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Nanocomposites based on polymeric materials have been extensively studied to understand and control the
thermodynamics, flow, and mechanical properties of the underlying matrix as well to create new materials with
diverse optical, electrical, magnetic, separation, catalytic, and biomedical properties. In the form of thin films or
membranes, such materials can impart remarkable improvements in various properties of the underlying substrates.
Using nanoparticles with grafted polymer chains usually overcomes a major hurdle in achieving enhancements in
various properties by enabling better dispersion in the matrix while at the same time introducing a new parameter —
interfacial entropy — leading to the emergence of new parameter space for tuning dispersion, flow and thermal prop-
erties. In this article, we highlight how this interfacial entropic effect can be harnessed to control various prop-
erties in thin films and membranes of grafted nanoparticle composites, in particular their thermo-mechanical
properties, viscosity, fragility, glass transition temperature (T), and dynamic heterogeneity as well as their ability
to act as highly selective gas separation and water desalination membranes. We discuss the application of a

Received 31st December 2024, range of experimental techniques as well as molecular dynamics simulation to extract these properties and
Accepted 29th March 2025 obtain microscopic insight into how the interplay of various surface and interfacial effects lies at the centre of
DOI: 10.1039/d4sm01549e these significant property improvements and enhanced functionality. Finally, we provide an outlook on future

opportunities for designing sustainable PNCs, emphasizing their potential in environmental, energy, and
rsc.li/soft-matter-journal biomedical applications, with advanced experiments and modelling driving further innovations.
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1 Introduction

Polymer nanocomposites (PNCs) are multifunctional materials
that have been extensively investigated in the last few decades
due to their novel thermal, mechanical, electrical, optical and
magnetic properties.'™® Apart from the various applications in
which PNCs have already been found to be useful, from a
fundamental science perspective they have provided a platform
for exploring rich emergent phenomena in soft matter and
materials physics.'®” The original motivation for incorpora-
tion of nanoparticles in a polymer matrix was to increase the
effective interface area between the nanoparticles and the
matrix to enhance the desired properties. Here, the assumption
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was that the nanoparticles are a passive additive and that the
total area would simply scale with the particle volume fraction.
However, as in other areas of condensed matter physics, the
interface turned out to be an independent entity and phase by
itself.”*** This not only led to unexpected variations in physical
properties like giant changes in the viscosity and thermo-
mechanical properties***™° of nanoparticle embedded poly-
mers, but also led to the emergence of a complete phase
diagram for the hierarchical self-organization of nanoparticles
within polymer matrices.>>"%3”

In PNCs, both entropic and enthalpic effects contribute to
their thermomechanical properties and overall performance.
While minimizing enthalpic interactions is often desirable for
achieving stable dispersion, it is important to recognize that
enthalpic effects cannot be entirely disregarded in practical
applications.*®*' Numerous studies and reviews have exten-
sively explored the role of enthalpic interactions in PNCs,
including polymer-nanoparticle interactions involving van
der Waals forces, hydrogen bonding, and chemical compat-
ibility, which significantly influence their dispersion and phase
behaviours.*"**> Given the rich physics and literature on PNCs,
covering all the aspects controlling their behavior is beyond the
scope of a single review. Thus, to be concise and instructive, in
this review, we limit our focus to enthalpically neutral mixtures
of polymers and polymer grafted nanoparticles (PGNPs). The
phase and dynamic behaviors of such systems are driven by the
entropic interactions at the interface of polymers and PGNPs.
We highlight how the entropic effects at the polymer-PGNP
interface could be harnessed to achieve precise control of the
dispersion of particles, and hence, gain a deeper understanding
of the underlying mechanisms governing the behavior of PNCs.
To this end, we describe how engineering the conformation of
the grafted polymers by varying the graft chain length, grafting
density or the nanoparticle core size can lead to dramatic
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changes in various properties of either PGNP assemblies or mem-
branes and in PNCs made of polymers embedded with such grafted
nanoparticles. In addition to the usual parameters mentioned
above, an additional parameter has been introduced, which we
use as an effective representation of the entropic interaction effect,
f, between the grafted and matrix chains. We will delineate the role
of fin controlling the dispersion of PGNPs in polymer matrices,
thereby controlling the thermomechanical properties of PNCs and
their performance in membrane technologies, such as water
desalination and gas separation.

To establish a clear understanding of the entropic effects in
polymer-PGNP systems, we begin by highlighting what we
mean by interfacial entropy and how f allows controlling it.
Upon mixing chemically identical matrices and graft polymers,
deviations in the conformational entropy at the particle—poly-
mer interface due to the stretching of graft/matrix polymers
facilitate phase separation/homogeneous mixing. This confor-
mational entropy of polymer chains at the particle-polymer
interface is what we refer to as interfacial entropy. Grafting the
nanoparticles with polymers allows harnessing the interfacial
entropy via the particle size, grafting density, the molecular
weight of matrix and grafting chains.*>™*® In particular, the
ratio of grafting molecular weight to the matrix molecular
weight, defined as f, plays an important role. At a given grafting
density, for systems with f > 1, the short matrix chains could
mix without significant stretching of grafting polymers. This
interpenetration between the grafted and matrix polymers
results in a broad particle-polymer interface for f > 1, and
hence, displays a homogeneous dispersion of particles.** On
the other hand, for systems with f < 1, the entropic penalty to
accommodate long chains will be significantly larger, which, in
turn, results in a sharp interface with reduced monomer
density at the particle-polymer interface.*® This manifests into
local or macroscopic phase separation. Naturally, interfacial
entropy plays a crucial role in determining not only the disper-
sion behavior, but also the physical characteristics and hence
the functionality of the PNCs.***°

We organize this review as follows: we begin with a brief
discussion of the technical aspects of the experimental meth-
ods and molecular dynamic simulations discussed in this
article. Subsequently, we delineate the role of conformation
of grafted chains in controlling the interfacial entropic effects
and, hence, in tuning the dispersion of PGNPs in polymer
matrices. Afterwards, we will highlight how interfacial entropic
effects can be utilized to tune various thermo-mechanical
properties such as the glass transition temperature, viscosity
and fragility of PGNP based PNCs (bulk and thin films) and
membranes. In particular, when PNCs are confined such as in
thin films or thin coatings, we will emphasize the interplay of
two interfaces: (i) the PGNP-matrix polymer interface, charac-
terized by the thickness of the graft-matrix chain inter-mixed
region ¢, and (ii) the substrate—film interface, defined by the
thickness of the adsorbed layer #;,,,. Furthermore, we discuss in
detail how entropic coupling between graft and matrix chains
can be tuned to create dispersed PNCs with high NP loading
and membranes for gas and water separation. We conclude by
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outlining the prospects for creating sustainable PNCs, high-
lighting their potential for use in energy, biomedicine, and
environmental applications.

2 Methodologies: experimental and
computational approaches
2.1 Preparation of PGNPs

Polymer grafted nanoparticles, nanoparticles (often inorganic)
grafted with long polymer chains, are a class of soft nanocol-
loidal systems with versatile properties. Grafting inorganic
nanoparticles (NPs) with polymers, in addition to providing
stabilization against aggregation, provides new levers to control
the dispersion of the nanoparticles in polymer matrices. In this
section, we briefly review the two methods - grafting-from*°~>
and grafting-to® ' - that are predominantly used for the
synthesis of PGNPs. The grafting-from method involves grow-
ing polymer chains directly from nanoparticles by attaching
initiators to their surface and polymerizing monomers.®* This
approach allows for high grafting density and precise control of
chain lengths but often results in higher polydispersity com-
pared to the grafting-to method. Techniques like atom transfer
radical polymerization (ATRP), reversible addition-fragmenta-
tion chain transfer polymerization (RAFT),*® or ring-opening
polymerization (ROP) are commonly used for controlled poly-
merization. While the process can be complex, it ensures strong
polymer-nanoparticle bonding and is ideal for applications
requiring dense, stable polymer coatings.®>®* In contrast, the
grafting-to approach involves attaching pre-synthesized poly-
mer chains to the surface of nanoparticles. Thus, the grafting-to
method typically results in a lower polydispersity of grafted
chains compared to the grafting-from method. In this report,
we focus broadly on studies investigating PGNPs synthesized
using the grafting-to method. However, the physics underlying
their phase and dynamic behaviors do not depend on their
method of preparation.

2.2 Advanced scattering techniques

2.2.1 X-ray reflectivity: probing dispersion of PGNPs along
the film thickness. X-ray reflectivity (XR) is a non-destructive
technique allowing to probe the electron density gradient or
modulations (inhomogeneities) along the film thickness. Thus,
XR complements the imaging techniques like transmission
(and scanning) electron microscopy, by providing insights into
the dispersion of particles along the film thickness. Here, we
provide a brief overview of the theory underlying the XR and
how roughness, film thickness and density modulations affect
the reflectivity profile. For a detailed review of the applications
of X-ray reflectivity, the readers may refer to the excellent
monographs on this subject.®*°®

Following Fresnel’s theory of reflection, the reflected inten-
sity of X-rays from a surface follows

q: —/ (1:2 - (Ic2 ’

2
R(g:) = [SAP= -
q: + 4" — 4¢

(1)
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where SA is the scattering amplitude, the momentum transfer
g, = ke — ki (Iﬂcl and k; being the incoming and outgoing
wavevectors, respectively) is along the surface normal (z coor-
dinate) and g. is the critical wave vector. Rephrasing Bragg’s
law of diffraction, g, follows

4
g- = —-sin(x) 2)
A

where 4 is the wavelength of the X-rays. Below a critical wave
vector, ¢, < 4., there will be a total external reflection. At large
scattering angles (g, > 3q.), the reflected intensity takes an
asymptotic form given by

g
R(q:) = == 3
(4:) = 303 ()
In summary, any representative reflectivity profile will exhi-
bit (a) a plateau, due to total external reflection, at g, < g., (b) a
steep decrease for ¢, > q., and (c) an asymptotic decay oc g, *
at large g,. In addition, the reflected intensity of a rough
surface, with roughness 67, falls off exponentially following,

202512
R(qz)real: R(qz)ideale 2470 (4)

On shining X-rays on a film (containing one or more layers)
coated on a substrate or floating on a water surface, beyond a
critical wave vector ¢, rays get reflected from the top and the
bottom surface resulting in periodic oscillations called the
Kiessig fringes. At g, > ¢., such oscillations ride on the
decrease of R with g, following eqn (3). The amplitude of these
oscillations scales with the electron density contrast of the layer
and the interfaces (air-surface and substrate). In addition, the
amplitude of such oscillations also decreases with the rough-
ness of the surface following eqn (4).

Paratt’s recursion formalism is used to model the reflection
and transmission from all j interfaces. This relates the reflected
amplitude R; and transmitted amplitudes 7; at all j interfaces
via

. SAjji1 + Xj1e¥4:i

R; .
X; =L = e __ 5
T 14 SA 1 Xy 124277 )

where the Fresnel reflection of the jth interface follows

/
qzj — q;,/+l

45+ 4.1

(6)

SAjj1 =

Using Born approximation, we could relate the reflectivity
profile with the thickness dependent electron density p.(z) as
4mp,r 2

Rig) = |

q:

1 dpe o |
= DPeig:zy,
py dz

)

where r. is Thomson’s electron radius and p, is the mean
electron density of the multilayer. This formalism does not
include multiple scattering events, prominent at low scattering
angles ie. ¢ < g.. However, eqn (7) equation is a good
approximation for the asymptotic dependence (at ¢ > ¢.) of
the reflectivity profile. In addition, this form nicely underlines

that a detailed modelling of the experimental reflectivity profile
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would allow us to measure the electron density gradient along
the film thickness. Thus, modeling of the XR profile allows
capturing the dispersion of PGNPs along the film thickness.

2.2.2 Probing the length-scale dependent dynamics

2.2.2.1 X-ray photon correlation spectroscopy. X-ray photon
correlation spectroscopy (XPCS) is broadly being wused
to study dynamics in various hard and soft matter systems by
utilizing coherent X-rays from third-generation synchrotron
sources®>°”°® and X-ray free electron laser facilities.®® Coherent
X-ray scattering experiments can explore a variety of phenom-
ena at longer time scales, which is beyond the scope of neutron
scattering experiments, and shorter time scales, which are not
reached by normal light scattering experiments. The poor
spatiotemporal coherence in lab X-ray sources is a limiting
challenge. However, the emergence of powerful X-rays from
third-generation synchrotron sources provides great opportu-
nities to perform coherent X-ray scattering experiments. XPCS
is an X-ray equivalent of dynamic light scattering (DLS). In
XPCS, speckle patterns originating from the disorder in the
systems are collected at intervals of &¢. The time correlation of
these speckles provides information about the dynamics of
scatters in the system.”””® Time correlation of intensity at
(gx, 0) to a later time (g, 6t) follows,

<Ip(f1x7 0)><1p(¢1x, 5’)>
11,(¢:,0)

where I, is the intensity at pixel p and (- - -) denotes the average
over pixels in a g,-range, where I,(q,, 0) is the intensity at wave
vector g, and time ¢ = 0. For equilibrium dynamics, using
Siegert’s relation, we could relate the intermediate scattering
function (ISF), Fy(qx, Ot), with g,(qx, Ot) by the following
relation,”?

