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Surface-grafted polymer molecules have been extensively employed for surface
modifications as they ensure changes to the inherent physical/chemical properties of
surface. Bottom-up surface processing with well-defined polymeric structures becomes
increasingly important in many current technologies. Polymer brushes, which are polymer
molecules grafted to a substrate by its one end at close enough proximity (thereby ensuring that
they stretch out like the “bristles” of a toothbrush), provide an exemplary system of materials
capable of achieving such a goal. In particular, producing functional polymer brushes with well-
defined chemical configurations, densities, architectures, and thicknesses on a material surface has

become increasingly important in many fields.

In my dissertation, I employ Molecular Dynamics (MD) simulations to study the interplay

of interactions between nanoparticles (NPs), solvent drops and polymer grafted surfaces under



various system conditions. This study will help us to understand (1) the wetting dynamics of brush
grafted surfaces and the associated brush conformational changes, (2) polymer-insoluble
solvophilic NP assembly in brush grafted surfaces and the steric interactions driven establishment
of direct contacts between a NP and a polymer layer (highly phobic to the NP), and (3) microphase
separation and distillation-like behavior of grafted polymer bilayers interacting with a binary liquid
mixture, and the resulting nanofluidic valving behavior of swollen polymer bilayers in a weak
interpenetration regime.

In Chapter 1, I provide the background and motivation of the research presented in this
thesis.

In Chapter 2, I study the spreading and imbibition of a liquid drop on a porous, soft,
solvophilic, and responsive surface represented by a layer of polymer molecules grafted on a
solvophilic solid. These polymer molecules are in a crumpled and collapsed globule-like state
before the interaction with the drop, but transition to a “brush-like state as they get wetted by the
liquid drop. We hypothesize that for a wide range of densities of polymer grafting (o), the drop
spreading is dictated by the balance of the driving inertial pressure and balancing viscoelastic
dissipation, associated with the spreading of the liquid drop on the polymer layer that undergoes
globule-to-brush transition and serves as the viscoelastic solid. Finally, I argue that these
simulations raise the possibility of designing soft and “responsive” and widely deployable liquid-
infused surfaces where the polymer grafted solid, with the polymer undergoing a globule-to-brush
transition, serving as the responsive “surface”.

In Chapter 3, I employ coarse-grained molecular dynamics (MD) simulations and establish
that under appropriate conditions, it is possible to develop numerous stable direct contacts between
a polymer-insoluble NP and a solvated polymer layer (the polymer layer is phobic to the NP, while

the solvent/liquid is philic to both the NP and the polymer). The NP is driven inside a layer of



collapsed and phobic (to the NP) polymer molecules by a drop of this liquid (which is philic to
both the NP and the polymer layer). The liquid molecules imbibe and diffuse inside the polymer
layer, but the NP remains localized within the polymer layer, due to large Steric effects, ensuring
the establishment of highly stable numerous direct contacts between the NP and the highly phobic
polymer molecules. Finally, I argue that our finding will open up avenues for leveraging NP-
polymer interactions for a myriad of applications even for cases where the polymer molecules are
phobic to the NPs.

In Chapter 4, I study the interaction of a binary mixture drop, containing two-miscible-
liquids, with a polymer functionalized nanochannel that is philic to one of the liquids and phobic
to the other. Liquid-liquid phase separation is achieved due to the asymmetry of interaction of the
liquid species and we observe distillation like behavior wherein the drop becomes progressively

[X13

concentrated with the phobic liquid with each ““pass” with the polymer bilayer absorbing an
increasing fraction of the philic liquid molecules and transitioning into the polymer brush regime.
Depending on the nanochannel height, the number of allowed passes varies, as the polymer chains
stretch out until the oppositely grafted layers overlap and create a dense region of liquid infused
polymer layers that act as a valve. Any further passage of drops through this nano-confined
interpenetrating brush bilayer requires a much greater magnitude of applied force on the drop. I

finally propose a design of nanovalves based on this mechanism of creating partially porous

interpenetrating polymer brush layers.
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Chapter 1: Background and Motivation

1.1. Overview

Functionalizing surfaces by grafting polymer molecules (usually using covalent bonds) is
becoming increasingly popular because of its potential applications in multiple research fields,
such as in chemical sensing, fabrication of hybrid biomimetic materials, tissue engineering,
developing soft nanoscale devices, etc. Polymer brushes refer to grafted polymer molecules (with
tethering being achieved either through covalent attachment or physical adsorption) that are close
enough to each other to ensure that excluded volume interactions enforce these molecules to stretch
out (in the form of bristles of a toothbrush) from the grafting surface.! Over the last few years,
innovative research on polymer brushes has considerably increased its significance in material
science and engineering.>* Polymer brushes with variable conformations and structures behave as
nanoscale “soft” building blocks capable of bestowing functions* — from redox activity to
biocompatibility™°, tunable wettability’ to controlled drug delivery® and friction control® — upon a
broad range of materials, enabling a myriad of nanotechnological applications. Several of these
applications rely on the fact that the conformation and the structure of polymer brush molecules
can be dynamically regulated by a variety of external stimuli (e.g., temperature, pH, salt

concentration, etc.).!”

Molecular dynamics (MD) simulations, which employ the principles of statistical physics to atoms
or group of atoms to understand the molecular level behaviors, have been extensively used to probe

the behavior of polymer brush molecules. In this thesis, the behavior of the polymer brush grafted



surfaces and their interactions with solvent drops and nanoparticles (NPs) will be explored

employing all-atom MD simulations.

1.2. Studying the Wetting Dynamics of Polymer Brush Grafted Surfaces

Regulating the wettability of material surfaces is extremely important for realizing special
functionalities for a wide range of applications. Many methods have been developed and employed
to control the wettability of material surfaces. The surface-grafted polymer brush technique, as one
universal chemical modification strategy, exhibits unique advantages in controlling the surface
wettability of materials. Especially, the surface-grafted stimulus-responsive polymer brush
technique can offer the unique capability of controllably and reversibly changing the surface
wettability, resulting from the dynamic conformation transition of polymer chains under external

stimuli.

The behavior of multicomponent macromolecular systems at surfaces can differ significantly from
that in the bulk because of preferential affinities of one or more components to the interface or the
surrounding media.!! For example, if we have a multicomponent polymer brush consisting of two
distinct polymeric constituents of dramatically different surface energy characteristics, switching
the interfacial organization of the polymer layer will lead to changes in wettability. Hence, by
treating the surface with solvents selective to only one of the polymer types, rearrangement occurs
revealing either the high or low surface energy constituent. This is the reason why a most common
strategy for achieving solvent-responsive surfaces is the combination of two moieties with
different solubility in the same polymer layer.!? It is also important to note that by placing two
incompatible polymer brushes in close proximity phase separation can occur when the surface is

exposed to solvent.!® For instance, a binary film containing poly(styrene) (PS) and poly(2-



vinylpyridine) (PVP) becomes hydrophobic upon exposure to toluene, Oaw ~90°. This can be
attributed to phase separation of the polymer chains since PS preferentially swells in toluene
increasing its fraction at the surface. Conversely, the exposure of the film to acidic water, a good
solvent for PVP, switches the surface into a hydrophilic state, Baw ~35°, since polymer
rearrangement now brings the charged PVP to the surface.!® Similarly, Lemieux et al. reported a
film containing poly (methyl acrylate) (PMA) and poly(styrene-co-2,3.,4,5,6-pentafluorostyrene)
(PSF) brushes exhibiting switchable wettability when exposed to acetone (selective for PMA) or
toluene (selective for PSF).'* After treatment with toluene, the surface becomes enriched with PFS
and contact angles of 95°-100° are seen, in line with that for the homopolymer. However, after
treatment with acetone, the surface becomes enriched with PMA and excessive surface roughness
is also observed: the resulting contact angles are therefore found to be around 117-122°, which is

much higher than that seen for the corresponding PMA homopolymer.

1.3. NP-Solvent Interactions with Brush Grafted Surfaces

Introducing nanoparticles (NPs) into a grafted polymer layer gives rise to a wide range of new
hybrid materials.!>!® Such brush-NP systems have broad applications in various fields including
sensors, information storage devices, medical diagnostic tools, and catalysts, depending on the
combination of the NPs and the polymer brush.!” The brush-NP hybrids also serve as a model
system to study drug delivery.'® Furthermore, if the polymer brush is responsive to some
perturbations or signals, then the hybrid materials can be used as active components to make
various “smart” systems. '’

For a given brush-NP composite, the state of the brush and the distribution of NPs in the brush are

critical factors that determine its prospect for particular applications. These considerations have



motivated many experimental studies on controlling the NP distribution and organization in a
polymer brush so that certain functions can be realized.!” The hybrid structure is determined
collectively by the strength of the enthalpic NP-polymer interaction,'® the brush characteristics
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including grafting density,"” thickness,? pattern,?!**> composition,* and possible gradients of
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these properties,?>?” and the solvent being used.?®

1.4. Grafted Polymer Bilayer Drives Separation and Valving of Binary Mixture
Drops

The effort to separate a mixture of highly miscible liquids by enforcing the liquid mixture into a
nanoconfinement that imparts distinctly different influences on the liquid has seen significant
interest over the past few years (Refs. xxx in Chapter 4). Similar separation of miscible binary
liquid mixture that occurs in absence of any confinement but leverages the differences in the
volatilities of these two liquids, is popularly known as the distillation and has been practiced for a
long time. It is worthwhile to investigate if such distinct influence that drives the separation of a
miscible binary mixture can be afforded by making the binary mixture interact with grafted
polymeric layers with the polymer showing different influences on the two liquids. If such
separation is possible, it would be also possible to repeat the separation procedure using the same
system stemming from the possible continuous changes in the swelling of the grafted polymer
layers (on interacting with the liquids), thereby providing a dynamically increasing space for the
liquids to localize after being separated. The same mechanism can be also utilized for nanoscale
valving of liquids, where by changing the state of the swelled polymer layer (by changing the
amount of a specific liquid inside the swelled polymer layer), it will be possible to trigger a

controlled release (or controlled valving) of another liquid. Nanoscale liquid valves that enable an



on-demand controlled release of very little volume of liquid is of great technological significance
and there has been considerable progress in fabricating nanoscopic valves that enable the
controlled and on-demand release of as little as few molecules of a particular species®**? with

30-32.3738 pogssible treatment of osteoarthritis,* corrosion

potential applications in drug delivery,
inhibition,*® etc. On the other hand, investigations probing the design and development of nano-
valves that enable the on-demand and regulated release of miniscule volume of liquids (e.g.,
femtoliter-scale liquid volume)*'** have been rather scarce. Therefore, this grafted polymer layer

driven nanoscale liquid valving, enabling on-demand release of desired amount of a given liquid

can be of great nanotechnological significance.

For my dissertation thesis, I have studied the interplay of interactions between NP, solvent
molecules and the grafted polymer molecules in a variety of systems. I have described below the
various MD simulation setups studied for the purposes of this dissertation which is discussed along

with subsequent analysis and possible future studies.



