
mers at different monomer�substrate attractions; the
dotted line shows the corresponding entropic depletion
potential, here c = 0.257 and T = 1.0. (c) Sketches of
correlation blobs (in green) being adsorbed and desorbed;
the adsorption blobs are shown in red. (d) Fraction of
nanoparticles adsorbed on a substrate as a function of
temperature at constant monomer�substrate attraction,
here c = 0.257, cNP = 0.0271, and ε = 0.2.
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chains remain in an unperturbed conformation. In
scaling theory, this layer of polymers is considered to
be made of adsorption blobs, the size of which scales
as ξads∼ (kT)/(ε� εcr).

21�23 On average, chain sections
of the size of the adsorption blob are attracted to the
substrate surface with an energy of the order of kT. The
adsorption blob size is decreasing rapidly in the small
interval of themonomer�substrate attraction strength
ε, once it is above its critical εcr. A calculation of the
radius of gyration of a single, long chain (N = 512), in
the direction perpendicular to the substrate surface,
shows that Rgz ≈ 0.52 when ε = 2.0.

In semidilute solution, the effect of the surface is
screened out at distances larger than the bulk correla-
tion length ξ.21�23 Polymers are therefore adsorbed on
the substrate surface if ξads is smaller than the bulk
correlation length. In this case, it is assumed that only
those monomers inside a correlation length are ad-
sorbed and the whole chain consists of adsorbed
sections which are in random contact with the surface,
in marked contrast to the flatly adsorbed state of an
isolated chain. This situation is sketched in Figure 3c:
For ξ > ξads, if the nanoparticle approaches the sub-
strate surface, the enthalpic contribution of a single
correlation blob is stronger than the entropic contribu-
tion gained during a depletion of the correlation blob
from the surface. On the other hand, the crossover
from the adsorbed to the non-adsorbed state takes
place when the adsorption blob turns larger than
the correlation blob, ξads > ξ. See the right sketch of
Figure 3c, where the surface attraction is insufficient for
the correlation blobs to be adsorbed.

The effective interactions between one nanoparti-
cle and a substrate at different monomer�substrate
attraction strengths are shown in Figure 3b. Compared
to the polymer-induced entropic depletion potential
(dotted line), the depletion attraction at short range
is largely eliminated for ε ≈ εcr and turning into a
repulsion when ε = 2 because the monomers are then
strongly attached to the substrate. Note that an ex-
tended attractive tail, exterior to the short-range repul-
sion, which is found with nanoparticle pairs in the
presence of attraction between polymers and nano-
particles,12 is not observed here. This is because the
nanoparticle is not enthalpically “dressed” by mono-
mers. For ε , εcr, the enthalpic contribution of the
monomer�substrate attraction to one correlation blob
on the substrate surface cannot compete with the gain
of entropy related to a squeeze out of the correlation
blob. The corresponding potential in Figure 3b shows
that the entropic depletion effect is dominant for ε =
0.2. However, even in case of larger adsorption blobs,
ξads > ξ, there is still a decrease observable in the free
energy of a correlation blob in contact with the sub-
strate, which lowers the depletion attraction.

In practice, it is usually easier to modify the system
temperature than to fine-tune the surface property of

the substrate (or to change the solvent properties) in
order to adjust the strength of attraction between
substrate and polymers. As the temperature increases,
the adsorption correlation length is enlarged and the
area density of adsorption blobs is reduced. Eventually,
the entropic depletion attraction between the nano-
particles and the substrate is sufficiently high to re-
place the adsorbed polymers, and the osmotic pres-
sure which is driving the nanoparticles toward the
substrate overcomes the enthalpic attraction of the
polymers. In Figure 3d, we show that the probability of
nanoparticles to be adsorbed on the substrate is en-
hanced by an increase of the temperature when ε is
fixed.

Irreversible Crystallization. For those nanoparticles
that are depleted at the substrate, there exist poly-
mer-induced depletion forces of two-body as well as of
three-body type, the latter acting in the direction
parallel to the substrate surface, as shown in the top
panel of Figure 4a. Once a closed layer of nanoparticles
is developed on one of the two substrates, a depletion
attraction (see bottom figure of Figure 4a) emerges
between the layer made of nanoparticles and a nano-
particle in bulk. This depletion attraction is far stronger
than the depletion potential induced between a nano-
particle and the bare substrate. This can be explained
by a key-lock principle since the nanoparticles fit
exactly into the preordered structure of the already
existing layer, and thus the depletion effect is max-
imized. As a result, once a closed layer of nanoparticles
is formed at one of the substrates, this side displays
an enhanced nucleation of the second layer. Conse-
quently, the crystallization of nanoparticles takes place
preferentially on one of the two substrates.