22(qx,81) = : (8)

82(qx 8t) = 1 + b|F(gx, 81)|* ©)

where b is an instrumental factor called the speckle contrast
and &t is the delay time. Fy(q,, 6t) has the general time
dependent functional form,

Fy(qx, 8t) = exp[—(8t/7)], (10)

where 7t and f§ are the relaxation time and Kohlrausch-Wil-
liams-Watts (KWW) exponent, respectively. Here, § determines
the shape of the correlation function and provides information
about the nature of the dynamics. An exponential decay (ff = 1)
indicates diffusive dynamics, whereas stretched (f < 1) expo-
nential decays characterize heterogeneous dynamics.”* The
compressed (f > 1) exponential decays are typically found in
arrested and/or non-equilibrium systems such as gels, foams,
and glasses.

2.2.2.2 Quasi-elastic neutron scattering. Quasi-elastic neutron
scattering (QENS) is a versatile technique used to probe atomic
and molecular dynamics in various systems like liquids, poly-
mers, and biological macromolecules.”*”® In comparison to
other scattering techniques, QENS requires fine energy resolu-
tion in the milli-electron volt range. By detecting small energy
changes through neutron sources (reactors or spallation
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sources) and instruments like time-of-flight or backscattering
spectrometers, QENS provides insights into microscopic
motion over a broad momentum transfer range.”®

The differential scattering cross-section is expressed as:

d?4, ke

d0dE — ES(CI» o) (11)

where Ay is the scattering cross-section, € is the solid angle, E is
the energy transfer, and S(q, ®) is the dynamic structure factor
representing system dynamics.®® For segmental diffusion,
S(g, w) is modeled by a Lorentzian function:

) = A(q)  TI'(q)

S s VN VA
(¢, ® r o I

(12)
where I'(q), the half-width at half-maximum (HWHM), depends
on the diffusion coefficient D, segmental jump length /, and
characteristic time t:

I(g) =D + 11 — e 7L, (13)

The intermediate scattering function Fig(q, ¢), derived from
the Fourier transform of S(g, w), describes time-dependent
molecular displacements:®*

Fis(q,1) = J S(g, w)e™ dw. (14)

For simple Brownian motion, Fis(q, t) decays exponentially:
Fis(g, ) = Alg)le™", (15)

where I'(q) = Dg”. In complex systems, a stretched exponential
form is used:

Fi(g, ) = A(g)e @@, (16)

where the extent of stretching is defined by # (0 < f < 1).
A smaller value of f suggests a larger distribution of
relaxation times.

QENS uniquely reveals time and spatial scales of segmental
motion, making it indispensable for studying diffusion in
polymers, glass transition, and constrained dynamics in
complex systems.®”’®#! Through I'(q) and Fi,(q, t), parameters
like diffusion coefficients, relaxation times, and motion length
scales are obtained, providing critical insights into materials’
properties and molecular interactions.

2.3 AFM for probing viscoelastic properties

Atomic force microscopy (AFM) is a powerful technique, not
only for imaging at the nanoscale, but also for probing the
viscoelastic properties of materials at the nanoscale.®*** AFM
uses a sharp tip on a cantilever to interact with a sample
surface, allowing to measure properties like stiffness and
elasticity with high spatial resolution.®*> This is especially
useful for heterogeneous materials, such as polymers, biologi-
cal tissues, and soft matter, where these properties can vary
significantly over small length scales.®® Since conventional
rheological techniques will not be reliable for measuring nano-
scopic thin films, in Swain et al.,*” we extend the ability of this
technique to estimate thin film viscosity using standard force-
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distance spectroscopy.®®®® Here, we provide a brief on the
physics underlying the method.

Typically, a force-distance curve characterizes the deflection
of an AFM tip as it interacts with a sample during the approach
(trace) and withdrawal (retrace) phases.®®®° In the non-contact
regime, where the tip is far from the surface, no interaction
forces are observed. As the tip approaches the sample, long-
range attractive forces, predominantly van der Waals interac-
tions, induce a sudden deflection toward the surface, a phe-
nomenon termed jump-to-contact. Upon further indentation,
short-range repulsive forces dominate, leading to cantilever
bending, indicative of contact mode AFM imaging. During
the retrace phase, the tip is withdrawn from the sample,
experiencing adhesive, capillary and viscous forces. The tip
detaches from the surface only when the elastic restoring force
of the cantilever surpasses these attractive interactions, result-
ing in a sudden release known as jump-off-contact. Quantita-
tive parameters such as tip-sample adhesion force, total contact
force, and pull-off force can be directly extracted from force-
distance spectroscopy measurements. The force experienced by
the cantilever, when retracted from a viscous surface, is mainly
a combination of viscous, F;s, and capillary forces, Fcap.90 Thus,
the pull-off force profile of force-distance retrace curves is
modeled using the equation

Farm(L) = Fo + Feap(L) + Fuis(L) (17)

where F, is a constant. Based on the assumption of a finite
cylindrical-shaped liquid bridge formed between two spheres
(considering the film surface as a sphere of infinitely large
radius), F,;s is given by ref. 91

_67TRtip277 dil‘

Fus(L) = I s (18)

where Ry, is the radius of the tip, L is the distance between the

) dr . .
tip and the surface of the sample, and 47 8 the retracting rate

of the tip from the sample. On the other hand, F.,, is given by

Feap(L) = —6mRypy cos(b;) | 1 — T (19)
1+

T[RlipLz

where y is the surface tension of the sample, 0. is the contact
angle between the tip and the sample, and V is the volume of
the liquid bridge.

In fitting the obtained force-distance curves with eqn (17)
the value of dL/d¢ was kept fixed, as was used in experiments,
while all the remaining parameters were varied during the
fitting of the data. To eliminate the possible uncertainties
resulting from the mutual dependency of Ry, and # (refer to
eqn (19)), we estimated the temperature-dependent R, values using
reported 7 values of bulk PS of molecular weight 19 kDa.”>** We
fitted the force-distance curves obtained for the bare
PS films. However, constrained fitting, where both R, and 7
are varied, also led to similar results. We have used two offset
parameters named x, and b,. Therefore, the force-distance
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https://doi.org/10.1039/d4sm01549e

Published on 01 april 2025. Downloaded on 02-03-2026 11:56:00.

Perspective

curves are modeled using the equation given as:

_ FO _ 67—“7Rlip2 d_L

Farm(L) (L —xo) dt

— 6nRypycosle [1 —

2V
TERﬁp(L — b0)2
(20)

1+

For comprehensive information regarding the fitting of the
retrace curve within the force-distance data and the extraction
of viscosity, please refer the work of Swain et al.®’

2.4 Coarse grained molecular dynamics simulations

Computer simulations are beneficial for validating the experi-
mental findings and providing more insights into a parameter
space that is challenging to access experimentally. The coarse-
grained molecular dynamics (CGMD) simulations have been
widely used to model polymers and polymer-grafted nano-
particles. Several tools like LAMMPS (large-scale atomic/mole-
cular massively parallel simulator) GROMACS, NAMD,
HOOMD-blue, and dissipative particle dynamics (DPD) can be
used to perform CGMD simulations. However, the LAMMPS
package is often used to perform CGMD simulations due to
superior scalability, customizability, and support for polymeric
and reactive CG models. In this review, we discuss CGMD
simulations on PNCs and membranes performed using the
LAMMPS package.’®°%>7%% A pure polymer system is modeled
using linear chains created using a bead-spring model with a
hybrid potential of finite extensible nonlinear elastic (FENE)
potential and harmonic potential with standard values of
the parameters. The linear-chain-grafted nanoparticles were
used as a model for PGNPs. All the species of the system
interact through the shifted Lennard-Jones potential with the
following form

E=4 [(?) 12+(';—f’> 6} — Er (21)

where ¢ is the reduced energy unit, and E,. is the energy cutoff
at r=r., with r. (in units of r,) = (D; + D,)/2, where D; and D, the
diameters of the interacting species. Basically, the Hamiltonian
equations of motion of all species are solved in this method to
obtain their position and momentum, interacting via the
interaction energy described above.

To model a PGNP membrane on the polymer substrate film,
we use a bilayer system consisting of a single-layer of grafted
nanoparticles atop bulk-free linear chains inside a rectangular
box.’®*® The non-bonded graft-graft monomer interactions
were modeled using eqn (21) with & = 1.0kT, where k is the
Boltzmann constant and T the temperature. To model the
PGNP/PS system, non-bonded matrix-matrix and graft-matrix
interactions were set as the Lennard-Jones potential with & =
1.0kT and ¢ = 1.03kT, respectively.

3448 | Soft Matter, 2025, 21, 3443-3472

View Article Online

Soft Matter

2.5 Transport through desalination membranes

The solution-diffusion model explains membrane separa-
tion as a three-stage process.’®® Molecules absorb into the
membrane on the feed side, driven by chemical potential
gradients and governed by solubility. They then diffuse through
the membrane, where their rate depends on the molecular size
and compatibility with the polymer, favoring smaller or more
soluble molecules. Finally, molecules desorb on the permeate
side, completing the transport. This process enables selective
separation by leveraging differences in diffusion and solubility,
making the model effective for gas separation, reverse osmosis,
and pervaporation. However, it assumes ideal transport and
may require adjustments for complex mixtures or swelling
effects.

The transmembrane flux J, representing either water flux (/)
or salt flux (Jg), is determined by the following equation:

V

= 22
Am X t (22)

where J is the transmembrane flux, expressed in [L m™> h™"]
and V is the volume of the permeate (V;, corresponds to water
and Vy corresponds to salt). The effective membrane area is
given as Ap, (= 2.44 cm” in our experiments) and ¢ represents the
duration of the permeation process. This equation quantifies
the transport of water or salt across the membrane per unit area
over a specified time period.
Here, V; is determined using the following equation:

_Whhx6
Psalt -

Vs (23)
where Cj, is the concentration of the permeate, and pqy is the
density of the salt (2.17 g cm ) on the downstream side.

The salt rejection R, is determined using

Ry = (1 f%‘;) x 100 (29)
where C, and Cy are the salinity of the permeate and feed
solutions.

The water permeance A (in units of [L m®> h™* bar ']) and the
salt permeability B (in units of [L. m* h™']) are both determined
from the relations between flux and permeance as

Jw
v =A(AP — A A=—2% 2
J, ( n) = (AP — An) (25)
J—BAC:>Bfi (26)
S T AC

Here, AP is the applied pressure on the membrane during
the flux experiment, AC is the difference between C; and Cj,
and Ar is the osmotic pressure difference where the osmotic
pressure © is defined as m = iMRT. Here, i is the van’t Hoff
factor, M is the molarity of solution, R is the ideal gas constant
and T is the absolute temperature. Finally, we determine the
water perm selectivity of the membrane as A/B.

To summarize, thus far, we have highlighted a palette of
experimental and simulation methods allowing access to the
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structural information, microscopic (length-scale dependent)
dynamics and macroscopic properties of PNCs. Building on
this understanding, in the next section, we describe how the
interfacial entropy at the polymer particle interface plays a
crucial role in describing the structure and dynamical aspects
of PGNPs and their mixtures with polymers.

3 Conformation of grafted chains in
PGNPs

Grafting chains on inorganic nanoparticles (see Fig. 1a)
provides two important advantages: the presence of an inor-
ganic core provides an avenue to harness several physical
properties, and the polymers grafted to the core nanoparticles
allow controlling the interactions between them.“'°%'°" As
discussed in Section 2.1, several methods were developed to
synthesize them either via grafted to or grafting from
approaches.®*073%34°61102 The morphology and interactions
between PGNPs manifest several parameters including van
der Waals interaction between the neighbouring nanoparticles,
the enthalpic interaction between the core and the grafted
polymers, the molecular weight of the grafting polymers, the
grafting density and the quality of the solvent in which the
particles are dispersed.>®'%*71% Often, the core size of PGNPs is
much smaller than the overall size of the particles. Thus, the
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contribution of the inorganic core nanoparticles to the inter-
particle interactions could be neglected. In such a limit, the
radial monomer density profile, and hence, the interactions of
PGNPs can be approximated with the star polymers.®'® In an
attempt to build an intuitive background, we begin with a brief
discussion on their structural analogues called star polymers,
which lack the inorganic core (Fig. 1b).""”"'*° We guide curious
readers to the focused reviews of star polymers.'”'*™* Here, we
provide a brief discussion of highlighting the parallels between star
polymers and PGNPs.