Chapter 2: Wetting Driven Globule-to-Brush Transition of Polymer-
grafted Surfaces”

Abstract

We employ molecular dynamics (MD) simulations to study the spreading and imbibition of a liquid
drop on a porous, soft, solvophilic, and responsive surface represented by a layer of polymer
molecules grafted on a solvophilic solid. These polymer molecules are in a crumpled and collapsed
globule-like state before the interaction with the drop, but transition to a “brush’-like state as
they get wetted by the liquid drop. We hypothesize that for a wide range of densities of polymer
grafting (og), the drop spreading is dictated by the balance of the driving inertial pressure and
balancing viscoelastic dissipation (associated with the spreading of the liquid drop on the polymer
layer that undergoes globule-to-brush transition and serves as the viscoelastic solid). Using the
well-known idea that the viscoelastic resisting force exerted by the viscoelastic solid on a
spreading drop scales as u" (where n is the index of the power-law-like rheology of the polymer
layer serving as the viscoelastic solid and u is the spreading velocity of the drop on this viscoelastic
solid) and considering n=2/3, we show that the scaling calculation recovers the MD simulation

! and reg~ 04717 (Where r and re, are the instantaneous and equilibrium spreading

prediction of r~
radii). We further describe the wicking behavior of the drop through the polymer layer by
appropriately accounting for the manner in which the progressive time-dependent swelling of the
grafted polymer molecules provide larger space for the wicking. Third we quantify, possibly for

the first time, the temporal dynamics of the “brush” forming process (i.e., capture the dynamics

of wetting-mediated globule-to-brush transition). We show that the dynamics of the polymer chain

* Contents of this chapter are published as: Etha, S. A., Desai, P. R., Sachar, H. S., & Das, S. (2021). Wetting
Dynamics on Solvophilic, Soft, Porous, and Responsive Surfaces. Macromolecules, 54(2), 584-596.



swelling depends on og and is faster for sparser grafting. Most importantly, we confirm that the

height of the relaxed polymer chains approximately scales as a3

g confirming the attainment of

brush-like configuration by the polymer molecules as they are wetted by the liquid drop. Finally,
we argue that our simulations raise the possibility of designing soft and “responsive” and widely
deployable liquid-infused surfaces where the polymer grafted solid, with the polymer undergoing

a globule-to-brush transition, serving as the responsive “surface’.

2.1 Introduction

Studying the behavior of liquid drops on surfaces of various complexities has been critical in

designing and fabricating a wide variety of surfaces that demonstrate different wettabilities**>°
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and could be employed in various energy and biomedical®*> applications as well as
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applications such as heat transfer enhancement,’®® fabrication of anti-biofouling, anti-

62-64 65-67

corrosion, anti-icing, anti-bacterial,®’ and anti-thrombotic®® surfaces, enhanced oil-water

separation,®%®

and many more. Advancement of computational techniques have enabled a
nanoscale exploration of the drop-substrate interactions shedding light on fundamental
mechanisms dictating these different interactions as well as enabling designing of surfaces with

novel properties.’-%>

In this study, we employ Molecular Dynamics (MD) simulations to probe the spreading
and imbibition (wicking) dynamics of a liquid drop on a solvophilic, porous, soft, and responsive
surface. The surface consists of polymer molecules (and therefore behaves as a soft surface)
grafted on a solvophilic solid. Initially, the polymers are not in contact with any solvent. This is

equivalent to the polymers being in an unfavorable (or a “poor”) solvent making them attain



crumpled or collapsed or “globule”-like configuration.?® Subsequently, when the polymer
molecules come in contact with the liquid drop to which they are philic (as we are studying the
drop dynamics on a philic polymer layer), the polymer molecules experience a change in solvent
from a “poor” (no solvent case) one to a “good” one and accordingly undergo a globule-to-brush
(or equivalently collapsed-state-to-brush-state) transition (see Fig. 2.1). This transition represents
a swelling/stretching of the polymer molecules in presence of the good solvent: this is similar to

the classical globule-to-coil transition,3”-

with the key difference being the fact that in the present
case, the polymer molecules being grafted at close proximity to each other attain a “brush”-like
state instead of a coil. As the liquid drop comes in contact with the grafted layer of solvophilic
polymer molecules, the drop spreads and wicks through this layer. Therefore, the soft surface
behaves as a porous, nanoresponsive (“responsive” over nanoscale), and solvophilic substrate.
Such unique substrate characteristic has been achieved by grafting it with polymer molecules
undergoing a globule-to-brush transition, as the polymers change from non-wetted to wetted states.
There have been prior simulation and experimental studies that have considered imparting
different functionalities to a substrate, in terms of its interactions with a liquid drop, by grafting
the surfaces with polymer molecules (or polymer brushes).”?”® The present study adds to that
endeavor and studies a unique problem of drop dynamics on a surface that is simultaneously philic,

porous, soft, and “responsive” and responds (with the grafted polymers undergoing a globule-to

brush transition) to the motion of the drop.

Our results first probe the detailed mechanism of the three simultaneously occurring
dynamic processes: the drop spreading, the drop wicking, and the response of the grafted polymer
molecules as they transition from non-wetted to wetted states (and undergo a globule-to-brush

transition). With regards to the spreading dynamics of the drop, we hypothesize that for a wide



range of densities of polymer grafting (c¢), a balance of the driving inertial pressure and balancing
viscoelastic dissipation drives the spreading. The viscoelastic dissipation is associated with the
polymer layer serving as responsive viscoelastic substrate. An average value of n=2/3 (where n is
the index of the power-law-like rheology of the polymer layer serving as the viscoelastic solid®>5)
ensures that the scaling calculation recovers the MD simulation prediction of 7~¢""* and re;~ 6, ™2
(where r and r., are the instantaneous and equilibrium spreading radii). We also quantify the
wicking behavior of the drop through the grafted polymer layer in a manner that takes into
consideration the different rate of polymer swelling (and the consequent different rate of
availability of the space for wicking) for different grafting densities: such a consideration ensures
that the wicking fraction shows similar power law behavior (with time) for different grafting
densities. Furthermore, we establish the responsive nature of the surface by quantifying the
dynamics of the globule-to-brush transition of the polymer molecules as they come in contact with
the liquid drop. It represents one of the earliest attempts to study the time-dependent “dynamics”
of how grafted polymer molecules change from globule-like to brush-like states. We establish that

the dynamics of the grafted polymer molecules depends on 6, and that smaller 6 corresponds to

faster dynamics of the grafted polymer molecules. Most importantly, we establish that the final

/

equilibrium height of the wetted polymer molecules approximately scales as o /3 confirming the

g
attainment of brush-like configuration by the polymer molecules as they come in contact with the
liquid drop. Finally, we argue that this overall process of a drop spreading and wicking into a layer
of philic polymer molecules, which themselves undergo a globule-to-brush transition as they
change from non-wetted to wetted states coming in contact with the drop, is equivalent to the

) 99-106
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formation of soft and responsive liquid-infused surfaces (LISs where the rigid substrate

grafted with the responsive (undergoing globule-to-brush transition) polymer layer serves as the



“surface” part of the LISs. While polymer brushes and grafted polymer layers have been
extensively studied for a variety of difference applications over the past several decades, to the
best of our knowledge, this is the first time that the grafted polymer molecules and their ability to
transition from “globule” to “brush” state in presence of the appropriate solvent has been leveraged

to conceptualize the design of LISs.

In summary, therefore, our paper sheds light on the following fundamental and applied issues.
First, it is possibly one of the first studies that probes the simultaneous spreading and wicking of
a liquid drop on a soft substrate. Drop spreading dynamics on soft surfaces have been extensively
studied; however, these studies have always considered an impenetrable soft solid. Here on the
contrary, we consider the drop spreading on such a soft surface that also allows for drop wicking.
In fact, this wicking eventually leads to a complete mixing between the imbibing drop and the
polymer layer (with the drop and the polymer layer being chemically identical). Previous

studies’®”’

probing the interaction of polymer melt droplet with a layer of chemically identical
polymer brushes have predicted the attainment of such completely mixing state at equilibrium: we
use the scaling calculations provided in these studies'®”"!% to confirm the validity of the attainment
of such complete mixing state with our chosen set of parameters. Second, we discover that the
spreading dynamics obeys behavior that is similar to the case when the drop spreads on a soft and
viscoelastic solid and the drop spreading is balanced by the balance of the capillary pressure and
the viscoelastic resistance (imparted on the drop by the viscoelastic solid). Therefore, we
hypothesize that the layer of the grafted polymer molecules that undergo a “globule-to brush”
transition serves as a viscoelastic solid. Third, to the best of our knowledge, this is also an example

where the drop spreading and imbibition occurs on a soft substrate that “alters” its configuration

in contact with the incoming liquid from the drop. In other words, this study represents one of the
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first examples of drop spreading on a substrate that is not only soft, viscoelastic, and porous but
also responsive and dynamic (i.e., undergoes a time-dependent transition). Finally, these specific
interplays of the drop and the substrate enable us to conceptualize a system where a substrate
grafted with a layer of responsive polymer molecules can serve as the “surface” of a novel design

of an LIS.
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2.2 Computational Methods

We study the dynamics of a polymeric liquid drop (octane) interacting with solvophillic (i.e., philic
to this liquid drop) grafted polymer molecules (considered as simple alkanes) grafted on a
solvophillic substrate by performing Molecular Dynamics (MD) simulations carried out using the
LAMMPS software package with a united-atom model.!” We consider an infinitely long
cylindrical 2D drop and accordingly choose a significantly smaller box width. The simulation box
dimensions are x X y X z = 35004 x 504 x 650 A, with a much smaller y-dimension. The
simulation domain is periodic in both the x and y directions, but not in the z-direction, where a

fixed boundary condition is implemented.

As mentioned earlier we use a united-atom model for both the grafted polymer layer as well as the
polymeric drop. We choose a simple alkane with 40 monomers as our grafted polymer molecules
while the liquid drop is octane (8 monomer units). A uniform reflective wall is placed at the top of
the simulation domain to prevent the liquid molecules from escaping. We use a-quartz, which is a
polymorph of silica, as our solvophillic substrate. Silica has been shown to be extremely philic
(contact angle, 6 ~ 0°) to most n-alkanes,''® and we tested this with our MD simulations as well.
Our simulations confirmed that in the absence of the grafted polymer molecules, hexane formed a

thin film on the quartz substrate verifying the philicity of quartz towards hexane.

The grafted polymer molecules as well as the polymeric liquid drop are modelled using the OPLS-
UA force field known to predict the properties of alkanes accurately.!!! A previous study on ethane
liquid-vapor interface by Taylor and Shields!!? using OPLS-UA as well as OPLS-AA (all-atom
force field) found that the calculated surface tensions for OPLS-UA force field were in qualitative

agreement with experimental data. More recently, da Silva et al.!'® conducted a comprehensive
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study of the most common all-atom and united-atom force fields for the description of liquid
properties of alkanes. They observed that OPLS-UA performed better than most other force fields
for the calculated values of surface tension (of n-octane) (only being outperformed by GROMOS)
as well as for the values of interfacial tension (of n-octane with water). They also concluded that
among the force fields considered in their work, the united atom models perform better than the
all-atom models for n-alkanes. Under these circumstances, we believe that the choice of OPLS-
UA should give us qualitatively accurate results. The bonded and the non-bonded interaction
parameters for the grafted polymer molecules and the liquid drop have been obtained from the
OPLS database. On the other hand, the quartz substrate is modelled using the TraPPE-zeo force
field.''* We do not consider any Columbic interactions in our system (since most of the species
are uncharged and we also neglect the effect of partial charges on quartz). Furthermore, the non-
bonded interactions in our system only include a shifted-truncated 12-6 Lennard Jones (LJ)
potential with a cutoff of 13 A. For the interactions between the liquid drop and the grafted polymer
molecules as well as interactions between the substrate and the polymeric species (liquid drop as

well as the grafted polymer molecules), we use the Lorentz-Berthelot mixing rules.