Our simulations thus indicate that the crystalline
phase is rather stable with respect to a decrease of
temperature, and the system displays a pronounced
hysteresis. In Figure 4b, the time evolution of the
nanoparticle density profile is shown, this time starting
with a pre-existing crystalline double layer of particles
at T = 2. After a decrease of the temperature back to T =
0.5 (top panel), the layer does not break up, asmight be
expected, but instead stays on. We point out that this
simulation covered a far longer time than that pre-
viously required for the amorphous nanoparticles to
crystallize. The strong depletion attraction among the
nanoparticles, as discussed above in Figure 4a, supports
the assumption that the crystallized nanoparticles
are trapped in a metastable state by the surrounding
polymers. The enthalpic interaction between the poly-
mers and the substrate are of short range and effec-
tively shielded by the closed nanoparticle layer. Note
that the depletion attraction within the NP layer is
always controlled by athermal monomer�NP interac-
tions, which stabilizes the crystalline phase once it has
nucleated at the surface. To reverse the nanoparticle
depletion, the polymer would have to penetrate into
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the layer and repel some of the nanoparticles, which
requires overcoming a free energy barrier. Of course,
the crystal structure of nanoparticles can be molten
when further increasing the temperature to higher
values, as shown in the lower part of Figure 4b, in
which the temperature was increased to T = 3. The
depletion attraction between the substrate and the
nanoparticles is of entropic nature, and thus even in
the quasi-athermal case, a large number of nanoparti-
cles are located near the substrate surface. At very high
temperature, however, some nanoparticles can escape
trapping betweenbulk polymers and the substrate due
to enhanced thermal fluctuation and the gain in
translational entropy. This might be considered as a
partial re-entry transition toward a molten state of
nanoparticles. The melting point is near Tmelt ≈ 2.75
for the sample investigated here.

CONCLUSIONS

Polymer�nanoparticle composites confined be-
tween two substrates have been studied using molec-
ular dynamics simulations. Depletion forces between
nanoparticles and the substrate and between nano-
particles have been calculated using a sampling meth-
od in which a given nanoparticle is fixed using a
harmonic spring. We considered the case in which
the polymer matrix interacted with the substrates
but not with the nanoparticles. In this way, we could
switch between a surface-crystallized state and a
bulk state of nanoparticles. A potential experiment of

polymer-mediated and temperature-controlled as-
sembly of nanoparticles could be done by adding
polymer�nanoparticle composites on a chemically
desired solid surface with attractive interaction to poly-
mers. Thepolymer-induced inverse temperature crystal-
lization of nanoparticles is expected to lead to applica-
tions in the designof advantageousnanomaterials.24�26

The entropic depletion attraction between nanopar-
ticles and a substrate is responsible for the adsorption
of nanoparticles on the substrate surface. It leads to
a gain in free energy of the order of 1 kT for each
correlation blob that was squeezed out of the region
between the particle and the substrate. Adding an
attractive interaction between polymers and the sub-
strate has an effect of weakening this depletion attrac-
tion, which thus can be turned into a repulsion when
the monomer�substrate attraction strength is suffi-
ciently strong. In this case, the entropic energy gain
during the depletion of one correlation blob from the
substrate is lower than the accumulative enthalpic
contribution of polymer sections of the correlation
blob which are in contact with the surface. Reducing
themonomer�substrate attraction strength or enhanc-
ing the system temperature increases the adsorption
correlation length. Monomers on the surface are re-
placed by nanoparticles if the size of the adsorption
blob, ξads, is larger than the correlation blob of the
semidilute polymer matrix.
For those nanoparticles in contact with the surface

of the substrate, polymer-induced depletion forces of

Figure 4. (a) Polymer-induced two- and three-body effective interactions between nanoparticles in contact with a substrate,
and the effective interaction between one nanoparticle in bulk and a closed layer made of nanoparticles adsorbed on the
substrate surface (lower); c = 0.257 and ε = 0.2. (b) Evolution of the volume density profiles of the nanoparticles: Starting at
T=2.0 and running at low temperature T=0.5 (top panel) and even higher temperature T=3.0 (bottompanel); c=0.257, cNP =
0.146, and ε = 0.2.
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two-body as well as of three-body type tend to pack
them in the direction parallel to the substrate surface,
leading to the ordering aggregation of nanoparticles.
The depletion attraction between a closed layer of
nanoparticles and a nanoparticle in bulk is of far
stronger quantity than the force induced between a

nanoparticle and a bare substrate since here a nano-
particle fits exactly into the preordered structure
formed by the other nanoparticles. As a result, once a
closed layer of nanoparticles is formed at one of the
two substrates, this side displays enhanced nucleation
of nanoparticles for the second layer.