A star polymer contains many polymer arms connected to its
microscopic core. It is now well known that the physical
behaviour and the interactions between the star polymers
reflect the number of arms 7, connected to the core.'**114116
Star polymers with low n, have a uniform distribution of
monomers from the surface. On the other hand, star polymers
with large n, possess a close packing of polymers on the
surface, resulting in strong steric repulsion between the poly-
mers, which, in turn, leads to a strong stretching of polymers
near the core. It is easy to conceive that the volume available
per chains increases as we go radially outward. As a result, the
extent of stretching of chains decreases with an increase in the
radial distance from the core surface. Reflecting such transi-
tions in polymer conformation along the radius, it is conveni-
ent to separate a star polymer into three regions: the core, the
stretched region near the surface, and the unswollen region at

O DLS - 0.55 chains/nm’
A SAXS-53kDa
A ’
Mushroom s ‘ -4
-~ N S80F *‘ 5 * E
” AT
5 -
X 5% 0.65 .-
a0} S
radius of -2
mushroom
Increasing 250 500
------------------------------ f 3 s N 0_* 1/2
grafting density g

Fig. 1 Conformational transitions — equivalence between PGNPs and star polymers: (a) schematic of a polymer grafted nanoparticle, where the grafted
polymers are shown in black lines and the inorganic core nanoparticles are shown as blue spheres. (b) Schematic of a star polymer, shown with blobs for
highlighting the conformational transitions radially outward. (c) Effective interaction V(r), normalized with the thermal energy kT, is shown for star
polymers with a different number of arms, denoted by n,. Similar conformational transitions in PGNPs, dictated by the grafting density o, are shown
schematically in (d). The rescaled thickness of the grafted layer hgea, Of the melt graft layer thicknesses, obtained via SAXS measurements, and of the
thickness in solutions, obtained via DLS measurements, are shown. Please refer to the text for discussion on rescaling. The schematic shown in (b) and
the plots shown in (c) are adapted from Likos and co-workers, 07198 and the schematic in (d) is adapted from Dukes et al.*® Data in (e) are extracted from
ref. 48 and 115.
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the edge. The effective size, quantified by radius Ryp, is effec-
tively the sum of three contributions: the radius of the core
Reores the length Liyonen Of the swollen/stretched region, and the
length lynswonen Of the unswollen region at the edge. The n,
dependence of Ry, is nicely captured by the blob model of
Daoud and Cotton.""” In this model, a star polymer is regarded
as a succession of concentric shells of blobs, each blob in the
shell having size b(r). The radial variation in monomer concen-
tration ¢(r) and the overall size of the star polymer depends on
(a) the solvent quality, which determines the excluded volume
parameter v of the chain, (b) the degree of polymerization N
and (c) the number of polymers connected to the core also
known as the functionality n,. Using a simplifying assumption
that the concentration ¢(r) of monomers vanishes beyond the
radius Ry, of the star polymer, the conservation of the number
of monomers yields'®®

Ry
4TEJ przc(r)dr = Nn, (27)
0

Using this conservation form and accounting for the differ-
ent extents of stretching along the radial direction, the radius
Ry, follows'®

1n3? 1 323/51 2
Ry ~ [NnaJrE 2 +6n3*/} v, (28)

This form of the radius manifests the radial distance-
dependent concentration ¢(7), shown in Fig. 1b. The ¢(r) and
Ry, provide an interesting form of the potential,'®

forr <r,

v ()

kT ) 5 32 1 Te Via(r —re)
3 (X vy T e >
8 T \/n_a/2< +)ex 20, forr 2 re

(29)

With an increase in n,, we could observe a systematic increase
in the stiffness of the repulsive interactions from ultra-soft to
hard sphere like potential (refer to Fig. 1(c)). Inspired by these
models, theories were developed to understand the conforma-
tional changes of polymers grafted to a nanoparticle.
Qualitatively, the conformations of grafted polymers vary
with grafting density ¢ in a manner similar to the n, depen-
dence in star polymers (see Fig. 1d). Let us define a reduced
grafting density ¢* = ¢-a®, with a being the monomer size.
When the grafting density satisfies ¢* < Rg’s, where R, is the
radius of gyration, the grafted polymers display a swollen
behavior and this type of conformation is called mushroom
conformation. With further increase in ¢*, grafted polymers
reveal various conformations from mushroom-like to semi-
dilute polymer brush (SDPB) and subsequently to concentrated
polymer brush (CPB). Especially, at large ¢*, grafted polymers
stretch progressively as we go towards the center of the particle
revealing transitions from SDPB to CPB. Extending the ideas of
the Daoud-Cotton model, Dukes et al showed that the
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thickness of the graft layer follows™*®

NG/ for mushroom
(Ngo*1/3)3/5 for SDPB (30)
(Ngo*'/?)"3/5<x <1 for CPB

hgraft ~

where N; is the number of monomers in a grafted polymer.
We note that the direct measurements of the conformations
of graft polymers are challenging and may require a combi-
nation of neutron scattering experiments and rich chemistry
(see ref. 118 for measurements on flat brushes). However,
changes in the molecular conformations of grafted polymers
manifest in differences in the thickness Az of the graft layer,
which is easily accessible. As an illustrative example, in Fig. 1e,
we summarize the brush thicknesses 84X and kP53, obtained
respectively from small angle X-ray scattering (SAXS)
experiments on melts'"®> and dynamic light scattering
(DLS)""® experiments on dilute PGNP solutions. For clarity,

we rescaled the hpmen by an arbitrary factor s, to obtain

e & Sn - B3AXS ~ hDLS | Here, DLS experiments were per-
formed on PGNPs with ¢ = 0.55 chains per nm® but with
different molecular weights M, of grafted chains, while SAXS
experiments were performed on PGNP melts with M, = 53 kDa
but with different ¢ values. Inspired by the work of Dukes

et al.,"*""° we scaled o* with the number of grafted monomers
Ny of the grafted chains. We observe that i}, ~ (Ngo*!/ 2)0’65.
Following eqn (30), this dependence reveals that the grafted
chains are in the CPB regime. The conformation of grafted
chains plays a crucial role in deciding the dispersion behavior
of PGNPs in polymer matrices. We will focus on this aspect in
the next section.

4 Dispersion of nanoparticles in
polymer matrices

A major challenge in achieving the desired properties of poly-
mer nanoparticle blends is in controlling the state of dispersion
of the particles. As a result, extensive research™'®°%'2%121 ig
devoted over the last two decades to understand and develop
the strategies for controlling the dispersion of PGNPs. In this
section, we briefly describe the thermodynamical arguments
allowing us to understand the dispersion of nanoparticles in
polymer matrices.

4.1 Dispersion of bare nanoparticles

We begin our discussion with the dispersion of spherical bare
nanoparticles, ie. without any grafting agents, in polymer
matrices. For simplicity, we assume that the enthalpic interac-
tions between the particle and the polymer are neutral
(achieved by considering similar chemical nature for both the
nanoparticles and polymers). In this case, the dispersion of
particles simply depends on the balance of entropic forces
acting in the system. There will be two components of entropy:
(a) the mixing entropy and (b) the stretching entropy associated
with the matrix chains. Given the neutral interactions between
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the particles and polymers, dispersion increases the entropy
and decreases the free energy of the system. This free energy
Fpix directly scales with the volume fraction of the particle ¢,
and inversely scales with the volume (~R,;,*).>*?

Fu ~ (%) In g, (31)

On the other hand, the host chains have to stretch in order
to accommodate the particles. This, in turn, evokes an entropic
penalty as stretching would limit the number of accessible
conformations of the matrix polymers. The free energy Fgetcn
associated with stretching increases with increase in the parti-
cle size, with respect to the radius of gyration R, of the

polymer.>*
R\2
Fireten ~ (Rngp) (32)

The balance of Fpix and Fyyeren controls the dispersion of
bare particles in polymer matrices. For all R,, < R, the
entropic gain Fn;, due to mixing will be larger than the
stretching penalty Fgyeten Of the chains. Thus, we expect
the particles to disperse for R,, < Ry and not dispersed
otherwise. Using polyethylene (PE) nanoparticles in polystyrene
(PS) matrices, Mackay et al.”> demonstrated the possibility of
dispersing particles by harnessing the relative size ratio of
particles and polymer chains (see Fig. 2a). Despite the enthalpic
unfavourability of PE in PS, small nanoparticles of PE displayed
good miscibility in PS matrices due to the gain in translational
entropy. Building on this understanding, we will now move
towards the dispersion of PGNPs and how entropy allows
harnessing dispersion of particles in polymer matrices.

4.2 Dispersion of polymer grafted nanoparticles

The grafted polymers in PGNPs provide additional avenues to
control the dispersion of PGNPs in polymer matrices. As dis-
cussed in Section 3, the conformations of grafted chains
depend on various factors including grafting density ¢ and

Polymer radius of gyration (nm)

0 5 10 15
Nanoparticle radius (nm)
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the molecular weight of the grafted polymer M,. In Fig. 2(b), we
display transmission electron micrographs of PS grafted silica
nanoparticles mixed with linear PS of molecular weight M, =
142 kDa (data adopted from ref. 33). Since the grafted and
matrix polymers are of same chemical nature, the enthalpic
interactions are neutral, i.e. the Flory Huggins parameter y = 0.
Thus, the dispersion will be dictated by the entropic interac-
tions (to be discussed below) at the particle-polymer interface.
A control over ¢ and M, yields a rich control over the dispersion
morphology of PGNPs varying from spherical clusters to
strings, sheets, and complete dispersion. In a recent review,
as shown in Fig. 2(c), Kumar et al. summarized the control over
dispersion of PGNPs by controlling the ¢, M, and its ratio with
the molecular weight My, matrix polymer, = My/My,. In what
follows, we provide thermodynamic arguments for understand-
ing the dispersion of PGNPs in polymer matrices.

Here, we will begin with the well-developed theories on the
mixture between polymers and flat brushes to discuss the
associated free energies.'*>"'>* We consider no enthalpic inter-
actions between the grafted and matrix polymers, i.e. we limit
our discussion to systems with y = 0. Upon mixing linear
polymers with grafted brushes, the free energy will have con-
tribution from the elastic energy required to stretch the grafted
chains F; and from the excluded volume interaction induced
entropic repulsion from the matrix polymers Fy,. At low grafting
densities, the effective free energy could be approximated to
ref. 122
hd @ NZ

NN 4 (33)

F o~
Nga® Ny hg’

where Ny, is the degree of polymerization corresponding to matrix
polymers. An interplay between stretching (mediated via Ng) and
entropic repulsion (mediated via the ratio of Ny, and Ng) will decide
the extent of dispersion. For Ny, ~ \/Ng, the entropic repulsion
due to excluded volume is of the order of kT and can be neglected.
Thus, minimizing F = F, yields i, ~ aN,"?, which matches with the
radius of gyration of the polymer in melt conditions. With an

100

Fig. 2 Dispersion of hanoparticles in polymer matrices: (a) phase diagram, polymer radius of gyration vs. nanoparticle radius, differentiating the miscible
(dispersed nanoparticles) and immiscible states of polymer + nanoparticle mixtures. (b) TEM images capturing the dispersion of particles with different
grafting densities ¢ and grafting molecular weight My. Each micrograph is defined by values corresponding to ¢ (in the units of chains per nm?3), Mg (in the
units of kg mol™) at the top right corner. The matrix molecular weight is kept constant at M, = 120 kg mol™ . (c) Phase diagram capturing the dispersion
states of PGNPs in bulk. Here, fis the ratio of the graft to the matrix length. Panel (a) is adapted from ref. 22 and panels (b) and (c) are adapted from ref. 33.
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increase in grafting density, the grafted chains begin to swell
and beyond ¢*/a®> = 1/h,’, the swollen chains overlap. This
leads to a grafting density dependent entropic repulsion Fy,.
Thus, the effective free energy takes the form'*?

2 3 A2k
hy a Nyo

F~
Ne@® Ny hgd?

(34)

where the effective excluded volume term is h,a*/c* instead of
hg’. Minimizing eqn (34) yields kg, ~ a(6*/Nm)"*Ng. Thus, at
large o, the thickness of the grafted layer is an explicit function
of ¢ and Ny,. The brush in this regime is denoted as the wet-
brush. With further increase in o, the volume fraction of the
grafted chains in the brush is of the order of unity. For a
stretched wet-brush, this corresponds to ¢* ~ NmZ/s/Ng6/5. In
such cases, a partial interpenetration between the grafted and
the matrix polymers is conceivable over a small thickness &. As
a result, the free energy scales with & as'??