The simulations are carried out in an NVT ensemble using the Nosé-Hoover thermostat.!!>!1¢ All
simulations are performed with a timestep of 2 fs and the relaxation time of the thermostat is
considered to be 100 timesteps (200fs). We start the simulation with the temperature of all the
particles set at T=0 K, and gradually increase the temperature to 300 K, while keeping the liquid
drop fixed at a large enough distance away from the grafted polymer molecules so that their
interactions are negligible. We then displace the drop in the negative z-direction to bring the drop
closer to the grafted polymer molecules. The droplet is displaced to a height of 15 A above the

polymer layer and is then allowed to freely interact with the grafted polymer molecules to begin
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the wetting process. As a result, drop undergoes spreading and imbibition (on the grafted polymer
layer) and attains an equilibrium configuration. Subsequently, we run the simulations for another
4 ns to ensure that the overall system has equilibrated. This additional simulation time is necessary
for allowing the longer alkane chains of the polymer molecules attain equilibrium after the liquid
drop (consisting of smaller octane molecules) have already equilibrated. Usually, grafted polymer

117

molecules take a few hundred 7,; to equilibrate,”’ " where 7, is the characteristic LJ timescale

2
defined as 7,; = ’m: , where m is the mass of the monomers of the grafted polymer molecules

and o and ¢ are the corresponding distance and energy parameters associated with the LJ interaction
potential for the monomers. For our case, for n-alkane 7,; = 4 ps, implying that we use an
equilibration time of at least 10007, (i.e., 4 ns), which is sufficient to ensure the equilibration of
the grafted polymer molecules. The liquid drop, on the other hand, consists of smaller chains of
the same polymer (octane), implying it requires a shorter duration for equilibration. We shall like
to point out here that we employ the stability of the height of the polymer layer (i.e., the height of
the polymer layer does not change significantly with time) as the criterion to determine
equilibration of the polymer molecules. This also requires that the drop spreading stops and that
the drop attains an equilibrium state, confirmed by ensuring that the drop contact radius and the

drop contact angle attain an equilibrium value. In order to further quantify equilibration, we

((h(®)—(h))((0)—(n)))
(h?)—(h)?

calculate the autocorrelation function, C,(t) = (where (h) denotes the mean

value of the brush height) for the average brush height. Fig. A.5 in Appendix A provides the
variation of the autocorrelation function of the average brush height for all grafting densities. From
Fig. A.5, we can quantify the corresponding autocorrelation time scale to be less than 50ps for all

grafting densities, which implies that an equilibration time of 4 ns should be sufficient for statistical
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sampling. We collect data every 2ps, ensuring that most of the dynamics are captured. We carry
out simulations with four different grafting densities (o) of the polymer chain. o is defined as the
number of chains grafted per unit area of the substrate. Usually, we represent it in terms of the
number of polymer chains per ¢? area of the substrate, where o = 3.905 A is the LJ distance
parameter for the methyl group on the polymer chain. For example, the grafting density for an
inter-chain separation of /=12 A would be given as 6; = 3.905%/12? x 1/6*= 0.1/ 6°. Also, all the

visualizations of the atomic trajectories are performed using the open-source software OVITO.!'!8
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2.3 Results

Figs. 2.1(a-d) provide the MD simulation snapshots for describing the wetting behavior of a
cylindrical LJ drop of octane on the solvophilic grafted alkane polymer layer for a grafting density
c.=0.1/c%. We observe that the liquid penetrates the polymer chains while spreading, indicating
the attainment of the mixing wetting state as described by Mensink et al.”* The occurrence of
spreading is confirmed by noting a progressive increase in D, which is the contact diameter (twice
the contact radius r). Also, the snapshots for the later time instants clearly show the
penetration/imbibition/wicking of the liquid molecules within the grafted polymer layer. As the
liquid drop comes in contact with the polymer molecules, which are in a crumpled and globule-
like state in absence of the drop, the polymer molecules transition to a brush-like state (as

confirmed later, see Fig. 2.6, by showing that the height of the grafted polymer molecules
approximately scale as agl / 3).119 We elucidate this exact transition by providing the “zoomed” in

views of the time response of some of the chosen grafted polymer molecules [see Figs. 2.1(e-)].
For a clearer visualization, we do not show all the polymer molecules along a given length of the
solid surface; rather we show only a selected few. As expected, these molecules are in a crumpled,
globule-like state initially, i.e., when the drop is yet to come in contact with them. However, over
time, as the drop penetrates more and more into the polymer layer (this extent of penetration can
be observed by noting to what extent the liquid front crosses the black line that provides the
instantaneous average height of the grafted polymer molecules), the grafted polymer molecules
sense the presence of a “good” solvent in its vicinity and stretch out to form the brushes. This
crumpled-state-to-brush-state transition is even clearly manifested in Figs. 2.1(i-1), where we
simply provide the snapshots showing the configuration of one single grafted molecule. In Fig.

A.1 in Appendix A, we provide the same set of MD simulation snapshots describing the spreading
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and wicking of the liquid drop as well as the globule-to-brush transition of the grafted polymer

molecules for another grafting density value (c,=0.31/c%). For this case too, we observe that the
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liquid penetrates the polymer chains while spreading, thereby giving rise to the mixing wetting

State.
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Figure 2.1. (a-d) MD simulation snapshots showing the interaction of the polymeric liquid drop
with the layer of grafted polymer molecules (grafting density g=0. ]/02) at different time instants

(identified on top of each snapshot). For these figures, the interaction is shown by depicting the
entire length of the layer of the grafted polymer molecules. In the inset of these subfigures, we
highlight a smaller section of the layer of the grafted polymer molecules providing a more detailed
view of the solvent-polymer-molecule interface. The simultaneous spreading and wicking of the
liquid molecules (inside the layer of the grafted polymer molecules) become apparent from these
snapshots. In subfigures (a-d), D represents the contact diameter. (e-h) Zoomed MD simulation
snapshots showcasing the behavior of the liquid molecules and the grafted polymer molecules
corresponding to the region highlighted in (a) for different time instants (identified on top of each
snapshot). These snapshots show that as the liquid penetrates more and more into the polymer
layer (the extent of this penetration is represented by noting the location of the liquid front with
respect to the black line that provides the instantaneous average height of the grafted polymer
molecules), the polymer molecules swell and stretch out to take the form of brushes (the fact that
they attain brush-like configuration is established in Fig. 2.6). For a clearer visualization, we do
not show all the polymer molecules along a given length of the solid surface; rather we show only
a selected few. (i-1) Zoomed MD simulation snapshots showcasing the behavior of a single grafted
polymer molecule undergoing a crumpled-state-to-brush-state transition over time (the respective
times are identified on the top of the snapshots).



We next quantify the spreading dynamics of the liquid drop as it comes in contact with the soft
and responsive surface. Fig. 2.2(a) provides the contact radius () of the liquid drop as a function
of time (¢) for different grafting densities of the polymer chains. Regardless of the grafting
densities, we recover a r ~ t'/# variation (from a fit to the MD simulation results), except at early
times of spreading. This is a stark variation from the conventional power laws associated with the
spreading of drops on solid substrates, where one witnesses r ~ t/2 (for the early inertial
regime;’%%312% for the MD simulation of drops this is the only regime that gets manifested’***) and
r ~ t1/10 (for the late viscous regime with the drop spreading obeying the Tanner’s Law; this
behavior is reproduced in experiment and scaling calculations).!?!"'?> Here we provide a detailed
scaling calculation for describing this spreading process exhibiting ~¢'"4. For drop spreading, the

) 70,83
2

key driving force is the capillary pressure (peap expressed as:

R
pcap"'};_za (1)

where v is the liquid drop surface tension, R is the drop radius, and r is the contact radius. The -
vs-t scaling depends on the force that balances this driving capillary pressure. For the drop in the
inertial regime the inertial pressure (pinweria) balances this capillary pressure. Following Refs. 70

and 83, we can express pinweriar as (With u=dr/dt being the spreading velocity):

d 2
pinterial~pu2~p (d_:) . (2)
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Balancing pcqp With pinerial, Wwe can write:

Pcap~Pinterial = A ~p (%)2 = rdr~ (%)1/2 dt = r’~ (%)1/2 t=>r~ (%)1/4 tl/z_ (3)

r2

t1/2

Therefore, in the inertial regime r~¢'~ — as already pointed out, for MD simulations of drops

spreading on rigid solids, this is the only regime that has been witnessed.”’*

On the other hand, if the viscous and viscoelastic resistances become the dominant resistance
mechanisms (balancing the driving capillary pressure), we shall get different scaling predictions.
The viscous dissipation force scales as u (this dissipation occurs due to the liquid motion within
the spreading drop),'>*12* while the viscoelastic force scales as " (this dissipation occurs with the
drop interacting with the solid that is soft and viscoelastic; also » is an exponent that is typically
less than unity).?”-9%123:124 Therefore, by balancing the driving capillary pressure with the viscous
force per unit area (expressed as ~ K;u, where K; is a constant), we can obtain:

Z_f ~Kiu = );_f ~Ky (%) = ridr~ (Z_R) dt = 1>~ (]I/(_R) t=r~ (%)1/3 tY3.(4)

1 1

On the other hand, by balancing the driving capillary pressure with the viscoelastic resisting force

per unit area (expressed as ~ K,u™, where K> is a constant), we can obtain:

1 1

R R ar\" 2 R\n 2 R R\z+n ,
L ~kut =L ~K, (—r) = radr~ (y—)n dt = rati~ (y—) t=>r~ (y—)“n tz+n, (5)
r dt K. K. K.

2 2 2

For n=2/3, eq.(5) yields r~t'/*, which is the scaling behavior resulting from the fit to the MD

simulation results.
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In Fig. 2.2(b), the equilibrium contact radius (7.;) attained by the drop at the end of the spreading

is plotted as a function of the grafting density (o). Interestingly, 7., decreases with an increase in

o, The viscoelastic resistance force (per unit area), can be expressed as:?%123:124

u n
fviscoelastic"' (;) , (6)
where 1" is the characteristic velocity that scales as:*’
u*~G71 (7)

Here G is the static shear modulus, which for a layer of grafted polymer brushes (this is the final

state of the grafted layer) scale with the polymer brush grafting density (g,) as:'*
G~aj. (8)

For a perfectly wetted brush, we have p=2 (see Ref. 125). However, for the present case, we
consider a liquid drop, which although enforces the grafted polymer molecules to approximately
brush-like states, causes an issue of undersaturation (see the DISCUSSIONS section later).