SIMULATION METHODS

Model. In our simulations, the polymers with chain length
N = 64 were modeled as bead spring chains without explicit
twisting or bending potential. Each chain consisting of mono-
mers was connected by anharmonic springs, modeled with a
finite extensible nonlinear elastic (FENE) potential27

UFENE(r) ¼ �0:5KR02ln 1 � r

R0

� �2
" #

, r < R0 (1)

where κ = 30ε/σM
2 is the spring constant, ε = 1, and R0 = 1.5σM is

the maximum pair length to prohibit the interaction of chains.
Here, σM = 1 stands for the monomer size, and nanoparticle size
is fixed at constant σNP = 3. The interactions between particles
(including nanoparticle�nanoparticle, nanoparticle�monomer,
andmonomer�monomer) weremodeled as Lennard-Jones (LJ)
potentials

ULJ(r) ¼ 4
σij

r

� �12

� σij

r

� �6
 !

(2)

cut at its minimum rmin = 21/6σij, ULJ(r) = 0 when r > rmin, with σij
being themean size of the two particles (ith and jth) involved in
the pair interaction. In addition, a LJ potential

UWall(x) ¼ 4ε
σi

xþ σi

� �12

� σi

xþσi

� �6
 !

(3)

was implemented between the two substrates at positions
z = �15 and z = 15 and the particles to deliver a confinement
effect. Here σi= σNP for nanoparticles and σi= σM formonomers,
x being the closest surface distance between the substrate
and the ith particle involved in the interaction. In the case of
polymer�nanoparticle composites confined between two at-
tractive substrates, the monomer's LJ�wall interaction with
the substrates is cut at 2.5σM, while the same interaction
between nanoparticle and substrate is cut at its minimum,
xmin = 21/6σNP � σNP, so that UWall(x) = 0 when x > xmin. In this
case, there is an excess attractive energy gain ε for each
monomer close to the substrates. To simulate athermal systems,
both the LJ�wall interactions between monomer�wall and
nanoparticle�wall are cut at its minimum. The boundary con-
ditions in both x and y directions are periodic to mimic an
infinitely extended film-like geometry. The simulations are
carried out using the open source LAMMPS molecular dynamic
package.28 The equation of motion for the displacement of
particle with index i is given by the Langevin equation:

mi
d2ri
dt2

¼ �riU �miΓ
dri
dt

þWi(t) (4)

where U is the total potential energy acting on the ith particle,
for monomer U = ULJ þ UFENE þ UWall, and for nanoparticle
U = ULJ þ UWall. The quantity Wi(t) is a stochastic force that is
related to the friction coefficient by the fluctuation�dissipation
theorem.29

Every simulation was carried out at a certain constant tem-
perature in a cubic box of size d = 30. Throughout the paper, the
volume ratio c = NMonomerπσM

3 /6d3 was used to define the
polymer concentration, NMonomer being the number of mono-
mers inside the system. Correspondingly, cNP = NNPπσNP

3 /6d3

was used to define the nanoparticle concentration, whereNNP is

the number of nanoparticles inside the system. Each system
was initially relaxed in a simulation of 8 � 108 timesteps
(corresponding to 8 � 105 LJ times).

Force Calculation. In order to calculate polymer-induced
effective forces between one nanoparticle and a substrate,
we bind the nanoparticle at a distance r0 from the substrate.
A stiff harmonic spring potential acting on the nanoparticle,
fspring(r) = �k(r � r0) with k = 150, was used to enforce a well-
defined average distance r over a large number of timesteps for
each choice of r0. The average distance r was then used to
measure the effective force acting on the nanoparticle.12,14

More specifically, the equation

fspring(r)þ feffective(r) ¼ 0 (5)

was used, where feffective denotes the effective force induced by
the surrounding polymer matrix. In eq 5, we have expressed the
force as a function of the average distance, instead of using
ensemble-averaged forces. Since the fluctuations about r0
remained very small, both approaches delivered identical re-
sults within the accuracy achieved in the simulations. In order to
measure the depletion force as a function of particle separation,
feffective, the value of r0 was varied in separate simulations. Once
the depletion forces were determined, the corresponding
potential Ueff was obtained through integration.
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