% 3 2
F~2 & «Ea?(1> (35)

~a 2 3
a* Nga N \ &’

The first term on the right corresponds to the additional
elastic energy for stretching the chains by ¢ and the second
term corresponds to the entropic gain allowing for the diffusion
of matrix polymers into the graft layer. The grafted and matrix
polymers tend to disperse if the elastic stretching energy is
larger than the entropic gain. The brush in this regime is
denoted as the dry-brush. Upon minimizing eqn (35), we obtain
¢ = (aNg)/(26*Np,). Using the packing constraints, we could
show h; ~ aNgzo*. When the penetration length ¢ is of the
order of hg the dry-brush becomes the wet-brush. For
large matrix chains, N, > Ny, it could be visualized that the
energy cost for diffusing into the grafted layer would be
significantly higher. Thus, we may expect a dewetting zone at
the particle-polymer interface. Such large grafting densities
have been utilized in the literature to achieve autophobic
dewetting.”>'**'*® We summarize the dimensions (kg &)
corresponding to the different conformations in Table 1.

Now, let us focus on grafted chains on curved surfaces, as
will be the case of polymer grafted to nanoparticles. As dis-
cussed in Section 4, the number density of grafted chains
decreases as we progress from the center to the edge of a
polymer grafted nanoparticle in the CPB regime.*® Thus, the
grafting density ¢ and the interpenetration width ¢ discussed in
eqn (35) and (34) should be rescaled with the radius R e of the
core of PGNPs. Trombly and Ganesan'?® showed that the
effective grafting density and the thickness of the graft layer
of the curved surface takes the form

0 Reore?
Ocurved = % (36)
(Rcore + hg)
hcurved _ Rcore )y (37)
hg Reore + hg

where y = 2 for dry brushes and y = 2/3 for wet brushes. In
addition, they revealed that the interpenetration width &.yrved
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Table 1 Different conformations and their corresponding values of hg and
¢ for a flat brush

Flat brush
Conformation hg 19
Mushroom (ideal) ang'"? hy
Mushroom (swollen) ang*® hg
Wet-brush o\ 13 hg
aNg < )
N
Dry-brush aNgo* a (N
26* \ Nm,
can be related to the & of the flat brushes as ref. 126
écurvcd ( hg ) 2/3
=1+ 38
5 Rcore ( )

For large particles Reore > hg, since the curvature effects
would be minimal, the flat brush behaviour would be restored.

To summarize, entropic constraints due to the brush/host
chain interactions are significant and can favour the mixing of
the nanoparticles with the host chains or contribute toward
phase separation between particles and host chains. The host/
brush interactions are determined by the parameters Ng, Ny,
and ¢. When the grafted chains are sufficiently long (Ny > Np,)
and ¢ is sufficiently low, that is, 0*:Ng"> < (Ng/Nm)"?, then the
host chains can interpenetrate or wet the brush layer, thereby
forming a so-called wet brush.>**'*” This would promote
miscibility between the particles and the host chains. On the
other hand, when the grafting density is very high and N, «
Np, specifically, when o*-N,'* < (Ng/Ny)"'?, the host chains are
partially excluded from the grafted layer, thus forming a
dewetting interface between the polymer and the particle.

4.3 Physical confinement allows harnessing dispersion

In various applications, PNCs are used in the form of films,
often with thicknesses that are of the order of the unperturbed
size of the matrix polymer. In such confined geometries, several
studies reveal that the polymers are strongly deformed result-
ing in restrictions in their conformational degrees of freedom.
Will such confinement-induced molecular deformations and
therefore the resulting reduction in the conformational entropy
of the chain affect the dispersion of nanoparticles?

To address this aspect, we** reported experiments on PS
grafted gold nanoparticles dispersed in PS thin films with
different thicknesses. For a systematic control over the entropy
at the particle-polymer interface, M and M,,, are varied in a way
that f'= My/M,, varies from 0.033 to 2.5. As described in Section
4.2, PGNPs in composites with f « 1 is expected to phase
segregate and the PGNPs in systems with f > 1 will stay
dispersed. Scanning electron micrographs capturing the dis-
persion behaviour of PGNPs in composites with f=0.033 « 1
are summarized in Fig. 3(a) and (b). Expectedly, PGNPs mixed
with polymer films of thickness 7 = 65 nm exhibit cluster
formation at the air surface with no evidence of dispersion
(see Fig. 3(a)). On the other hand, for thinner films shown in
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Fig. 3 Confinement enhances the dispersion of PGNPs in polymer films: scanning electron micrographs of composite films with f = 0.033 for (a) h =
65 nm and (b) h = 20 nm. Scale bars in (a) and (b) correspond to 200 nm and 100 nm, respectively. (c) Fresnel normalized reflectivity R/Rg is shown as a
function of normal wave vector q, for composite films of three different thicknesses as defined in the panel. The electron density profiles obtained from
the modelling of reflectivity curves are provided in the inset of (c). (d) Fraction ¢4 Of segregated particles as a function of film thickness. (e) Dispersity
G = douw/Pseq is shown as a function of f for films of two different thicknesses. (f) Bond orientational order parameter sg along the film thickness z/d is
shown for simulation boxes of three different thicknesses. (g) The excess surface absorption (normalized with appropriate volumes) of nanoparticles (I',,)
and polymers (I'y) is shown as a function of the thickness L, of the simulation boxes. All data are adapted from ref. 54.

Fig. 3(b), we witness apparently well-dispersed PGNPs (small
bright dots) in the background of small clusters (brighter and
relatively larger dots) at the surface. This suggests an improved
dispersion of PGNPs in thinner films.

X-ray reflectivity measurements on composite films of dif-
ferent thickness provide further support to this observation.’*
Apart from probing the film thickness (via Kiessig fringes), XR
also allows probing the differences in the electron density
contrasts along the film thickness (refer to Section 2.2). Thus,
any preferential segregation of particles to the air surface or to
the substrate interface, creating electron density modulation,
could be captured from the raw data (without detailed model-
ling). In Fig. 3(c), Fresnel normalized XR profiles are shown for
composite films of three different thicknesses, 4 = 20, 45, and
65 nm. The Fresnel part gives the wave-vector dependence of
reflectivity i.e. Ry ~ ¢, * (see eqn (3)). For an ideal film with
homogeneous density along the film thickness, the Fresnel
normalized reflectivity should be oscillating, reflecting the
thickness of the film, but flat without any additional g.-
dependence. Clearly, as shown in Fig. 3(c), thicker films reveal
a strong additional modulation, whose amplitude indicates the
strength of the gradient in electron density, and the peak
position indicates the thickness of such electron density mod-
ulation. This modulation reflects the segregation of PGNPs at
the substrate interface. Interestingly, the amplitude of this
additional modulation also decreases with the decrease in the

This journal is © The Royal Society of Chemistry 2025

film thickness. This suggests a decrease in the extent of inter-
face segregation with A.

To extract quantitative information on dispersion and the
preferential segregation to the surfaces, we®® performed
detailed modelling of XR data (refer to eqn (5) and (6)) using
an effective three-layer description of the film: a layer at the air
surface, followed by bulk, and then a layer at the substrate
interface. The thickness dependence of electron density
extracted from such modelling is shown in the inset of
Fig. 3(c). Supporting the Fresnel normalized reflectivity, the
thickness dependence of electron density profiles reveals a
strong segregation of particles at the substrate interface. There
is an apparent decrease in the density of particles at the
substrate interface with a decrease in film thickness. This
aspect is quantified by discretizing the electron density into
three effective layers and the fraction of PGNPs residing at the
respective layers are defined as ¢gur, ¢bi, and ¢ine with a
restriction such that the total fraction ¢, = ¢sur + Pk + Pine-
For a given bulk fraction of ¢, = 1.2 wt%, a systematic decrease
in the segregated fraction ¢sey = Pgur + ¢inc Of PGNPs can be
witnessed with decrease in film thickness (see Fig. 3(d)). This is
interesting, as the entropy at the particle-polymer interface
enables complete phase separation. To visualize this more
clearly, Fig. 3(e) shows the extent of dispersion by plotting
G = ¢pi/dseg as a function of f. As expected, G increases with
increase in f. For all f, G values corresponding to thinner films
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are larger than those of the thicker films. Clearly, thickness
serves as an additional parameter contributing to the disper-
sion of PGNPs in polymer films.

CGMD simulations using bead spring chains with FENE
reveal further microscopic insights into the enhanced disper-
sion of PGNPs with the decrease in film thickness. To reflect
the thickness-induced confinement, periodic boundary condi-
tions were used in x and y, while z is confined between two
parallel surfaces. The distance L, between the parallel surfaces
will act as a proxy to the film thickness A. Simulation para-
meters were carefully chosen to match the experimental para-
meters like o, f and the size ratio of nanoparticles with the
grafted and matrix polymers. Please refer to Chandran et al.>*
for further details. Simulations corroborate the enhanced dis-
persion of PGNPs with confinement.>* To quantify the potential
changes in the chain structure of the matrix polymers, we
deduced the bond orientational order parameter sg = 0.5[3(cos”
0;,); — 1], where 0;, is the angle between the bond (formed
between j and j — 1 monomers) and z-axis (axis along the film
thickness). As shown in Fig. 3(f), sg of chains in the bulk is
negative for thinner films, while for thicker films, sz = 0. This
suggests that the chains residing in thinner films are ordered,
indicating a reduced conformational entropy. Such reduced
conformational entropy is manifested in the excess surface

adsorption of particles (and polymers), defined as I';=

‘53/2 [Pi(2) = pipux]dz, where i corresponds to polymers or

nanoparticles. As shown in Fig. 3(g), the surface excess of
nanoparticles I', decreased with decrease in L,, while I,
increased with decrease in L,. This suggests that the thinner
films minimize density gradients, likely due to energetic pen-
alty as the interfaces in thinner films are not decoupled as in
thicker films. Similar observations were also reported for poly-
mer blend films."*® Our results clearly demonstrate that physi-
cal confinement allows controlling the dispersion of particles
that are otherwise expected to be phase-separated. Thus, con-
finement provides a new lever to control the dispersion and
hence a whole spectrum of physical properties that depend on
the state of dispersion of particles.

Having understood the processes controlling the dispersion
of particles in polymer matrices, in the next sections, we reveal
the manifestations of the dispersed states in controlling the
physical characteristics of PNC films. The interfacial entropic
interactions between grafted and matrix polymers impose con-
straints on molecular mobility, leading to notable variations in
viscosity and glass transition behaviour. These effects are
particularly pronounced in thin films, where confinement
amplifies interfacial entropy-driven phenomena, as discussed
in the following sections.

4.4 Particle-polymer interface controls glassy behavior

Glass transition temperature and glassy dynamics are impor-
tant parameters allowing the control of the processing of
various polymeric structures. Accordingly, intensive efforts
were devoted to understanding the glass transition behaviour
of PNCs."*** Driven by the enormous data on the thickness
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dependence of glass transition temperature (Ty) of thin polymer
films, initial efforts were devoted to understanding the Ty of
PNC films in the same framework.'>® Here, the interparticle
distance hj, acts as a proxy for the thickness of polymer
films. Conceivably, control over the fraction ¢, of particles
allows controlling &, Assuming a random dispersion of
particles allows a simple relation between A, and ¢, as

hy ~ 2Rogmp\/ $"P/% — 1, where ¢™P = 0.638 is the random
close packing fraction.”*'*> Bansal et al.'** performed pioneer-
ing experiments with different fractions of bare silica nano-
particles dispersed in polystyrene matrices. Fig. 4(a) displays
the equivalence between pristine PS thin films and PS compo-
sites in bulk (adapted from Bansal et al.'*®). Qualitatively, the
h, dependence of T, for composites followed a dependence
similar to that of the dependence of thickness dependent the T,
of pristine polystyrene films coated on neutral surfaces (refer to
Bansal et al.**® for other equivalent definitions h, hee, and ke
of the interparticle spacing). Here, we note that for wetting
surfaces, polymer films and polymer nanocomposites exhibit
an increase in T, with decreasing h,."** Given this background,
it is natural to ask if the dependence of T, will be the same for
PGNPs with different f or ¢. To shine light on this aspect, we
discuss our experiments®*>>°% on PS grafted gold nanoparticles
dispersed in PS films. For this purpose, in Fig. 4(b), we
summarize the T, as a function of ¢, for composite systems
with different f values. For f = 0.033 « 1, we observe a
systematic decrease in Ty with ¢,,. This is in accordance with
the summary plot shown in Fig. 4(a). However, for the same ¢,
the extent of decrease in T, is smaller for f=0.15 in comparison
with f=0.033. More interestingly, composites with f > 1 display
enhancement in T, with ¢,. Using coarse-grained molecular
dynamic simulations, we revealed® that systems with f « 1
have decreased monomer density at the particle-polymer inter-
face. The presence of such dewetting regions around the
polymer-particle interface creates additional free volume,
which might explain the decrease in T, for composites with
f < 1. On the other hand, for composites with f > 1, the grafted
chains and the matrix chains interpenetrate nicely, thereby
imposing additional restrictions on the mobility of the mono-
mers. This might underlie the observed enhancement in T,.
Recent theory and simulations on freestanding polymer films
highlight that the deviations in the chain dynamics at substrate
interfaces may underlie modifications in caging constraints at
the surface and its manifestations to the local elastic barrier for
33 We anticipate that similar mechanisms might
underlie the enhanced (or suppressed) dynamics at the parti-
cle-polymer interface of f < 1 (or f > 1) systems.**>%3%87,132:134
In addition, as discussed in the last section, we revealed that
mere physical confinement increases the extent of dispersion of
particles that are otherwise phase segregated. Such increased
dispersion, in turn, manifests into a larger number of dewet-
ting interfaces within the polymer film. Thus, as shown in
Fig. 4(c), thinner films exhibit larger deviations in T, for any
given ¢,. To summarize, these results demonstrate that harnes-
sing entropy at the polymer-particle interface, quantified via f,

the relaxation.
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allows a systematic control over the glass transition behavior of
PGNP-based polymer composites.