Accordingly, as a conservative estimate, we consider a generic value of p with 1 < p < 2.
Considering fyiscoetastic~Kou™ and eqs.(6-8), we can write:

K ~*) ™ ~G"~a)". (9)
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Therefore, using €q.(9) in eq.(5) and using the condition that when the drop is in equilibrium (i.e.,
r=req) the grafted polymer molecules are in brush-like state (such that G~agp ,withl <p < 2),we

can write:

1
_pn

YR \2+n 2+n
req~<?) = Toq~0, """ (10)

With n=2/3 and p=4/3, eq.(10) yields:
req~ag_1/3, (11)

i.e., we perfectly recover the scaling behavior resulting from the fit to the MD simulation results

[see Fig. 2.2(b)].

The above scaling calculations rely on expressing the viscoelastic resistance imparted on

the drop to be proportional to #”. Such a consideration has been widely accepted through the works

123,124 97,98

of Shanahan and co-workers in the nineties and Snoeijer and co-workers in recent times.
Both these groups successfully verified such a behavior by theory and experiments. The second

critical issue is the choice of n. Karpitschka et al. pointed out that n is a measure of the power law

rheology of the viscoelastic substrate with G"(a))m o for the substrate (where G" is the loss
modulus of the viscoelastic solid and @ is the frequency).®® They also pointed out that for typical
soft and viscoelastic gels, n< 1 with values ranging between 2 and 2/3. Shanahan and co-workers
also pointed to # value that can be in the similar range.'?* Therefore, we can infer that while it is
not entirely possible to predict the exact rheology of the responsive grafted polymer system,
considering it to be a viscoelastic solid with n=2/3 is not too unrealistic a choice. Finally, we

provide a physical argument supporting the consideration of the grafted and responsive polymer
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layer as a viscoelastic solid in the context of the spreading of the liquid drop. A spreading liquid
drop is considered to be subjected to a viscoelastic resistance from a solid if the solid itself
undergoes some configurational changes on account of the force exerted by the moving drop
contact line. For example, Karpitschka et al. showed that a liquid drop moving on a viscoelastic
solid significantly deforms the solid and that deformation, coupled with the thickness of the
viscoelastic solid, dictates the attraction or repulsion of two adjacent drops.”® In another study,
Karpitschka et al. showed that for a single drop, the ridge formed on the solid due to the surface
tension pull from the liquid contact line migrates as the drop migrates (with a contact line velocity
u) and the “tilt” of the ridge scales as #".’ In the present study, the solid being composed of the
responsive polymer layer is affected and deformed by the drop spreading (at every stage of the
spreading) and therefore, we can hypothesize such a grafted and responsive polymer layer as a

representative viscoelastic solid.

As a part of probing the drop dynamics, we also provide the time variation of the drop dynamic
contact angle as it spreads on the polymer-grafted substrate for different grafting densities [see
Fig. 2.3(a)]. The extreme philicity of both the grafted polymer molecules and the solid grafting
substrate ensures that for all the grafting densities, the dynamic contact angle of the spreading drop
decreases very quickly and attains an extremely small equilibrium value 6., (of only a few
degrees). In Fig. 2.3(b), we provide the variation of 8., as a function of g,. At equilibrium, for

very small 8,,, approximating the drop profile as a cylindrical cap, we could write (with Vg, being
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the volume of the cylindrical cap, which is constant and is identical to the volume of the liquid

drop, and /., being the equilibrium drop height with /e,<<re):
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Figure 2.2. (a) MD simulation results showing the dynamics of drop spreading by quantifying
the variation of the contact radius » with time for different values of the grafting density (cg).

The fitting to the MD simulation results, showing r~t1/4 is shown by dashed lines. The scaling
calculations, considering that the drop spreading is governed by the balance of the driving
capillary pressure and the resulting viscoelastic dissipation yields the same scaling behavior if
one considers the exponent (dictating the viscoelastic rheology of the solid) as n=2/3. (b) MD
simulation results showing the variation of the equilibrium contact radius Fou with the grafting

density (csg). A fit to the MD simulation result, yielding req~ag_1/ 3 is shown by the dashed
line. The scaling calculations, with n=2/3, reproduces this behavior.

Eq.(12) explains the reason for which we observe 96q~agl /3 by fitting the results from the MD

simulations [see Fig. 2.3(b)], given that one obtains req~ag_ 1/3 [from the fitting of the MD

simulation results, see Fig. 2.2(b) as well as from the scaling calculations (see above)].

In order to confirm that in its final equilibrium wetting state, the liquid retains its “drop-

like” configuration, in Fig. A.4 (see Appendix A) we depict only the droplet as it spreads over the
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substrate grafted with the polymer chains. In this visualization, the polymer chains are “turned off”
to make them invisible, although the spreading still occurs in their presence. This allows us to
understand the drop spreading more clearly. The subfigure S4(c) depicts the equilibrium structure
of the drop, and although the contact angle is quite small (only a few degrees), the drop
configuration is still preserved (and we do not encounter a liquid film). The contact angles are
calculated using curve-fitting through the edge of the 2D drops and although it is true that the
individual polymer molecules of the liquid droplet and the grafted polymer molecules show
relatively large fluctuations in their positions and heights respectively, the contact line is pinned
(fixed in position) at equilibrium, and so the contact angles determined using curve-fitting attain a
stable value at equilibrium. Of course, these equilibrium contact angles are small since the polymer
molecules are extremely solvophilic, and so they look indistinguishable. However, we use 3-A-
wide vertical bins and the resolution of this method for the drops in our study is less than 0.5° (the
exact value depends on equilibrium radius of the drop). Accordingly, the drop equilibrium contact

angle, which is still much larger than this resolution, can be easily captured.

Finally, it can be noted that the results from the scaling argument deviate from the MD
simulation results at low grafting densities (this is especially apparent in the variation of the contact
radius). Our scaling arguments assume that the grafted polymer layer behave as a continuous soft
deformable surface (with a finite shear modulus) on which the drop spreads and imbibes. However,
at very small grafting densities, the inter-chain separation becomes so large that the continuum
description of the grafted polymer layer starts to break down, causing this difference between the

results from the scaling arguments and the MD simulation results.
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Figure 2.3. (a) MD simulation results showing the dynamics of drop spreading by quantifying
the variation of the dynamic drop contact angle 6 with time for different values of the grafting
density (csg). In the inset of the figure, we zoom the variation of 8 corresponding to the later

time instants of the spreading process. (b) MD simulation results showing the variation of the
equilibrium contact angle Geq with the grafting density (cg). A fit to the MD simulation result

yielding 6,,~0,"/3 is shown by the dashed line.

The drop, other than wetting, also exhibits imbibition into the soft substrate as it spreads. The
imbibition occurs simultaneously with the swelling of the polymer chains. In order to characterize
this behavior, we first determine the instantaneous number density of the drop liquid molecules
[nwi(?)] that have imbibed/wicked into the grafted polymer layer (that itself is undergoing swelling)
within a region that is x,x =10-nm wide and localized below the drop and around the drop center
[shown in fig. 2.4(a)]. nwi(f) is computed as the ratio of the instantaneous total number of the drop
liquid molecules [Nui(¢)] that have imbibed/wicked into the grafted polymer layer within the
above-identified region (see section A.2 in Appendix A for the specifics of how the
imbibed/wicked drop liquid molecules are identified) to the instantaneous average volume of the

grafted polymer layer (of the above-identified region). This average volume is the product of the
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instantaneous average height 4(¢) of the polymer layer and the cross-sectional area (x.« Xy», where

» 1s the dimension of the simulation box in y direction). Therefore, we can write:

_ ka(t)
Muwie(£) = h()XwkYp )

Similarly, we define the maximum number density n.io (or steady state number density) of the
imbibed liquid within this same region that is x,x =10-nm wide and localized below the drop and

around the drop center [shown in fig. 2.4(a)] as:

_ Nwko
Mhwko = hoXwkYb ©)

where Nyio 1s the total number of liquid molecules that have imbibed/wicked into the grafted
polymer layer (within the above identified zone) and 4y is the final average equilibrium height of
the grafted polymer layer (of the above identified zone). Finally, we quantify the wicking by

defining a wicking fraction, which is the ratio of these quantities, i.e.,

Wicking Fraction = ~¥% (7)
Nwko

In Fig. 2.4(b), we provide this wicking fraction for various grafting densities. We observe that for
all the values of the grafting density, the wicking fraction scales as #->>*92_ as obtained from fitting
the MD simulation results. An increase in the grafting density leads to a much slower rate of
swelling of the polymer molecules (see Fig. 2.5). This would imply that the rates of the availability
of the volume through which the drop molecules can wick get reduced with an increase in the
grafting density. Therefore, defining the wicking fraction on the basis of the number density of the

wicked drop molecules that accounts for the initial height of the grafted polymer molecules (which
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signifies the space available to the liquid drop molecules for imbibition/wicking) ensures the

wicking fraction shows a scaling behavior with time that is independent of the grafting density.
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Figure 2.4. (a) MD simulation snapshot depicting a section of the system and identifying the
length x =10 nm of the region (around the drop center) where we study the wicking behavior

inside the layer of grafted polymer molecules. (b) MD simulation results showing the dynamics
of drop imbibition into the layer of grafted polymer molecules by quantifying the wicking
fraction (defined in eq. 7) with time for different values of the grafting density ((sg). A fit to the

t0.25i0.02

MD simulation result yielding Wicking fraction~ is shown in the figure by the

dashed lines.

In order to complete the picture, we finally quantify the responsiveness of the substrate itself, i.e.,
the grafted polymer layer as it transitions from a globule-like state to a brush-like state. In Figure
5, we quantify the time response of the average height of the grafted polymer molecules for the
molecules present within the region that is x,x =10-nm wide and localized below the drop and
around the drop center [shown in fig. 2.4(a)]. Section S.2 in the SI provides more details of this
quantification process. It can be noted that the grafted polymer molecules experience a quick

increase in their height initially, owing to the sudden availability of a favorable medium, followed
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by a gradual decrease in height before reaching an equilibrium value. The decrease in the height
of the polymer molecules in this central location (i.e., the region that is xux =10-nm wide and
localized below the drop and around the drop center, see Fig. 2.5a) is due to the fact that as the
drop spreads, the amount of liquid available to interact with the polymer molecules at this central
location decreases leading to a dearth of liquid around the polymer chains at this central location.
As an inset to the figure, the log-log plot of the brush height is presented along with the scaling of
the brush height as it transitions from a globule-like to a brush-like state. We observe that for early
stages of polymer chain stretching, the time-dependent polymer stretching obeys a power-law like
behavior, with the instantaneous height of the grafted polymer molecules scaling as . A decrease
in the grafting density leads to a larger J, indicating a faster polymer stretching for a less dense
brush. This is intuitive given the fact that sparsely grafted chains are freer to deform and stretch
than denser ones. The polymer chains with lower grafting density experience a lower inter-chain
attraction and hence can be swollen easily by the introduction of a favorable environment (i.e., by
wetting the grafted polymer molecules by a liquid to which the molecules are philic). Finally, and

most importantly, in Fig. 2.6 we demonstrate that the final equilibrium height of the stretched

polymer chains approximately scale as agl /3 This confirms that the stretched polymer molecules

indeed attain a brush-like configuration,®® as they get wetted by the spreading and imbibing liquid

drop.
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Figure 2.5. MD simulation results showing for the dynamic response of the polymer molecules
(representing the “responsiveness” of the substrate) by quantifying the time-dependent
variation of the average height of the grafted polymer molecules for (a) o, = 0.04/ a2, (b)ay, =
0.06/0%, (¢) 0, = 0.1/02, and (d) g; = 0.31/0>. For each of these figures we provide the
final equilibrium value of the height of polymer molecules. Furthermore, in the inset of each of
the figures, we quantify the “power”-law like (~t°®) increase in the height of the grafted
polymer molecules at the early stages of the dynamic process. We identify that (&) 0y =004/c> =

0.5 [see (a)], (6)0'g =0.06/02 = 0.4 [see (b)], (6)09 —0.1/52 = 0.35 [see (¢)], and (6)0g =03/02 =
0.1 [see (d)].
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Figure 2.6. MD simulation results quantifying the average equilibrium height of the grafted
polymer molecules (this equilibrium height is quantified in Fig. 2.5) as a function of the grafting
density. An approximate fit (shown by a dashed line) confirming that this height scales as
o 1/3is recovered establishing that the swollen grafted polymer molecules (after being wetted
by the liquid drop) attain a brush-like configuration.

Finally, we shall like to discuss the relevance of this study in designing novel, soft and responsive
liquid-infused surfaces and coatings.”!% These liquid-infused surfaces and coatings typically
consist of a thin and conformal lubricating layer of a liquid that wets the solid surface, with the
solid surface typically being either corrugated or pillar or fiber-like providing spaces for the liquid
to impregnate. This lubricating liquid should be strongly philic to the substrate and when that is
not the case, chemical modification of the solid surface is conducted to ensure that it becomes
philic to the liquid.'?® In this context, the present study can be considered to represent a design of
such liquid-infused surface or coating: the final liquid-imbibed equilibrium state of the system

represents a structure [see Fig. 2.1(d) and its inset] that is very similar to a standard liquid-infused
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surface or coating with the liquid of the drop serving as the “lubricating liquid”, while the quartz
substrate grafted with a layer of polymer serving as the “surface” that is responsive. The detailed
quantifications proposed in this study, e.g., the equilibrium radius of the drop (which signifies the
extent of wetting of the “surface” by the “liquid” in our hypothesized liquid-infused surface), the
time dependent spreading and wicking behaviors (which signify how fast the fabrication of the
liquid-infused surface occurs), and the time dependent response of the polymer molecules (which
signify the “responsiveness” of the “responsive” surface) enable a nanoscopic quantification of
designing a liquid-infused surface or coating. Earlier MD simulation studies have probed the
dynamics of a liquid drop interacting with a pre-existing liquid-infused surface;”>’® however, these
studies have not considered the nanoscale dynamics associated with the formation of a soft and
responsive liquid infused surface, as has been considered here. Additionally, there are several other
facets of this hypothesized liquid-infused surface or coating that are worth (re)emphasizing. First
and foremost, this hypothesized liquid-infused surface or coating is an interesting example of
designing a liquid-infused surface or coating where the solid surface attains its final structural
configuration after coming in contact with the lubricating liquid. Second, given the ease of grafting
different types of surfaces with a layer of polymer molecules, this design will be more suited for

the fabrication and deployment of liquid-infused coatings across a plethora of different surfaces.

We shall like to point out here that while polymer brushes have been studied for more than four
decades, to the best of our knowledge, this study represents the first example of designing liquid-
infused surfaces by employing a responsive layer of polymer molecules that undergo a globule-to-
brush transition as it comes into contact with a liquid to which it is philic. Moreover, given the fact
that we study the interaction of a liquid drop (i.e., a limited volume of liquid) with the grafted

polymer layer, the equilibrium configuration consists of relaxed (in the form of “brushes”) polymer
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layer wetted by a thin film of liquid. Such a configuration is necessary to conceptualize the
formation of the liquid-infused surface composed of polymer brush layer. Finally, as has been
already pointed out, the use of the responsive polymer molecules (responding to the changes in the
surrounding solvent) as “solid” or the “surface” part of the liquid-infused surfaces ensure that we

are able to design a liquid-infused surface that responds to the presence of the liquid itself.
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2.4 Discussions
Effect of Chain Length and Chain Wettability on the Drop Spreading-imbibition Process

This study, due to computational considerations, probes a 40-mer grafted polymer layer.
Experimental papers studying the interactions of drops with the grafted polymer layers, however,
have considered much longer polymer chains. For example, Brown et al. considered the
interactions of a liquid drop with PNVOCMA (poly(4,5- dimethoxy-2-nitrobenzyl methacrylate))
brushes with the brush height (determined via ellipsometry) of 8-11 nm.!?” In another study, Brown
et al. considered drop-brush interactions with poly[2-(methacryloyloxy)- ethyl-
trimethylammonium chloride] (PMETAC) brushes of height 20 nm.'?® On the other hand, for our
case, the height of the polymer layer varies from 1 nm (in the non-wetted state) to 1.7-2 nm (in the
wetted and brush-like state).

A thorough analysis of the effect of the length of grafted polymer molecules on competing
spreading and imbibition processes will require conducting several more simulations with
gradually increasing the length of the polymer as well as the size of the liquid drop (without
considering this increase in the drop size, there will not be sufficient liquid to wet the grafted
polymer chains of longer length). That is a separate study altogether and beyond the scope of the
present paper. However, even without conducting these actual simulations, we can make certain
conjectures as to what might happen for cases when the liquid drop interacts with long chains of
grafted, solvophilic polymer molecules. For a large enough size of the drop (i.e., a size that is large
enough to completely imbibe into the layer of the grafted polymer molecules, which get extended
to form brush-like architecture in contact with the liquid of the drop), we believe that the drop
spreading and imbibition dynamics will be very similar to what we witness here. On the other

hand, in case the drop is significantly small (i.e., so small that it fails to imbibe into the entire layer
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of the grafted polymer molecules), we might have a highly interesting scenario. For this case, the
drop will “wet” only the top half of the grafted polymer layers, while the bottom half of the grafted
polymer layer will remain non-wetted. More interestingly, the drop having failed to wet the entire
length of the grafted layer of polymer molecules and hence failing to reach the solid substrate, will
remain localized only on the polymer surface (having wetted only the top part of the polymer
layer). Under such circumstances, the drop might attain a “Neumann-like” state: this is the typical
state attained by a liquid drop wetting a highly deformable, soft solid.'?"*! In fact such Neumann
state is commonly witnessed for cases when a liquid drop equilibrates on the surface of another
immiscible liquid. Also, this conjectured Neumann state for the present case will be different from
that reported by Lubbers et al.'* given the fact that for the present case, the drop is able to penetrate

1.1%% such penetration of

and imbibe inside the soft layer (the polymer layer), while in Lubbers et a
the drop inside the soft layer never occurs. As already mentioned, a possible future study probing
different combinations of lengths of polymer molecule and drop sizes will be able to explore these
different wetting and imbibition states.

In one of our recent papers,'?* we studied the interaction of a liquid drop on a layer of
highly solvophobic polymer chains. We found that the drop does not imbibe at all in the polymer
chain layer. We also found that the drop, like a nanoparticle, rolls (and never spreads) on the
solvophobic polymer layer. The present case is the exact opposite: here the polymer layer is
extremely solvophilic enabling spontaneous imbibition and spreading. Therefore, for the case
where the solvent is not so much wetting, we would anticipate a behavior that is in between these

two extreme cases. i.¢., there will be (1) a partial wetting and spreading of the drop on the polymer

layer polymer layer and (2) a partial imbibition of the drop inside the polymer layer.
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Use of Chemically Identical Materials as Liquid Drop and the Polymer Layer

In this work, we aim to study the interaction of a liquid drop with a layer of grafted polymer
layers that are extremely philic to the liquid drop. In our study, the coatings (or the layer of grafted
polymer) and the liquid drop are chemically identical. The reason for this choice is that we don’t
have the information of the interaction parameters of two chemically different materials that are
extremely philic to one another and one material forms a drop at room temperature and another
material is a polymer that can be grafted as a dense layer.

In the context of the liquid-infused surfaces (LISs), indeed a critical criterion to develop
such surfaces is to ensure that the lubricating liquid (which serves the purpose of the “infused
liquid”) must wet and spread onto the rough solid substrate. Very often this does not occur
spontaneously, and one needs to chemically coat the pre-existing rough surface to make it wettable
by this lubricating liquid.”® For our problem to consider such a scenario, we need to be certain that
material used for this chemical coating can form grafted polymer layers (which will transition to
“brush”-like state in presence of appropriate solvent). The central idea, however, is not whether
these materials (the coating on the solid surface and the lubricating oil) are chemically different
significantly; rather the idea is that in existing studies of the LISs, the pre-existing solid surfaces
might not always be directly usable and requires an additional chemical coating treatment. On the
other hand, our proposed method opens up the possibility of developing such LISs without the
requirements of such additional coating treatment: the layer of densely grafted polymer molecules
grafted on a philic solid surface serves the purpose of the “surface” and the drop of the chemically
identical (to the grafted polymer molecules) liquid that imbibes into the polymer layer

spontaneously serves the purpose of the “liquid” (or the very thin liquid film that completely wets
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the rough solid in a LIS set-up). The final result, therefore, is this proposed system that resembles

the LISs without necessitating additional coating treatment (often required for conventional LISs).

Comparison of the Present Study with other related studies of Drops interacting with Layer
of Polymer Brushes and other Brush-Like Soft Porous Materials/Coating

There have been several studies probing the interactions of grafted polymer layer (or
polymer brushes) with a melt droplet that is chemically identical to the grafted polymer layer.
Therefore, system-wise, these studies are very similar to our study. Of course, we consider the
dynamics of the interaction of the drop with the grafted polymer layer, which these studies do not
do. However, in terms of the final equilibrium state, we can use these studies to check our findings.