4.5 Controlling interfacial entropy yields giant changes in
viscosity

Viscosity is a crucial parameter, in addition to designing
processing conditions, allowing the interpretation of the mole-
cular characteristics of polymers, free volume content, and the
dispersion states of nanoparticles in polymer matrices. PGNPs
provide novel pathways to control the viscosity of polymers via
the interfacial layer (IL) between the matrix and the grafted
polymer,45°8:60:61,70,87,135,136 Aq discussed in Section 4.2, the
width ¢ of the interfacial layer can be experimentally controlled
by tuning the size of the particle, f; and ¢. Thus, extensive work
has been devoted to developing an understanding of how the
viscosity of PNCs depends on these experimental parameters
controlling the dispersion states and the nature of IL in
PNCs.>8617087.135 pye to interfacial effects of PGNPs, research
has indicated both an increase and a decrease in viscosity upon
the introduction of particles. The increase in viscosity is well-
documented and can be characterized by the Batchelor and
Einstein relation.’®” Conversely, certain investigations have
reported a reduction in viscosity associated with particle
incorporation.”**'*! A variety of models have been proposed
to elucidate this phenomenon."*'**> Here, we will provide a
brief of these models.

4.5.1 Models in viscosity analysis. Two significant models
that describe viscosity in such systems are the Batchelor and
Einstein relation™®” for particle suspensions and the Wang-Hill
model**? for polymer in solution. While both models address
the influence of dispersed entities on fluid viscosity, they apply
to fundamentally different systems and account for distinct
physical interactions.

The Einstein-Batchelor relation provides a relation between
the effective viscosity and the concentration of the inclusions in
a dilute suspension of spherical particles.'*” This relation,
which builds on earlier work conducted by Albert Einstein,"*
is particularly useful in colloid science and rheology for

This journal is © The Royal Society of Chemistry 2025

understanding how suspended particles increase a fluid’s
viscosity. 4%

Hett = Ho(1 + 2.5¢), (39)

which describes the viscosity of a fluid with suspended spheres
at low concentrations. Batchelor'®” extended this theory by
adding a second-order correction for interparticle interactions,
yielding:

Nett = No(1 + 2.5¢ + 6.2¢%), (40)

where 7, is the solvent viscosity and ¢ is the particle volume
fraction. In suspensions, viscosity increases with increasing
particle concentration due to enhanced hydrodynamic interac-
tions and crowding effects.

In contrast, several reports reveal that the PNCs may exhibit
a decrease in the viscosity, in comparison with the pristine
polymers. Addressing this aspect, here we highlight the Wang-
Hill (WH) model**® describing the intrinsic viscosity [5] of
polymer solutions, incorporating polymer-solvent interactions,
molecular weight, and chain conformation. This model
describes a negative intrinsic viscosity in the framework of
the presence of an interfacial layer at the NP-matrix interface
with a viscosity and density different from that of the bulk. The
WH model for intrinsic viscosity [#] is often expressed as:

pNe — Mp (41)

=i
[n] = lim .

$p—0

Both models are essential in rheology for predicting fluid
viscosity. The Wang-Hill model applies to polymeric solutions,
while the Batchelor equation describes particle laden fluids.
Understanding them aids in optimizing industrial processes
involving polymers and suspensions. These are the classical
models used to describe viscosity changes in polymers. How-
ever, when PGNPs are introduced into the polymer matrix,
forming PNCs, numerous additional parameters come into
play, influencing the flow behaviour. In PNCs, the presence of
PGNPs and the interfacial layer significantly impacts the sys-
tem’s rheology, which can be better understood through
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modelling approaches that incorporate entropic contributions.
In the following section, we explore how these interfacial effects
influence the overall transport properties, providing deeper
insights into the role of entropic parameters in governing the
behaviour of PNCs.

Various studies have been conducted to understand the
rheological behaviour of polymer nanocomposites (PNCs)
through both experimental and computational approaches. In
particular, the work of Kalathi et al,"* including experiments
and simulations, highlighted how the viscosity of PNCs
changes in miscible (athermal) and immiscible (thermal)
blends of polymers with PGNPs. As shown in Fig. 5, Kalathi
et al. summarized the role of the diameter of the nanoparticles
in controlling the viscosity # of PNCs in comparison with the
viscosity 7, of the neat polymers. They investigated how nano-
particle (NP) incorporation affects polymer melt viscosity,
focusing on polymer-NP interactions, NP size, and polymer
chain length. A “viscosity crossover” criterion is introduced to
predict the impact of NPs on viscosity based on the properties
of both the polymer and the nanoparticles. Fig. 5(a) highlights
systems with chemically similar polymers and NPs, showing a
transitional point where the viscosity of nanocomposites either
exceeds or falls below that of the pure polymer melt, influenced
by the NP size and polymer chain characteristics. Fig. 5(b)
addresses chemically dissimilar systems, where immiscibility
often leads to increased viscosity due to poor dispersion and NP
aggregation. In cases of moderate attraction between polymers
and NPs, viscosity trends resemble those in miscible systems.
These insights are crucial for designing nanocomposites with
tailored flow properties.

Most studies on PNCs have focused on their bulk proper-
ties;'*® however, numerous applications utilize them as coat-
ings and thin films.>>"** In such confined systems, the strong
confinement effects and the presence of a substrate interface
can introduce new aspects that influence viscosity.’**™*>° There-
fore, it is crucial to measure the viscosity of thin films and
understand interfacial dynamics to enhance processability and
optimize their applications. In bulk systems, oscillating rheo-
metry is the standard technique for viscosity measurements,
but for nanoscopic thin films, viscosity measurements are more
challenging. X-ray scattering techniques have been employed to
determine thin film viscosity; however, these methods face
limitations, particularly when dealing with highly loaded par-
ticle systems. To address these challenges, Swain et al.®” uti-
lized the AFM-based force-distance technique (discussed in
Section 2.3) to extract viscosity and analyze interfacial effects,
including segmental changes.

The force-distance curves obtained for PNC films at various
temperatures are illustrated in Fig. 6(a) and (b) for both PNC
types, with a fixed PGNP volume fraction. Clearly, the reduction
in viscosity with increasing temperature affects the force-dis-
tance curves, as evidenced by the decrease in both the pull-off
force and the curvature of the liquid bridge. The adhesion force
and force-distance profile during tip retraction vary with
temperature for both f contents, highlighting the influence of
fon the shape of the force-distance curves, as seen in Fig. 6(c).
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extrapolated results from simulations. (b) Corresponding data for “thermal”
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(O) for n/ny, < 1,(0) for n/n, > 1, (O) for n/n, =~ 1 at low NP loading, and (A)
for cases where viscosity (1) initially increases with NP loading and subse-
quently decreases. Only the viscosity line is displayed, with data from ref. 5,
142 and 147, adapted from ref. 135.

To investigate this phenomenon, we modelled the force-dis-
tance curves using eqn (17)-(20) and extracted the viscosity of
the films. Viscosities for all samples are presented in Fig. 6(d)
and (e) as a function of temperature for all volume fractions. As
expected, a decrease in viscosity with temperature is observed.
PNCs with f= 1 exhibit a significantly higher viscosity than bulk
polystyrene (PS), with this difference becoming more pro-
nounced as the volume fraction of PGNPs increases. Conver-
sely, PNCs with f'= 0.15 show a viscosity reduction compared to
PS. Fig. 6(f) illustrates normalized viscosity as a function of
volume fraction at different temperatures. The data reveal
distinct pathways of viscosity change, with an increasing ratio for
PNCs with f=1 and a decreasing ratio for those with f= 0.15. The
giant increase in the viscosity increase for systems with f = 1
surpasses predictions by the Batchelor-Einstein model.'**"*”

This journal is © The Royal Society of Chemistry 2025
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correspond to ¢, = 0.20, 0.34, and 0.83, respectively. (f) Normalized 5 for all the PNC samples with respect to the bare PS films, yps, as a function of ¢ is
shown for both f = 1 (open symbols) and f = 0.15 (closed symbols). Also shown are the predictions of Bactchelor-Einstein equation (continuous black
line), WH predictions with y = 4 (dashed blue lines) and y = 0.0001 (green dashed lines). (g) n/nps as a function of T4/Ty-ps. The figure is adapted from

Swain et al.¥’

Our study highlights substantial viscosity enhancements for
PNCs with f = 1, supported by enthalpically matched and
unentangled chain structures that mitigate the effects of filler
attraction and entanglement interactions. Furthermore, our
findings align with recent reports on f, attributing anomalous
viscosity reduction to an interfacial viscosity lower than the
bulk viscosity for lower filler contents.®” The results emphasize
the significant impact of f on viscosity due to interfacial
entropic interactions between the polymer matrix and grafted
chains. The effects are amplified at high ¢,

As previously discussed, different models, including the
Batchelor-Einstein (BE) and Wang-Hill (WH) models, describe
viscosity changes in the polymer. The WH model, in particular,
predicts a negative intrinsic viscosity due to the presence of an
interfacial layer at the nanoparticle (NP)-matrix interface,
which exhibits distinct viscosity and density compared to the
bulk material. In Fig. 6(f), the blue and dark green dashed lines
correspond to the WH model for different interfacial parameter
712 values, showing both increase and decrease in viscosity.
Although varying y aligns with our findings, the observed
viscosity variations are significantly greater. Previous
studies*»'4¢1%8 have linked viscosity increases to dynamics
at reptation length scales, while decreases relate to shorter
length scales or segmental-level dynamics influenced by the
interface. Our observations indicate both increases and
decreases for systems with identical particle-polymer inter-
faces, prompting us to propose a single mechanism for these

This journal is © The Royal Society of Chemistry 2025

viscosity (17) changes. We found that interfacial chain penetra-
tion ¢ increases with volume fraction (¢), indicating a stronger
interaction between grafted and matrix monomers at higher f.
This emphasizes the need to explore additional experimental
parameters sensitive to segmental-level changes. Recognizing
that glass transition processes occur at the segmental level, we
measured glass transition temperature (Ty).

We correlated changes in T, with n to illustrate overall
behavior, plotting 5/1ps against normalized T, (=Ty/Ty.ps) in
Fig. 6(g). The entire sample set aligns along one master curve,
suggesting that segmental dynamics predominantly influence
viscosity changes. Lower normalized T, values indicate
reduction in both T, and #, while higher values correspond to
increases in both metrics. Thus, interfacial entropic interac-
tions between PGNPs and matrix polymer chains alter inter-
facial segmental dynamics, leading to the observed viscosity
changes in PNCs.

4.6 Hydrodynamic interactions between the particles in the
polymer matrix

Dynamics at the nanoparticle-matrix interfaces often deviate
from the bulk. As discussed in the previous sections, our group
and others have established the relationship between the
control over the interfacial layer (as e.g. via f, o, and particle
size) and deviations in physical properties including glass
transition temperature and viscosity.""**'>%*% Here, we high-
light our work quantifying the nature of dynamics and the
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boundary conditions (quantified via interfacial slip) at the
PGNP-polymer interface.**'*® Addressing this aspect, we
probed temperature-dependent and confinement-dependent
microscopic dynamics by employing CGMD simulations®® and
XPCS measurements'*® on PNC films made of PGNPs with
controlled fand o.

CGMD simulations allowed us to probe the role of interfacial
entropy, tuned via fand o, in the boundary conditions between
PGNPs and polymer interfaces.”® The results are summarized in
Fig. 7(a) and (b) by plotting the interfacial slip length J as a
function of f and ¢. The dewetting interfaces, with small f;
result in a large slip, while the wetting interfaces (large f)
display a smaller interfacial slip. Clearly, the width of the
interfacial layer ie. extent of matrix chain penetration into
the grafted chains controls the slip length. At smaller f, the
smaller penetration leads to a larger slip and a larger fresults in
a larger penetration and consequently smaller slip length as
shown in Fig. 7(a). On the other hand, keeping f fixed while
increasing the grafting density g, the 6 decreases (Fig. 7(b)),
which contradicts the conventional understanding, i.e. a higher
grafting density is predicted to exhibit dry brush (due to a lower
degree of mixing between graft and matrix chains) and hence a
larger slip effect. However, the present behaviour reveals the
opposite, meaning larger ¢ results in smaller 6. This behaviour
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is due to the effect of the nanoparticle curvature.** Due to the
large curvature (small core radius), we may expect that the
grafted chains will experience a progressive decrease in crowd-
ing with an increase in the radial distance from the core.
Consequently, grafted chains could interpenetrate with the
matrix chains for PGNPs with higher ¢. Such increased inter-
penetration might underlie the decrease in ¢ with increase in o.

XPCS measurements allowed us to probe the correlations
between such interfacial slip and macroscopic viscosity."*®
Especially, the temperature dependence of the relaxation time
7, reflecting the microscopic dynamics of PGNPs in polymer
thin films of different thicknesses, is probed and compared
with the expected temperature dependence of viscosity. Fig. 7(c)
summarizes the results of systems with f (=0.033) « 1.
Interestingly, compared to the viscosity ratio #;/1473, the renor-
malized relaxation time differs significantly while these para-
meters are expected to be proportional in the absence of the
reduced effective interface viscosity. The deviation is clearly
visible using the anomaly parameter {, defined as the ratio of
the normalized 7 to normalized #, as shown in Fig. 7(d) (defined
in the caption). Clearly, the deviation increases under confine-
ment as well as with decreasing temperature approaching the
glass transition of the matrix. These results suggest that the
viscosity at the particle polymer interface, i.e. the interfacial
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Fig. 7 Hydrodynamic interactions at particle—polymer interface: (a) slip length experienced by the particle at the particle-matrix interface as a function
of entropic compatibility parameter f; (b) slip length as a function of grafting density. (a) and (b) are extracted from molecular dynamic simulations.
(c) Comparison of the renormalized relaxation times for films of thicknesses 65 and 39 nm is shown with respect to the expected scaling of renormalized
Ti/T473
Ni/MNa73
39 nm (open circles). The horizontal dashed-dotted line indicates the expected behavior, in the absence of interfacial effects on the dynamics of
nanoparticles. Panels (a) and (b) are adapted from Ibrahim et al.’® Panels (c) and (d) are adapted from Begam et al.**®

bulk matrix viscosity. (d) Evolution of { = as a function of temperature is shown for a composite film of thicknesses 65 nm (open squares) and
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viscosity, is significantly different from bulk viscosity. The
presence of such interfacial layers with different viscosities is
in line with the theoretical model of Servantine and Mueller."*®
In addition, the relaxation time had anomalous wavevector g
dependence."*® For instance, the relaxation times measured for
films of thickness 39 nm revealed g independence, though the
Brownian motion of nanoparticles is expected to result in
7 ~ g 2. This suggests that these systems display strong length
scale-dependent hydrodynamic interactions due to the
presence of an interfacial layer with an interfacial slip. This is
interesting as hydrodynamic interactions in polymer melts are
expected to be screened within the size of a monomer.

4.7 Fragility of PNCs

The behaviour of glasses near Ty is still a mystery. The relation-
ship between fast-increasing relaxation times and heteroge-
neous dynamics near Ty is not fully understood. There are
various contradicting results in this field. Fragility is a key
dynamical parameter used to understand the glass-forming
ability of such materials."®*®"'®> The notion of fragility was
proposed by Angell in 1980s, °” to categorize glass formers into
strong and fragile based on the variation of « relaxation time
() or viscosity # near T,. Fragility measures how fast the
variation in viscosity changes or alpha relaxation dynamics
slows down near T, when approached from T > T, i.e.,”"'*

i dlog(n) (42)

AT/ Ty,

163

For polymer glasses, fragility depends on the strength of
inter-particle interactions. A sharp slowing down of dynamics
near glass transition temperature for PNCs with small nano-
particles (diameter ~ 1.8 nm) as compared to conventional
nanocomposites with particles of diameters 10-50 nm is
reported by Cheng et al.'® The study of the influence of C60
fullerenes on the fragility of PS'®" shows that the dynamic
fragility of PS increases with C60 content in fresh samples
and decreases in annealed PNCs due to agglomeration of
fullerenes. Reduction in fragility by reducing the molecular
weight of tethered chains is reported in PS-grafted silica
nanoparticles.'®® The effect of polymer-nanoparticle interac-
tions on the fragility of PNCs is investigated using equilibrium
CGMD simulations by Starr and Douglas.'® Simulations suggest
that PNCs with non-attractive polymer-nanoparticle interac-
tions are less fragile and those with attractive interactions are
more fragile. However, the reduction in fragility with nanopar-
ticle concentration for both attractive and nonattractive nano-
particle interactions is also reported.’®” Given this background,
in the next section, we discuss work from our group, revealing
how an interplay of the film-substrate interface and the PGNP-
particle interface controls the viscosity and fragility of PNC thin
films.”®

4.7.1 Viscosity and fragility of PNC thin films: an interplay
of two interfaces. The influence of polymer-substrate interac-
tions on material properties has garnered significant attention.
In particular, the presence of an interfacial layer with reduced

This journal is © The Royal Society of Chemistry 2025
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polymer chain mobility has been shown to affect both viscosity
and glass transition temperature, as demonstrated by numer-
ous experimental studies.’®®®® In PNCs, higher NP density is
found in this interface layer from XR studies and MD
simulations.>**>*77° In this scenario, here we focus on results
obtained from XPCS measurements, probing the viscosity of
PNC films, and CGMD simulations providing microscopic
structural insights. To establish the role of ILs, we focused on
two different values of f= 0.06 and f'= 0.4. For highlighting the
role of film confinement, we probed the microscopic dynamics
of PNC films of four different thicknesses varying from 30
to 65 nm.

As depicted in Fig. 8a and b, in line with the discussions in
Section 4.3, CGMD simulations reveal that the NP segregation
in the interface layer decreases by increasing entropic compat-
ibility between graft and matrix chains defined by the f para-
meter. The NP density profile extracted from the simulation
studies shows a peak at the interface and the peak height
decreases with increasing f (refer to Fig. 8c). XR experiments
reveal that the thickness of this adsorbed layer 4, decreased
with increasing film thickness A (Fig. 8d). Overall, in line with
the literature on polymer films,*” the viscosity of the PNC films
increased systematically with increasing polymer-substrate
interfacial layer thickness, ki, Interestingly, for films with
similar A, the particle-polymer IL played a decisive role in
determining the absolute viscosity of the film (Fig. 8e). Upon
comparing PNC films with similar ;.. films with higher f
values (correspondingly larger &) displayed higher viscosity.
This observation reveals the effect of the subtle interplay of
two interfacial layer thicknesses (¢ and hyp,,) on the viscosity of
PNC thin films. Similarly, interfacial entropic interactions are
found to affect the fragility of polymer films under confine-
ment. The PNC with a smaller ¢ (smaller-f) exhibits an increase
in fragility with increasing confinement (Fig. 8f). In contrast,
both pristine PS and PNCs with a greater { (higher-f) become
stronger glasses with confinement as measured by their
fragility.

5 Interfacial entropic effect on
temperature-dependent microscopic
structural dynamics

Polymer and PNC melts are known to exhibit a hierarchy of
length and time scales, especially showing a variety of relaxa-
tion spectra at different length scales. Polymer relaxation
processes are typically categorized into three types: alpha-
relaxation, beta-relaxation, and gamma-relaxation.'”® However,
several studies®™'”! reveal an intermittent relaxation process
that could not be classified into any of the above-mentioned
relaxation categories. Upon comparing the measured relation
spectra of polystyrene with alpha- and beta-relaxation spectra,
Kanaya et al.'”* used the terminology fast and slow processes
for the experimentally observed relaxation processes. The fast
process is associated with the librational motion of phenyl
rings of polystyrene, which is coupled with main chain motion
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Fig. 8 Changes in substrate—polymer interfacial thickness, viscosity and fragility with confinement: snapshots of coarse-grained MD simulations,
generated using visual molecular dynamics (VMD), of the PNC systems for (a) small-f (=0.075) and (b) high-f (=0.375). The system consists of PGNPs
embedded in a matrix of pure PS chains confined between two walls (green and rose in colour). For clarity in display, matrix polymers are removed from

the simulation system. (c) Normalized nanoparticle density profile (with respect to bulk density ppui) along the confinement direction x

sim

estimated from

the simulation. (d) Normalized adsorbed layer thickness h;, with respect to total thickness h for PS and PNC films with various thicknesses. Schematic of
the film structure is shown in the inset. (e) Viscosity, 1, at T = 423 K as a function of film-substrate IL, h., for all the PS and PNC films of various film
thicknesses, h, from the experiment. The pink shaded regions indicate the scaling of » with f for approximately similar values of h... (f) Absolute values of
fragility, m, as a function of thickness for pure PS and PNC films with different f values. All the plots are adapted from ref. 70.

near the glass transition temperature. Although the origin of
the slow process is not clear, Kanaya et al.'”" hypothesised that
the slow process is an elementary step of the conformational
transition of the main chain.

While information on such processes for pure polymers is
well established, our knowledge of equivalent features for PNCs
remains incomplete. The enthalpic and entropic interactions
between embedded nanoparticles (NPs) and polymer matrix
chains may yield interesting deviations in the length and time
scales corresponding to these ranges of microscopic dynamics.
Based on this aspect, here we discuss the length-scale depen-
dent dynamics observed in PNC melts utilizing quasi-elastic
neutron scattering.®"

For diffusive processes, the microscopic relaxation times t
are expected to follow g 2 scaling with the wave vector. For
polymeric systems, the sub-diffusive motion of the segments
results in t ~ g 2#, where § is the KWW exponent. This
stronger dependence of 7 is universal and observed for various
polymers and glassformers."”>”* Furthermore, a dynamical
crossover from a scaling of g at low g to g2 is observed at a
critical wave vector q.,'”>"”> revealing the existence of a cut-off
in length scales. Such crossover in g dependence also followed
a transition from Gaussian to non-Gaussian dynamics (see
ref. 176 and 177 for experiments and simulations on polyiso-
prene melts). As summarized in Fig. 9, Jhalaria et al."”® reported

—2/p
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the presence of similar behaviour in poly(methylacrylate) (PMA)
grafted silica nanoparticles. Fig. 9a reveals that the 7 of grafted
polymers is less than the t corresponding to ungrafted poly-
mers. This indicates that a grafted chain experiences fewer
local constraints than the corresponding pure polymer. Inter-
estingly, g. revealed a non-monotonic dependence with the
molecular weight M, of the grafted polymer (see Fig. 9(b)). In
addition, the normalised segmental diffusivity shows a peak
value around 61 kDa and these trends are similar to the
nonmonotonic behaviour of the diffusion coefficient of CO,
as depicted in Fig. 9(c). This nonmonotonic transport beha-
viour is explained as a thermodynamic consequence of the CPB-
SDPB transition.'”®

Using QENS, we probed the effect of interfacial entropy,
characterized by two different f values, on the microscopic
dynamics of PS-grafted Au nanoparticle based bulk PNCs.%
The results are summarized in Fig. 10. As depicted in Fig. 10(a),
the © of PNCs with larger f is smaller than that of the pure
polymer. In contrast, © of PNCs with smaller f is found to be
larger than that of the neat polymer (Fig. 10(b)). Upon compar-
ing our work with the literature'”>*’®'7% in Fig. 10(c), we find
that the relaxation time extracted for PS and PNCs using QENS
is probing complex fast dynamics (compared to alpha- and
beta-relaxation). Similar to pure polymers'’®'”” and pure
PGNPs,"”® a length scale cut off g., which characterizes the

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Local dynamics and nonmonotonic behaviour as a function of graft molecular weight (My): (a) comparison of relaxation time for a composite with
Mg ~ 88 kDa (black squares) and a bulk polymer with My ~ 96 kDa (green circles). (b) Crossover wave vectors (qc) for grafted samples and the bulk
polymer (gray band). (c) Normalized segmental diffusivity (black circles) and CO, diffusivity in PGNPs (red symbols) as functions of Mg, showing similar

nonmonotonic trends with quantitative differences. The plots are adapted from ref. 175.

cross-over from Gaussian to non-Gaussian behaviour, is
observed in PNC systems as well (small vertical lines in
Fig. 10(a) and (b)). Furthermore, the absolute value of g.
depends on the temperature and f parameter.