For example, Ferreira et al.!?’

presented the scaling conditions for the transition to autophobicity
as a function of the parameters N (polymerization index of the grafted chains), P (polymerization

index of the polymer melt) and o (non-dimensional grafting density): they showed that this

autophobic transition (i.e., the transition when the brushes, with respect to the chemically identical

-1
melt droplets, become phobic from philic) will not occur as long as O'g\/N < (P/N) /2 (for

P/N <D oragVN > P/ (for P/ > 1). For our case, P/y=0.2 and we find that 6,vN = 0.22,
-1
0.3, 0.54, 1.58 (for o, = 0.034,0.048,0.085,0.25) and (P/y) 2 _ 324, Therefore, for all

-1
possible values of o5, we have cg\/N < (P/ N) /2: therefore, our results confirming the presence

of swollen wet brush state (or equivalently, a state of complete mixing between the polymer melt

and the grafted polymer layer) for all the grafting density values are supported by the scaling

1 108

calculation predictions of Ferreira et al.!%” Similarly, Mass et al.!% introduced an identical scaling
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criterion as that of Ferreira et al.!%” for the transition to autophobicity: therefore, our results are
also confirmed by the scaling predictions of Mass et al.!%

Pastorino et al.!** employed MD simulations to probe the static and dynamic properties of the
interface between a polymer brush layer and a chemically identical melt. This paper provided some
extremely useful results such as the configurations of the chains of the brush layer and the melt
film, the velocity of the melt film at the brush surface, variation of the viscosity of the melt, etc.
as functions of the grafting density of the polymer brush layer, dimensionless shear rate (quantified
by the corresponding Weissenberg number), etc. This paper'*?, however, is different in the
geometry (as compared to our case) since they did not consider the melt in the form of a droplet.
Rather the melt is considered as a thin film that is sandwiched between two layers of polymer
brushes. Therefore, the dynamical issues (e.g., dynamics of drop spreading, drop imbibition,
relaxation of the grafted collapsed polymer chain as they come in contact with the droplet, etc.)
haven’t been probed. In fact, none of the results of Pastorino et al.’s paper'*? provide any time-
dependent variation of any of the quantities.

de Beer et al.!3?

conducted experiments on interactions between miscible and immiscible
polymer brushes and showed that the immiscible brush systems can form slick interfaces,
eliminating interdigitation and thereby strongly reducing dissipation. These facets ensured direct
a significant reduction in friction, while still maintaining load-bearing ability. This work, while
also discussed the case of interactions between chemically identical brushes, did not consider any
droplet and therefore did not provide insights into the details of the coupled spreading-imbibition

dynamics and the resulting attainment of a completely mixed state (between the droplet and the

polymer layers) that has been done in the present study.
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There are also several studies probing the interactions between a droplet and a polymer-
based coating (e.g., studies by Zhao et al.'**, Xu et al.'®, etc.). However, there are some significant
difference between our present work and these studies. For example, in our current work, the
coating, i.e., the grafted polymer layer shows complete mixing with the liquid drop as the drop
spreads. Most of the previous works (Refs. 134, 135), on the other hand, considered a porous
substrate where the drop and the substrate always maintained a sharp interface between them and
the drop phase always remained separate from the coating (even though the liquid can permeate
through the soft substrate). These studies (Refs. 134, 135) also do not explicitly discuss the

imbibition dynamics of the drop. Inutsuka et al.,'*

in an apparently related study, considered the
surface reconstruction of a matrix of PDMS elastomer with a small amount of added diblock
copolymer that can interact with a water drop upon wetting. However, our study is significantly
different from this system, since in our work the wetting occurs in the presence of a collapsed
polymer layer that is end-grafted to the surface. Also, Inutsuka et al.,'3® the surface reconfiguration
occurs after drop spreading, unlike in our system where these processes are simultaneous.
Moreover, in the current work, we consider a scenario where the dimensions of the liquid drop are
comparable to the length scale of the polymer chains, which does not seem to be the case in
Inutsuka et al.'*° In another related study, Cohen-Stuart ef al.'*” discussed the wetting properties
of water on a hydrophilic polymer coating (poly-ethylene oxide) on an inherently hydrophobic
substrate (polystyrene). They observed a partial wetting state with philic grafted polymers and
beyond a critical value of grafting density a stable value of the equilibrium contact angle of the
drop was observed. The current work is significantly different from this scenario in the sense that

the bare substrate (silica) in our study is extremely solvophilic, and correspondingly, has a zero

contact angle with the drop. Thiele at al.!*8 solved the problem of drop wetting on polymer brushes
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using a gradient dynamics model. They considered simple substrates that can be characterized by
a single order parameter: for their case, this single order parameter was the amount of liquid
absorbed into the polymer layer. The dynamics occurred in the presence of an appropriate energy
functional, which included terms for capillarity, wettability, and the brush energy. The results in
their work were for a simplified case where the drop was much larger in dimension than the
polymer chains preventing the drop from completely mixing with the grafted layer. This is in sharp
contrast to the present paper, where the liquid drop completely penetrates the brushes and the
height of the drop is pinned by the polymer chains. Under such circumstances, the dynamics of the
drop spreading and imbibition associated with the case where the drop completed mixes with the

polymer layer (as occurs in the present case) is not captured by the work of Thiele et al.'*8

Effect of Undersaturation in the Final Configuration of the Grafted Polymer Layer

Our results indicate that the final state of the grafted polymer brushes, on being wetted by
the drop, is brush-like (confirmed by the brush height scaling as 02,/ 3). However, we shall like to

point out here that there is some extent of undersaturation at this final wetting state. This
undersaturation occurs as the drop continues spreads to adjacent locations of the grafted polymer

layer. However, this undersaturation is not too severe, and accordingly brush-like configuration is
still retained. This is the reason why we still approximately recover the h~02,/ 3 scaling. In order

to gauge the effect of undersaturation in the value of the equilibrium brush height in our

simulations, we compare the brush height obtained for our case with those predicted by the

1/3

established scaling laws (see Ref. 107) for the height (h=Nog

P~1/3) of the polymer brushes in
the swollen wet state (i.e., for the cases where the polymer brushes are wetted by melts that are

chemically identical to these polymer brushes!??). For our case, the final equilibrium heights of the

41



grafted polymer molecules are 0.71, 0.7, 0.6, and 0.59 times that of the corresponding scaling

calculation predicted brush height (=N *P~1/3) for cases of 6, = 0.034/62, 0.048/02, 0.085/0>

and 0.25/02, respectively. Therefore, the effect of the undersaturation representing a (not too
severe) reduction in the brush height (as quantified by the aforementioned ratio) is similar for all

grafting densities (the ratio varies between 0.59 and 0.7, irrespective of the grafting density, see
above), thereby preserving the h~0;,/ 3 scaling behavior.

Also, we shall like to point out here that only for the cases of low grafting density, the
extent of undersaturation is evident from the difference between the maximum and final
(equilibrium) heights of the polymer brush. For the case of larger grafting densities, on the other
hand, the timescale of relaxation of the brushes becomes much larger than the timescale of the
drop spreading. Under such circumstances, the brushes relax much more slowly and accordingly,
the extent of undersaturation is no longer represented by the evolution of the brush height (as a
result, for these cases of large grafting densities, the difference between the maximum and the final

values of the brush height is negligible).
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2.5 Conclusion

In this study, we investigate through MD simulations the behavior of a liquid drop interacting with
a solvophilic, soft, porous, and responsive surface represented by a layer of grafted polymer
molecules (philic to the liquid of the drop) that undergo a transition from a globule-like state (in
absence of the drop) to a brush-like state (when wetted by the drop). The spreading dynamics is
dictated by the balance of the driving vdW forces and the resisting inertial or brush-induced drag
forces (depending on the stage of spreading) and this consideration allows deriving scaling laws
that reasonably describe and agree with the MD simulation results for spreading dynamics and
equilibrium contact radii. We also describe the wicking behavior of the drop through the polymer
layer as well as the time-dependent response of the polymer molecules to the drop wicking. Finally,
we argue that the present study points to a most remarkable possibility of designing widely
deployable, “responsive”, and soft liquid-infused surfaces and coatings with the imbibing liquid
drop serving as the “lubricating liquid” and the polymer-grafted solid surface serving as an
“responsive surface”. The ability of nanoscale exploration of the problem through MD simulations
enables shedding light on the nanoscale dynamics and formation of such “responsive” and soft

liquid infused surfaces and coatings.
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Chapter 3: Extensive Stable Physical Contacts Between a
Nanoparticle and a Highly Repulsive Polymeric Layer *

Abstract

Interaction between nanoparticles (NPs) and a layer of grafted and solvated polymer molecules
has been widely explored for a variety of applications ranging from fabrication of nanocomposites
and sensors to developing nano-coating for virus de-activation. In all these applications, the
solvated polymer molecules are necessarily philic to the NPs, and consequently, driven by the
favorable NP-polymer interactions, there is the formation of numerous stable direct (i.e., without
any intervening solvent molecule) NP-monomer (monomer of the polymer) contact pairs. Here we
propose a paradigm shift in this problem: we employ molecular dynamics (MD) simulations and
establish that under appropriate conditions, it is possible to develop numerous stable direct
contacts between a NP and a solvated polymer layer even when the polymer molecules are
extremely phobic to the NP. Here by “stable” contacts, we refer to the NP-Polymer contacts that
remain intact for a finite duration of time, of course, such contacts, after being intact for a finite
time duration, might get broken and re-formed. In terms of the mechanism of the process, the NP
is driven inside a grafted layer of collapsed (in absence of solvent) and phobic (to the NP) polymer
molecules by a liquid drop (polymer is philic to the liquid). Subsequently, the liquid molecules
imbibe and diffuse inside the polymer layer, but the NP, due to the large Steric effect imposed by

the polymer molecules, remain localized within the polymer layer. This ensures the establishment

* Contents of this chapter are published as: Etha, S. A., Pial, T. H., & Das, S. (2022). Extensive Stable Physical
Contacts between a Nanoparticle and a Highly Repulsive Polymeric Layer. The Journal of Physical Chemistry
B, 126(30), 5715-5725.
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of several stable direct contacts between the NP and the highly phobic polymer molecules. We
quantify these contacts by their numbers, stability, and frequency of occurrences as well as their
dependences on the NP-polymer interaction energies and NP sizes. We also quantify the
associated NP dynamics inside the polymeric layer. Finally, we argue that our finding will open
up avenues for leveraging NP-polymer interactions for a myriad of applications even for cases

where the polymer molecules are phobic to the NPs.

3.1 Introduction

Grafting uncharged and charged polymer layers on solid surfaces and particles attributes a wide
range of capabilities to these surfaces and particles.!*>!4* Most of these capabilities stem from the
responsiveness of the grafted polymer or polyelectrolyte (PE) layers to the environmental stimuli
(e.g., temperature and quality of the solvent in which these layers are present, ions in the solvent
for the charged polymeric molecules, etc.). Recently, there has been significant interests in probing
the response of a grafted polymer/PE layer (sometimes in the form of densely grafted “brushes” in
a good solvent) to a nanoparticle (NP). Such NP-polymer-layer or NP-polymer-brush (NP-PB)

1

interactions are critical for fabricating polymer nanocomposites,'*! nanosensors,'*? plasmonic

devices,'* and virus-inactivating nanocoating,'** optimizing the utilization and performance of a

145,146 147,148

wide variety of polymer-based nano-reactors, and ensuring assembly control,'” and
organization'* of NPs using polymer brushes. Other related applications include better
understanding the interactions of cilia-bound brushes (constituting the periciliary layer of the lung
epithelial cells, as proposed in a recent study by Button et al.'*?) with toxins (in the form NPs) for

developing strategies to combat lung diseases, and for several uses involving interactions of NPs
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with polymer brushes in air (polymer brushes in air, reviewed in details by van Eck et al.,'! has
recently received significant attention for a myriad of applications such as the sensing of volatile
organic compounds like acetone,'>?> water harvesting from fog by using brush-grafted cotton

fabric,'>

etc.). Motivated by such wide-ranging applications, there has been significant exploration
of developing molecular scale models for probing such interactions between NP and grafted
polymer (or PB) layer.!>*!” Most often such interactions have been studied for the cases where
the NPs are highly attractive or “philic” to the grafted polymer (or PB) layer: some examples
include the study of Cheng et al.!>* probing the evaporation-driven self-assembly of the NPs within
the PB layer, the work of Venkatesh et al.'>® studying the dynamics of infiltration of glassy
polymers into solvent-filled NP packings, the investigation of the free energy cost associated with
insertion of NPs into a polymer brush layer under varying solvent conditions,'>’, etc.