A comparison of the cross-over wave vector q. between PS
and PNC systems reveals the intriguing entropic effect as
depicted in Fig. 10(d). Clearly, the g. of high-fsamples is higher

than that of all other samples, including their pure counter-
parts, at all temperatures. On the other hand, for low-f cases, g,
stays almost the same (until 7 = 410 K) or lower (T > 410 K)
than that of the pure polymer. This reveals an intricate effect of
entropic compatibility on the key dynamical features of PNCs.
The q. values of pure PGNPs are reported to be lower relative
to neat polymers (Fig. 9(b)), indicating that locally diffusive
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Fig. 10 Length-scale dependent microscopic dynamics of PS and PNCs: comparison of wavevector-dependent relaxation time (z) for (a) L-PNCs
(f = 0.225) and (b) S-PNCs (f = 0.03) with a pristine polymer at T = 410 K. (c) Comparison of temperature-dependent characteristic relaxation times in our
work®! with other dynamic processes in PS (measured using different techniques) extracted from the literature.’*817° (d) Dynamical crossover wave
vector (q.) from Gaussian to non-Gaussian behavior as a function of temperature. Diffusion coefficient (D) as a function of temperature for (e) high-f and
(f) low-f compared with the respective pure pristine systems. The plots are adapted from ref. 61.
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dynamics are apparently persistent to larger length scales in the
PGNPs.'”* To account for the cross-over of 7 from g~ ** to g2, ©
is modelled using a jump-diffusion model (JDM),'”>*77:180:181
which considers the existence of an underlying distribution of
jumps that give rise to the sub-diffusive regime at long times.
The variation of t with g is modeled using,

wslo”

where 7, is the time between successive jumps of most probable
jump length [,, which relates to the average distance a partici-
pating segment moves. Usually, there exists a distribution of
jump lengths with [, representing the most probable value.
Furthermore, a scaled polymeric diffusion constant can be
estimated as

D= P (44)

The estimated values of 7, for PNCs were found to follow the
same trend as that of 7, meaning that larger-f (smaller-f)
samples have a smaller (larger) relaxation time compared to
neat polymers. Furthermore, the normalized scaled diffusion of
PMA-grafted nanoparticles showed a non-monotonic trend as a
function of M, as depicted in Fig. 9(c).'”> However, in PNCs, the
scaled diffusion coefficient D of a lower f'sample is higher than
that of the neat polymer, whereas that of a higher f sample
shows the opposite trend (Fig. 10(e) and (f)). These results
indicate the intriguing effect of entropic compatibility on the
length scale-dependent dynamics of PNCs.

6 Interfacial entropic effects on the
properties of blends

Polymer blends combined with nanoparticles (NPs) are a new
class of hybrid functional materials capable of exhibiting tun-
able novel physical properties.'®*'% However, the ability to
control the dispersion state of NPs has been a challenge in the
development of such materials for their wide range of
applications.

Given this background, here we discuss our approach'®>
harnessing the interfacial entropy at a particle-polymer inter-
face in the thermodynamically demixing mixture of polymers —
PS and PVME (poly(vinyl methyl ether)). As shown in Fig. 11, the
PS and PVME mixture reveals a lower critical solution tempera-
ture (LCST) transition. We made films of 60/40 (w/w) ratio of PS
and PVME containing PS-grafted gold nanoparticles. The mix-
ture is coated on a silicon substrate. Due to low interfacial
tension and preferential affinity, PVME wets both air-polymer
and silicon-polymer interfaces and hence enriches the surface.
Temperature modulated differential scanning calorimetry
reveals variation in both T, and its breadth in the presence of
PS grafted gold nanoparticles (PS-g-nAu). High-magnification
AFM images reveal the localization of PS-g-nAu on the PVME
phase in the blend. The nanoparticle localization is shown
in the phase diagram of the blend in Fig. 11. The expulsion of
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Fig. 11 Interfacial entropy allows controlling phase behavior of blends:
phase diagram temperature T vs. weight fraction of PS, capturing the phase
separation of PS-PVME. Also shown are schematics for demonstrating the
localization of PGNPs in PS or PVME-rich regions controlled via My. The
figure is adapted from Kar et al.*®2

PS-g-nAu from PS is driven purely by entropic interaction.
Despite the PS coating over the gold core, the screening of
the core with a short polymer chain is negligible. As a result,
enthalpic interaction between PVME and the gold core leads to
the localization of nanoparticles in the PVME phase. When the
grafted chains are long, PS and nanoparticles experience an
entropically favorable interaction producing well-dispersed
nanoparticle states in the PS matrix. This result demonstrates
that controlling the M, allows the localization of particles in
different domains in polymer blends.

So far we have demonstrated how harnessing the interfacial
entropy allows us to control the dispersion of PGNPs, which, in
turn, resulted in significant variations in the microscopic
dynamics and in various properties and processing parameters
including glass transition temperature, fragility and viscosity.
In the next section, we highlight how such PGNPs allow
accessing new parameter space in applications. While there
are various application aspects, we do this by discussing the
ability of PGNP membranes to enable efficient gas separation
and water desalination.

7 Formation and understanding of
PGNP membranes

Ultra-thin functional membranes made using nanoparticles
show promise for a variety of uses, including gas and water
filtration and flexible electronics and sensors.'®*'°' These
membranes are frequently composed of core-shell nano-
particles, and the degree of nanoparticle ordering and the
softness and penetrability of the shell control the mechanical
characteristics of these membranes. In this section, we discuss
the formation of the PGNP membranes, and the effect of
entropic compatibility on their thermal stability.
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7.1 Preparation of PGNP membranes

PGNP membranes were prepared at the air/water interface
in a Langmuir-Blodgett (LB) trough using the following
steps.””%*1%> Step 1: a homogeneous solution of PGNPs in
chloroform was spread on the water surface using a Hamilton
syringe. Due to unfavourable hydrophobic interactions between
graft-polymer and water, the thin liquid film decomposes and
forms a network of PGNP grains.”®*>'%* Step 2: using the
Teflon barriers of the LB trough, the monolayer was com-
pressed to obtain a thin dense membrane with a thickness
below 10 nm. The typical surface pressure used is 35 mN m ™.
Step 3: this PGNP layer was transferred onto different hydro-
phobic substrates through the horizontal dipping (Langmuir-
Schaefer) method. The AFM image of a transferred membrane
is given in Fig. 12a. Step 4: these membranes were dried under
vacuum for the complete removal of water.

7.2 Thermal stability of PGNP membranes

According to recent reports, under ambient circumstances,
ultra-thin, freestanding membranes are found to have remark-
able mechanical capabilities."®® Nonetheless, in the majority of
real-world uses, the membranes are supported by stable sub-
strates and necessitate non-ambient functioning.'®* Therefore,
it is important to investigate the function of contacts with the

PS bulk film

Substrate: Si/Si0O2

PS bulk film

Substrate: Si/Si02
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underlying substrates and the thermal stability of these ultra-
thin nanoparticle-based membranes to fully realize their
potential in a variety of applications and enhance their char-
acteristics. Given this background, here we discuss how the
thermal stability of PGNP membranes depends on the entropic
interactions, defined by f, between the membrane and
substrates.”® We made PS grafted gold nanoparticle mem-
branes on PS thin films of thickness # ~ 80 nm. We probed
the temperature-dependent structure of the PGNP membranes
in real space using AFM measurements and the penetration of
the PGNPs into the films via in situ XR measurements.’® The
temperature-induced disordering of PGNP membranes on the
PS thin film is summarized Fig. 12a-c. When heated above the
T, of both graft and matrix polymers, membranes lose their
granular structure as individual PGNPs penetrate into the
underlying polymer substrate as depicted in the schematic
in Fig. 12d. Utilizing in situ XR, we show that during heating,
penetration of PGNPs from the membrane layer to the substrate
polymer layer is fdependent, indicating the effect of entropic
compatibility on facilitating fast PGNP penetration.*® When
the PGNP membrane is placed on chemically identical polymer
substrates with different levels of entropic compatibility
(defined by f), higher PGNP penetration (during heating)
is observed at large f (Fig. 12e). As summarized in Fig. 12e,
the temperature stability of the membranes increased
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Fig. 12 Stability of the PGNP membrane: (a)-(c) AFM surface topography of the PGNP membrane on a PS substrate at different temperatures as
mentioned in the legends (scale bar: 400 nm). (d) Schematic illustrating PGNP penetration into the PS bottom layer during heating. (e) The penetration
depth of PGNPs into PS melts with varying f. The plots are adopted from ref. 58.
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monotonously with a decrease in f, specifically by changing the
molecular weight of the polymers comprising the substrate.”®>°

7.3 Creation of high-density PNCs from PGNP membranes

The penetration of PGNPs, at high temperatures, into the
polymer substrates provides a new lever to increase the loading
fraction of PGNPs into polymer films. It is conceivable that the
subsequent transfer and penetration of the membranes into
the polymer substrates would yield an increase in the fraction
of dispersed particles in the polymer matrices. This technique
could be utilized as an effective tool to create PNCs with a high
volume fraction of PGNPs. To utilize this approach, we need to
understand the penetration kinetics of PGNPs into the sub-
strates during heating and the interplay of different parameters
such as particle size, softness, graft length, etc. Furthermore,
nanoparticle penetration is important in various fields starting
from targeted nanoparticle-based drug delivery to generating
hybrid PNC materials."®>*°” By exploring the penetration of PS-
grafted Au nanoparticles (PGNPs) into PS films, we show the
formation of PNC layers close to the membrane-substrate film
interface.’®®® We followed the kinetics of penetration at differ-
ent temperatures using in situ AFM.®® The penetration of the
PGNPs into polymer substrates results in a progressive decrease
in the thickness of the membrane, as quantified in Fig. 13(a)
and (b). By modelling the time-dependent decrease in
the membrane height as an exponential with single relaxation
time t,, we quantified the penetration time scales. Fig. 13c
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summarizes the temperature dependence of 7, for systems with
two different f values. Clearly, systems with higher entropic
compatibility penetrate into the films at a rapid rate. Comple-
mentary CGMD simulations support the results as summarized
in Fig. 12(d) and (e). These results highlight that f provides a
new lever to control the stability of the membranes and the
penetration kinetics. We believe these findings could be lever-
aged to create high-density PNCs that have potential in various
membrane-related applications.

8 Applications: PGNP membranes for
gas separation and water desalination

By harnessing interfacial entropy, we can design PNCs with
tailored properties, making them highly effective for applica-
tions such as selective membranes for water desalination, and
high-performance coatings. The ability to control interfacial
entropy provides a powerful tool for engineering next-
generation functional materials. Polymer membrane desalina-
tion technologies, like reverse osmosis (RO) and nanofiltration
(NF), have advanced since the 1960s.'°® Membrane perfor-
mance, often inversely correlated between water permeance
and salt rejection, shows a tradeoff and possible upper
bound.'"'*® Using water permeability and water/salt perme-
ability selectivity for analysis reveals clearer trends. Selectivity is
largely driven by diffusivity rather than solubility.
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Fig. 13 Penetration kinetics of PGNPs into the substrate film at elevated temperatures: (a) decay of normalized height (h/ho) as a function of waiting time
(t/to) at temperatures near the respective (T) for f = 0.06 and f = 1.06. Data (symbols) are fitted with an exponential decay (solid lines). (b) Penetration time
Tp V5. (T/Ty) for PGNP-PS systems, highlighting differences between f = 0.06 and f = 1.06, controlled by entropic barriers. (c) MD simulations capture the
entropic barrier effects. Representative snapshots of simulation boxes are shown for (d) f = 1.06 at (t = 2 x 10%*zgm) and (e) f = 1.06 at t = 2 x 10°7gjm.
(f) Temporal evolution of the normalized surface density of PGNPs for the PGNP—-PS system, adapted from ref. 60.
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Water and salt transport in dense polymeric membranes
follows the solution-diffusion mechanism, where small mole-
cules first partition into the polymer matrix and then diffuse
across it under a chemical potential gradient.?°**°" This pro-
cess occurs within the free volume of amorphous regions,
characterized by high chain mobility.>*>*%* Studies have shown
that modifying free volume properties, through changes in
chain mobility or arrangement, influences the permselectivity
of gas separation and ion-exchange membranes, which also
operate via the solution-diffusion mechanism.>***°> However,
the impact of polymer structure on water and salt transport in
desalination membranes remains insufficiently explored.™*

Understanding this relationship is vital for designing mem-
branes with enhanced selectivity, lower energy costs, and
greater longevity. PGNPs have been extensively studied for gas
separation, showing improvements that approach the upper
bound curve. High-density ultrathin PGNP layers also demon-
strate superior thermal and mechanical strength compared to
conventional polymer membranes. These enhancements are
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attributed to the free volume effects and molecular variations
in grafted chains'’>*°*% shown in Fig. 14. Bilchak et al.>*®
reported that the free volume distribution of PGNPs can be
tuned by adding free polymer chains. Adding short free chains,
evenly distributed within the PGNP polymer layer, uniformly
reduces gas permeability without significantly enhancing selec-
tivity. In contrast, free chains of similar length to the grafts,
which occupy interstitial spaces between PGNPs, selectively
hinder larger gas molecules, boosting selectivity by up to two
orders of magnitude with only moderate permeability loss for
smaller gases. This finding highlights the potential to optimize
GNP membranes for selective gas transport by leveraging
entropic effects through tailored free polymer addition.>°® This
work highlights the gas transport behaviour in polymer-grafted
nanoparticle (PGNP) membranes, emphasizing the role of the
interfacial layer in controlling permeability and selectivity.
Fig. 14(A) presents a Robeson plot of CO,/CH, separation,
showing how GNP membranes surpass conventional polymers
by manipulating free volume and interfacial interactions. The
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Fig. 14 Pure gas transport in PGNP/free chain mixtures: (A) CO,/CH,4 Robeson plot of PMA- and PMMA-grafted nanoparticle (NP) membranes under
similar conditions. PMA systems include Mg &~ 100 kDa with “short” (Mg &~ 6 kDa) and “long” (Mgee ~ 96 kDa) free chains. PMMA systems include Mg =~
100 kDa with “short” (Msee & 3 kDa) and "long” (Mgee ~ 90 kDa) chains. PA,-based composites (Mg ~ 30 kDa, M. ~ 30 kDa) are also shown. The solid
black line represents the 2008 Robeson upper bound. (B) CO,/CHj selectivity enhancements in PMA—-GNP composites (Mg ~ 100 kDa) with varying Mgee
and weight fractions. The neat PMA-GNP (open black square) shows maximum selectivity enhancement at Mgee ~ 96 kDa. (C) CH4 permeability
enhancement in PMA-GNP composites with M. & 6 kDa and Mg & 96 kDa at different wgee values. Inset: CO, permeability enhancement. Solid lines
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This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 3443-3472 | 3465


https://doi.org/10.1039/d4sm01549e

Published on 01 april 2025. Downloaded on 02-03-2026 11:56:00.

Perspective

interfacial layer, formed by grafted polymer chains surrounding
nanoparticles, creates a heterogeneous transport medium that
enhances gas diffusion. Fig. 14(B) shows the effect of M, on
CO, permeability, where increased M, initially enhances free
volume and permeability but later leads to chain interpenetra-
tion and densification of the interfacial layer, reducing trans-
port efficiency. Fig. 14(C) highlights the reduced aging effects
in PMMA GNP membranes, attributed to the constrained
motion of polymer chains in the interfacial region, which limits
relaxation and densification over time. Fig. 14(D) presents CO,
permeance and CO,/CH, selectivity as a function of film thick-
ness, showing that thin-film PGNP membranes maintain high
performance due to the stabilizing effects of the interfacial
layer. Finally, Fig. 14(E) provides a schematic of GNP mem-
branes, where the interfacial layer creates free volume, particu-
larly in the distal regions between nanoparticles, facilitating
selective gas transport. Altogether, these figures provide a
comprehensive understanding of how polymer grafting, inter-
facial layers, and nanoparticle structuring influence membrane
performance, underpinned by fundamental polymer physics
and free volume theory.

Inspired by the success of PGNP membranes in gas separa-
tion, we explored the applicability of membranes obtained via
layer-by-layer assembly, using the Langmuir-Blodgett techni-
que, in water desalination.’® This would be beneficial as such
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frugal methods could effectively reduce the overall cost of clean
water production. We modified polyamide (PA) membranes by
coating multilayers of PGNP membranes as captured in the
schematic shown in Fig. 15(a). Unlike most current studies
focused on conventional surface treatments of PA membranes,
this LB approach ensures complete surface coverage, thus
paving new pathways for material development. We utilize
the equations derived in the section on water desalination
membranes to calculate key parameters such as J, 4, Rs, and
the A/B ratio from eqn (22)-(27), enabling a detailed analysis of
membrane performance. We observed that the water per-
meance of these membranes scales inversely with their thick-
ness when comprised of at least three nanoparticle (NP) layers
(Fig. 15(b)). Notably, permeability exhibits a maximum perfor-
mance for an intermediate M, (refer Fig. 15(c) and (d)).
Through osmotic compressibility measurements, we establish
that these effects are driven by the non-monotonic relationship
between membrane-free volume and My, consistent with find-
ings based on gas permeability.>*® Given that solvent and solute
transport mechanisms differ, our constructs provide indepen-
dent parameters to control solvent permeance and permselec-
tivity. This offers an alternative route for developing low-cost,
energy-efficient water desalination membrane technologies.
Additionally, our methodology can be extended to other
membrane separation applications, including gas separation,
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Fig. 15 Comparison and innovation in RO membranes: (a) schematic of membrane preparation-pristine PA-TFC to processed membranes with PGNP
layers added via the Langmuir—Blodgett (LB) method. (b) Water perm-selectivity (A/B) vs. water permeance (A) for input pressures of 60 psi (closed
symbols) and 75 psi (half-open symbols). Membranes with N > 5 and N = 4 at 75 psi exceed the empirical upper bound for RO membranes (dashed line).
Tests were conducted with 2000 ppm NaCl at 25 °C and 60 psi. Higher transfer pressure (IT) improves A/B, indicating it as a key parameter alongside M,
N, and input pressure. (c) Histogram of salt rejection (Rs) and water flux (J,,) for M-PA membranes with varying layer numbers (N). (d) Comparison plot of
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modified PA membrane with PGNP layers. (e) Dependence of k¢ on II for Langmuir monolayers of all PGNPs. (f) Water permeance (A) of the PNC-
modified PA membrane My, for N = 5 layers of PGNPs, adapted from ref. 99.
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due to the versatility of the LB approach used in fabricating
these PGNP multilayers.

As illustrated in Fig. 15(c), membranes with one NP layer
exhibit water permeance comparable to that of the PA layer,
likely due to layer imperfections (“pin holes”). In contrast,
membranes exceeding three NP layers demonstrate a per-
meance that decreases inversely with PGNP membrane thick-
ness, aligning with expectations from the solution diffusion
model.®”*'° Furthermore, for membranes with five NP layers,
permeance reaches a maximum near an average molecular
weight (M,) of approximately 88 kDa, echoing trends observed
in gas permeability for similar materials Fig. 15(e). To under-
stand the non-monotonicity, we probed the membrane com-
pressibility characteristics, defined by x¢ (summarized in
Fig. 15(e)). Careful examination of the curves for the three
grafting molecular weights reveals that at IT = 35 mN m ™, the
compressibility factor (if) is minimized for the M-PGNP
configuration (Fig. 15(c)-(d)). From standard thermodynamic
principles, k¢ is an inverse measure of density fluctuations and
thus relates to available free volume. This indicates that among
equally compact PGNP layers, as captured in Fig. 15(f), for a
fixed number of layers, the permeance A exhibits a non-
monotonic dependence on the graft molecular weight, peaking
around a specific molecular weight. This behavior is ascribed to
variations in free volume within the interfacial layer, as
indicated by the osmotic compressibility modulus (x¢). The
lowest kf, which suggests maximal free volume and conse-
quently higher water flux (J), is observed for the intermediate
graft molecular weight. The lowest k¢, indicating maximal free
volume and thus higher water flux, is observed for the inter-
mediate graft molecular weight. This finding aligns with pre-
vious studies on gas transport,°®?°® confirming that enhanced
free volume facilitates solvent transport. This work summarizes
that by tuning the M, and layer thickness, membrane perfor-
mance can be optimized, offering a strategy for improving
water permeance while maintaining high selectivity in desali-
nation applications.®® The interplay between free volume and
the emergent properties of membranes highlights their trans-
formative potential as a design principle. This intrinsic prop-
erty links the microscopic dynamics of glass-forming systems
with macroscopic functionalities, enabling the rational tuning
of membrane selectivity, permeability, and stability. By lever-
aging the principles of free volume, researchers can navigate
the intricate physics of polymer dynamics to develop
next-generation membranes for critical applications in gas
separation, water purification, and beyond, underscoring the
profound synergy between condensed matter physics and
materials engineering.

9 Perspectives

In this review, we emphasize the pivotal role of the nanoparti-
cle-polymer interface in defining the flow, thermal, mechan-
ical, optical, and electrical properties of polymer PNCs. The
interplay between enthalpic and entropic interactions at this

This journal is © The Royal Society of Chemistry 2025
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interface fundamentally differentiates the behaviour of PNCs,
particularly when comparing conventional composites to those
based on PGNPs. The structure and properties of the interfacial
layer (IL) in enthalpic PNCs are influenced primarily by NP-
polymer interactions and the molecular weight of the matrix
polymer. Conversely, in PGNP-based entropic PNCs, para-
meters such as the molecular weight ratio f, grafting density,
and NP size dictate the IL properties, entropic interactions, and
ultimately, the dispersion and performance of the composite
material. A key insight is the ability to control the microscopic
parameter &, representing matrix chain penetration depth,
through variations in f. This parameter not only modulates
the entropic interactions but also governs the dispersion state
of PNCs, enabling tailored material properties. For entropic
PNCs, the well-dispersed and stable composites achievable
even at high particle fractions offer unique opportunities to
enhance physical properties, such as glass transition tempera-
ture, viscosity, and dynamic heterogeneity. The versatility of the
fparameter, which can control chain penetration, underscores
its central role in designing advanced PNC materials.

When applied to confined systems, such as thin films or
coatings, the dynamics become more complex due to the
presence of a second interface between the film and substrate.
Notably, the dynamical properties of PNC thin films are influ-
enced by the interplay between two critical interfaces: (a) the
PGNP-polymer interface, characterized by &, and (b) the sub-
strate-polymer interface, defined by the thickness of the
adsorbed layer (h;,.). These two parameters can be indepen-
dently tuned through variations in grafted chain size and film
processing conditions, offering a pathway to systematically
modulate viscosity, fragility, and other dynamical properties
under confinement.

In the domain of polymeric membranes for gas separation
and water desalination, the chain penetration between the
grafted polymer layers on adjacent PGNPs emerges as a decisive
factor in controlling parameters like porosity and free volume,
which plays a very important role in improving separation
efficiency. The non-monotonic behaviour of gas separation
efficiency observed in these systems highlights the intricate
relationship between graft molecular weight and membrane
free volume. Specifically, the inverse dependence of density
fluctuations (if) on free volume aligns with enhanced water flux
(Jw) and selective gas permeability, providing novel insights
into the design of energy-efficient separation technologies. By
decoupling the transport mechanisms for solvents and solutes,
PGNP membranes offer independent control over solvent per-
meance and permselectivity, paving the way for innovative, low-
cost solutions in membrane applications.

Overall, this review illustrates how precise manipulation of
NP-polymer interfaces, grafting parameters, and interfacial
dynamics can enable transformative advances in PNC applica-
tions. The modular nature of these systems holds immense
potential for breakthroughs in sustainability-focused technolo-
gies, including high-performance gas separation and water
desalination membranes. Future investigations into the effects
of graft chemistry, hydrophobicity, and density could further

Soft Matter, 2025, 21, 3443-3472 | 3467


https://doi.org/10.1039/d4sm01549e

Published on 01 april 2025. Downloaded on 02-03-2026 11:56:00.

Perspective

deepen our understanding and drive the next generation of
tailored nanocomposite materials.

Looking ahead, a key challenge is leveraging entropic effects
at PGNPs interfaces to design materials with tailored proper-
ties. The discussions in this review focused on the equilibrium
phase behaviour of polymer nanoparticle mixtures. However,
polymers and polymer nanocomposites are often processed at
rapid rates and elevated temperatures. Several experiments
suggest that the subsequent quenching to lower temperatures
may freeze polymers in non-equilibrium conditions.*"*>"
Such nonequilibrated polymers display a rich range of structure
formation processes and properties beyond the predictions of
the equilibrium framework.?****3 Furthermore, external fields
like temperature (heating and cooling of composites) could
introduce additional contributions to the free energy, thereby
allowing the control of the dispersion of PGNPs. For instance,
we revealed® that elevated temperatures enhance the disper-
sion of PGNPs in otherwise immiscible systems. Similarly, any
dynamic changes invoking new contributions to free energy
could allow the harnessing of the dispersion behaviour of
PGNPs. Thus, efforts focusing on understanding the phase
behaviour of nanoparticles in nonequilibrium conditions,
involving processing and external fields, could provide new
avenues to control the dispersion of particles in polymer
matrices. This, in turn, could allow tuning the desired proper-
ties of PNCs in a controlled manner. On the other hand, phase
separation phenomena, such as those in bicontinuous inter-
facially jammed emulsions (Bijels), offer opportunities to create
interconnected networks with tunable mechanical and trans-
port properties. The interplay between grafted polymer chains
and the matrix introduces entropic constraints that influence
phase behaviour and stability. By exploring how grafting den-
sity, molecular weight ratio, and nanoparticle size affect inter-
facial entropic interactions, researchers can develop PGNP-
based materials with enhanced phase stability, hierarchical
structures, and adaptive properties. Such advances could
enable breakthroughs in energy storage, filtration, catalysis,
and responsive coatings, while also deepening our understand-
ing of polymer dynamics in confined environments.
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