In this study, we employ MD simulations for developing a novel concept of establishing
and sustaining direct physical contact of a NP with a highly “phobic” polymeric layer (or a
polymeric layer that is highly repulsive to the NP). The usual combination of a NP and a polymeric
layer that is highly “philic” to the NP implies a significant reduction in the choices of the NP-
polymer combination that can be employed for various applications. On the contrary this proposed
capability of establishing sustainable physical contacts between a NP with a polymer layer that is
significantly “phobic” to the NP signals the possibility of using much wider ranges of NP-polymer
combinations that are well beyond the standard practice of using only highly favorable polymer-
NP combinations. We consider a Lennard Jones (LJ) liquid drop containing a NP (composed of LJ
beads) that interacts favorably with the drop (ensured by choosing &,y = 1, where g is the

dimensionless LJ liquid-drop-NP interaction parameter). This NP-laden liquid drop is made to

interact with a densely grafted layer of polymer molecules that are originally in a collapsed
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globular state. The polymer molecules are represented as LJ bead-spring models and we choose
gp =1 and epy < 1 (where g p and epy are the dimensionless LJ liquid-drop-polymer and LJ
polymer-NP interaction parameters, respectively). By imposing the condition ¢;; = 1 (e.g., e,y =
gp = 1), we imply that species i and j are behaving like identical species as long as their attractive
interactions are concerned. In other words, €;; = 1 implies that the attractive interactions between
one particle of species i and one particle of species j is identical to attractive interactions between
two particles of species i or two particles of species j. Therefore, when we consider ¢;; < 1 (e.g.,
epy = 0.3 or epy = 0.1), we assume that the corresponding attractive interaction between these
species i and j (i.e., the polymer and the NP) is significantly more unfavorable as compared to
liquid-NP (with & = 1) and liquid-polymer (with &;p = 1) attractive interactions. In other
words, these choices of €;p and epy ensure that the polymer molecules are philic to the liquid drop
and phobic to the NP. We consider cases where €py can be as small as 0.1 (signifying that the
polymer molecules are extremely phobic to the NP). On the other hand, the polymer molecules
being philic to the drop (since €;p = 1), the drop simultaneously spreads and imbibes within the
polymer layer and in response the polymer molecules start stretching out as the solvent around
them changes from “poor” (case of no solvent) to “good” (case of the solvent as the liquid to which
the polymers are philic). This combined response of the drop (simultaneous spreading and
imbibition) and the grafted polymer molecules (changing from collapsed to stretched states) has
been studied in great detail in our previous paper.'®® The most interesting question here is: What
happens to the NP as the drop spreads and imbibes through the grafted polymer layer? We find
that the NP starts to develop finite stable contacts with the polymer molecules: these contacts are
direct “physical contacts” between the polymer and the NP without any intervening liquid

molecules. We quantify such contacts by identifying (1) if at a given time there is at least one
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contact between the NP and the polymer layer, (2) the total number of contact pairs established
between the NP and the polymer layer at a given time, and (3) the stability of these contacts
(measured by the time it takes for the contact to get disrupted after it has been formed). These
quantities establish the most remarkable situation where stable physical contacts are established
between the NP and a highly repulsive polymeric layer. By “stable”, we refer to contacts that
remain intact over a finite time duration. Given the highly “phobic” nature of interactions between
the NP and the polymer, existence of such contact that remain unbroken for a finite time duration
is rather remarkable. Of course, these contacts do not remain intact eternally: rather, they get
broken and re-form time and over again. We further identify the effect of the values of €py and the
NP radii in such contact formation and probe the corresponding dynamics of the NP within the
polymer layer. Finally, we discuss the manner in which our study opens up the scope of using a
more extensive NP-polymer combination (including the cases where the polymers might be highly
phobic to the NPs) for applications (see above) that rely on establishing highly stable NP-polymer

direct contacts.
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3.2 Computational Methods

We study the dynamics of a NP-laden Lennard-Jones (LJ) solvent drop interacting with a layer of
solvophilic polymer molecules grafted on a solvophilic substrate by performing Molecular
Dynamics (MD) simulations that are carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software package.'¢!

All species in our system interact through a standard LJ 12-6 pair potential given by, U, ;(1) =

o g

4e [(%)12 - (—)6 - (—)12 + (%)6], where € is the strength of LJ interactions, r is the distance

r Te
between the centers of the interacting species and o is the size of the species. The cutoff distance,
1. = 50 is used for all non-bonded pairs, unless explicitly mentioned. The interaction strength
between the NP and polymer beads (epy) is varied, while keeping all other interactions the same.
We consider a 3D drop and choose a simulation box of dimensions L, XL, XL, =
640 X 640 X 1600. The simulation domain is periodic in both the x and y directions, but not in
the z-direction, where a fixed boundary condition is implemented.

We model the grafted polymer as linear chains consisting of 100 beads connected by permanent
bonds. We employ the bead-spring polymer model introduced by Kremer and Grest!®? (KG) for
our grafted polymer molecules. The Kremer-Grest model represents a polymer chain as a series of
beads that are connected by bonds. Each bead represents a monomer unit in the polymer chain,
and the bonds represent the covalent bonds that connect adjacent monomer units. One of the main
features of the Kremer-Grest model is the use of a "bead-spring" potential to describe the
interactions between the beads. This potential includes a harmonic potential that models the bond
stretching between adjacent beads, as well as a Lennard-Jones potential that models the non-
bonded interactions between the beads. In addition to the bead-spring potential, the Kremer-Grest
model also includes a "soft potential" that models the excluded volume interactions between the
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beads. This potential ensures that the beads do not overlap with each other, which is important for
simulating realistic polymer chains. Overall, the Kremer-Grest model provides a powerful tool for
understanding the behavior of polymer chains in various environments and under different
conditions. It has been used to study a wide range of phenomena, including polymer melts, glasses,
and networks, as well as the behavior of polymer chains under confinement and in the presence of
external fields. Previous studies have proved the efficacy of adapting the KG model to model melts
of real polymers. The authors showed that Kuhn-scale mapped KG models faithfully represent the
universal properties dominated by large-scale conformational statics and dynamics of flexible

polymers.'® The polymer beads are connected by bonds modeled using the finitely extensible
2
nonlinear elastic (FENE) potential, Uy = —0.5KR,*In [1 - (RL) ], where 7 is the separation
0

distance, R, = 1.50, and K = 30€¢/02. We assume that the polymer chains have no inherent
stiffness. All solvent and polymer beads have a mass m. All bonded pairs of neighboring beads on

a polymer chain interact through the standard LJ 12-6 pair potential as given above, but with a

cutoff distance of r, = 2%0.

The NPs are modelled as spherical shaped LJ solids consisting of multiple coarse-grained (CQG)
beads arranged in an FCC lattice structure. Each CG bead has mass m and the NP has a resulting
density of 1 m/o3. A uniform reflective wall is placed at the top of the simulation domain to
prevent the liquid molecules from escaping. The substrate is modelled as a fixed wall of beads

uniformly distributed with an area density of 1 m/a? interacting with all other species via the 12-

1
6 LJ potential with a cutoff distance of 1, = 260. We do not consider any Coulombic interactions
in our system and the non-bonded interactions in our system only include a shifted-truncated 12-6
LJ potential. As such, the model adopted in this study is appropriate for systems dominated by van

der Waals interactions. We summarize the LJ interaction parameters in our system in the table 1
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below (in the table 7. denotes the cut-off for the LJ interactions). Also, the beads representing the
different species (e.g., solvent molecules, monomers, nanoparticle pseudo-atoms, and wall
molecules) are all identically sized (o = 1).

Table 3.1: Strength and cut-off distances of the LJ interactions between different species

Particle Type A Particle Type B £y T (0)

Wall Wall 0 -

Wall Polymer/Fluid bead 1 1.12

Wall NP bead EpN 1.12
Polymer/Fluid bead | Polymer/Fluid bead 1 5
Polymer bead NP EpN 5
Fluid bead NP 1 5
NP NP 0 -

The simulations are carried out in an NVT ensemble using the Nosé-Hoover thermostat.!6%16* All
simulations are performed with a timestep of 0.002t and the damping factor of the thermostat is

considered to be 100 timesteps (0.2t). We start the simulation with the reduced LJ temperature of

all particles set at T* (= ﬁ) = 0.1, and gradually increasing the temperature to T* = 1, while

€

keeping the liquid drop fixed at a large enough distance away from the grafted polymer molecules
so that the drop-polymer interactions are negligible. We consequently displace the drop along with
the nanoparticle in the negative z-direction to bring the drop closer to the brushes, so that the
separation distance between the bottom of the liquid drop and the top of the collapsed polymeric
layer is ~20, and simulate the system for a minimum of 400007 to ensure the drop and polymer

brush system achieves an equilibrium configuration. To visualize the uptake of the NP into the

51



phobic polymeric layer we provide the variation of the z-coordinate (vertical location) of the NP
center-of-mass and the corresponding polymer layer height as functions of time from when the
drop is displaced towards the grafted polymer layer, in the SI. We then perform production runs
for our system and generate trajectories for an additional 200001, which in turn is split into 4
sampling runs each of which are of length 4000t and are separated by a length of 1000t that was
omitted from all sampling calculations (to ensure that the sub-trajectories are independent). This
commonly used sampling method, which is denoted as “block-averaging” method, has been
demonstrated schematically in the figure below. We collect data every 0.1t. Usually, grafted
polymer molecules take a few hundred t to equilibrate.!%* Also, all the visualizations of the atomic

trajectories are performed using the open-source software OVITO.'®

200007

N
) Y Y |
@ sampling run | W | Omitted run_|

Figure 3.1. Schematic representing the sampling method employed in this work.
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3.3 Results

Fig. 3.1(a-d) provides the MD simulation snapshots summarizing the mechanism of triggering
stable physical contacts between the NP and the polymer layer that is phobic to the NPs. The
process begins as the NP is carried by the drop into the polymer layer [see Fig. 3.1(a,b)].
Subsequently, as the drop spreads and imbibes through the polymer layer, there are two
occurrences: (a) the collapsed polymer molecules (or polymer molecules in the globular state)
stretch out (as they come in contact with a favorable solvent) and (b) the NP penetrates inside this
polymer layer [see Figs. 3.1(c,d)]. The solvent molecules (of the drop) due to their philic
interactions with the polymer layer imbibe throughout the polymer layer very quickly. On the other
hand, the NP that has been originally introduced into a highly phobic (to the NP) polymer layer by
the drop, due to the Steric effects imposed by the polymer layer, can no longer move along with
the drop inside the polymeric layer. This large discrepancy in the mobility of the solvent molecules
and the NPs within the polymer layer can be understood by comparing their MSDs (please see Fig.
3.4 and Fig. B.2 in the Appendix). Due to this discrepancy, the NP eventually loses (at least
temporarily) some of the encapsulation by the solvent molecules, and therefore, establishes a direct
contact (without the intervening solvent molecules) with the polymer molecules. Monomers that
are within the first solvation shell of the NP are considered to be in contact with the NP for the
case of such direct polymer-NP contact. Such a situation is depicted in Fig. 3.1(e). Of course, this
direct NP-polymer contact can be quantified by a monomer-NP (monomer of the polymer
molecule) separation distance of d; = o (where o is the L] distance parameter for the solvent) [see
Fig. 3.1(e,g)]. This direct contact is often stable and the extent of this stability can be measured by
identifying the time variation of this separation distance: for example, Fig. 3.1(g), which represents

the dynamics of one such monomer-NP contact, elucidates that this separation distance d remains
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approximately equal to d for a significant period of time (establishing that the direct NP-polymer
contact is stable), and only after an elapse of a significant amount of time, the NP loses this contact
with the monomer of the polymer molecule leading to a much enhanced NP-polymer separation
distance. Of course, this contact can actually re-form (and NP-monomer separation distance
becomes d3, with d; = o0) after some time [as evident from Fig. 3.1(g)].

It is important to discuss the thermodynamics governing the process of liquid drop
mediated insertion of the NP into a layer of polymer molecules that are phobic to the NP. The
process involves two favorable and two unfavorable energetic interactions. The liquid is philic to
both the polymer and the NP. Therefore, there is an enthalpic gain (a favorable energetic
interaction) associated with the liquid molecules coming in contact with the polymers as well as
the NP remaining in contact with the liquid molecules. On the other hand, there is an energetic
penalty (or unfavorable energetic interactions) associated with (1) a loss in entropy caused by the
NP getting localized within the brush layer and (2) development of stable contacts between the NP
and the polymer molecules. The occurrence of the NP getting localized within the brush layer,
which in turn triggers these above-identified energetic penalties, becomes possible since these
energetic penalties get compensated by the enthalpic gains associated discussed above. From a
more fluid mechanics perspective, one can describe the process as follows. The NP prefers to stay
inside the drop since the solvent of the drop is very philic to the NP, while the vacuum above the
drop is very “poor” (or “phobic”) to both the drop and the NP; subsequently, as the drop enters the
brush layer, swells the brush, and disperses laterally, it pushes the NP inside the swollen brush
layer.

The second important issue to note here is that the NP will remain trapped inside the grafted

polymer layer as long as the polymer layer remain solvated. For actual practical scenarios, where
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this solvent might get evaporated, the polymer-polymer interactions will start to dominate; in other
words, the energetically favorable solvent-polymer interactions will disappear, and hence there
will be no factor to compensate for the energetic penalty associated with the entrapment of the NP
within the brush layer (as discussed above). As a consequence, the NP will no longer remain
entrapped within the polymer layer (of course, it might remain adsorbed on the brush surface,
similar to what happens in Cheng et al.'>*). This limitation of this approach, associated with the
possible evaporation of the solvent, should be kept into consideration for the different practical
applications of this method (some of these applications have been elucidated in the

DISCUSSIONS section).
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Figure 3.2. (a-d) MD simulation snapshots depicting the wetting of the grafted polymer layer
and the simultaneous imbibition of the NP into the polymer layer as the NP is carried inside the
polymer layer by the liquid drop. In the inset of (c) and (d) we provide a magnified view of the
transition of a polymer from a collapsed [see the inset of (c)] to a stretched [see the inset of (d)]
state as the polymer gets wetted by the solvent. (¢) Schematic representing the existence of a
direct contact (without any intervening solvent molecules) between the NP and a monomer of
a polymer chain: the corresponding separation distance between the NP and the monomer is
d, = o. (f) Schematic representing the situation where this direct contact between the NP and
the monomer has been lost. The corresponding monomer-NP separation distance is d,. (g)
Distance (d, expressed in terms of ¢) between nanoparticle and monomer as a function of time.
The distance d is approximately d; (identified with a red star) for a significant duration of time
establishing the stability of the direct NP-polymer contacts. Once this direct NP-polymer
contact is broken the NP-polymer separation distance increases; d> (shown with a green star) is
a representative value of this enhanced distance of separation. However, such direct NP-
polymer contacts can be re-established at a later time even after breaking, as shown by a second
region of contact around ~1500t by separation distance d3 (also shown with a red star): this
implies that the NP-polymer contacts have the ability to break and re-form. The sub-figures (a),

(b), (¢), (d), and (g) were generated using simulation data for the case of PN — 0.1 and NP size

ELpP
3c.

Fig. 3.2 quantifies the establishment of stable direct contacts between the NP and the

polymer molecules. The detailed procedure for such quantification has been provided in the
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Methods section and the SI. In Figs. 3.2(a-c), we plot the probability of contact, Pcontact, as a

&

function of the ratio of the interaction strength EP Y for different NP sizes. Peontact is the probability

LP

that at least one direct NP-polymer contact pair exists at any given instant. As expected, we observe
that Pcontact increases with an increase in €py (i.e., an increase in the NP-polymer interaction
strength) since a larger epy obviously makes the polymer-NP contacts energetically more

favorable. As inset to these figures, we plot a binary function describing the existence of NP-

polymer contacts as a function of time for each NP size (for the case of ZLN = 0.3). A value of 0
LP

for the function implies that no contact exists between the NP and the polymer layer. If at least one

contact pair exists, the function has a value of 1. The result establishes that even for the case where

the NP-polymer interactions is highly unfavorable (i.e., ‘ZP—N = 0.3), there is at least one contact for
LP

virtually entire time duration for all possible choices of the NP sizes. The effect of the NP size on

Pcontact, however, is more subtle and only becomes significant for the case of the most repulsive

polymer layer (?—N = 0.1). At this interaction strength, Pcontact decreases significantly with an
LP

increase in the NP size (in particular for a NP size of 50). Larger the size of the NP, more
challenging it becomes for the liquid drop to drive that NP inside the polymer layer; this, combined

with a more pronounced tendency of the NP to come out of the polymeric layer for the case of

smaller ¥ ratio, makes (P,onrqct)pn significantly small.

PN _ e
eLp eLp =0.1,radius=50

In Figs. 3.2(d-f), we plot the average number of direct NP-polymer contact pairs for

EP—N) and NP sizes. The corresponding

different NP-polymer interaction strengths (i.e., different -
LP

time variation of the average number of direct NP-polymer contact pairs for different NP sizes and

PN — 0.3 is provided in the insets of Figs. 3.2(d-f). In Fig. 3.2(d-f), as expected, we see that the

ELP
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number of contacts increases with increasing interaction strength, which can be attributed to the

corresponding increase in the favorability in the formation of the contacts. The effect of the NP

size, however, is highly non-trivial and depends on the ‘ZP—N values. For example, for ?D—N > 0.5, the
LP LP

. . . . . &
average number of contacts increases with an increase in the NP size. On the other hand, for EP—N <
LP

0.3, the average number of NP-polymer contacts decreases with an increase in the NP size. There
are two effects at play here. The size of the NP determines the number of species in its first
solvation shell (defined to be in contact with the NP): a larger size implies a greater number of
possible contacts after the NP has been driven inside the polymer layer. However, for a phobic
polymeric layer, the fraction of the NP solvation shell (given that the NP has entered the polymeric

layer) that can be occupied by the monomers of the polymer chains reduces. These two competing

factors determine the average number of contacts between the NP and the polymer layer. For ZLN =
LP

0.5, the NP-polymer interaction is significant enough so that the NP size effect becomes the

determining factor in ensuring an increase in the number of contacts with an increase in size. On

the other hand, for ‘ZP—N < 0.3, the NP-polymer interactions are so unfavorable that the effect of the

LP

lack of the monomers of the polymeric molecules inside the NP solvation shell becomes the
dominant factor, thereby reducing the number of NP-polymer direct contacts with an increase in

the NP size. We can qualitatively compare these findings (as functions of the NP size)

PN against those by Merlitz et al.'®® They studied the force-

corresponding to smaller values of .
LP

driven inclusion of NPs in polymer brush layers (in theta and athermal solvents) under the

conditions where the NP and polymers are repulsive to one another (which qualitatively matches

Ep

the case of =% with values <<1). Merlitz et al.'*® reported that a larger force (or a larger inclusion
P

€L

energy value) is associated with driving a larger sized NP inside the polymer brush layer: this
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result is commensurate with our finding that shows a progressive reduction in the number of NP-

polymer direct contacts with an increase in the NP diameter for ‘ZP—N < 0.3. Milchev et al.'" also
LP

reports a similar situation where the free energy penalty associated with the inclusion of a NP
inside a polymer brush layer that is repulsive to the NP increases with an increase in the NP radius.

We shall like to re-emphasize here that by “stable” contacts (between the NP and the
polymer molecules), we imply contacts that last (or remain intact) for a finite duration of time.
Given the highly “phobic” nature of interaction between the NP and the polymer molecules,
formation and lasting (for a finite time duration) of such contacts are rather remarkable and that is
the reason for which we focus our attention on the average number of “stable” contacts (or those
contacts that remain intact over a finite time duration) formed between the NP and such polymer
molecules. Of course, as has been already pointed out, these contacts will remain intact only for a
finite duration of time: after that they will get disrupted and may or may not re-form again.

In Figs. 3.2(g-1), the relaxation time distribution (RTD) (see the Methods section and the

SI for the calculation procedure) for the direct NP-polymer contact pairs is shown for different

interaction strengths (or different ‘ZP—N ratios) and different NP sizes. Larger the RTD greater is the
LP

longevity of the contact pairs. Hence these figures [Figs. 3.2(g-1)] quantify the stability and the

longevity of the direct NP-polymer contact pairs. Interestingly, the RTD for the case of phobic

NP-polymer interactions (ZLN < 0.5) remains identical across different interactions strengths and
LP

NP sizes. This is a very important observation: this confirms the significantly large stability of the

NP-polymer direct contact pairs across a wide range of NP-polymer unfavorable interaction

€PN

energies. The relaxation time for the less phobic NP (i.e., —
LP

= 1), however, is much larger than

that of the more phobic NP (i.e., the NP for which ‘ZP—N < 0.5), as evident from a much slower

LP
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decay of the RTD for ‘ZP—N = 1. This is expected since the more favorable interactions between the
LP
NP and the polymer chain for the case of ?—N = 1 leads to the formation of more stable NP-polymer
LP

contacts. It should also be noted that the RTD decays slower (implying larger relaxation time) for

the larger NP sizes, albeit only slightly.
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Figure 3.3. (a-c) Probability (P

Nanoparticle size 20

Nanoparticle size 3o

Nanoparticle size 50

contact

) of the formation of at least 1 stable NP-polymer direct

contact as a function of the NP-polymer interaction strength for different NP sizes. The figures
in the inset of (a-c) provide the binary function of the NP-polymer direct contact as a function

of time (for the case of ?—N = 0.3 and the NP size being the same as the main figure), with the
LP

value of the function being 0 implying no contact and the value of the function being 1
representing the formation of at least one contact pair. (d-f) Average number of stable NP-
polymer direct as a function of the NP-polymer interaction strength for different NP sizes. The
figures in the inset of (d-f) provide the total number stable NP-polymer direct contact pairs as

a function of time (for the case of ZP—N = 0.3 and the NP size being the same as the main figure).
LP

(g-1) Relaxation time distribution (RTD) for the NP-polymer direct contact pairs contact pairs
direct as a function of the NP-polymer interaction strength for different NP sizes. The figures
in the inset of (g-1) provide the same variation of RTD with time in the log-log scale.
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Fig. 3.3 examines the mean square displacement (MSD) of the NP inside the grafted
polymer layer in different directions (i.e., we report the NP MSDs in x, y, and z directions). We
compare these MSD values in different directions for different values of the NP-polymer
interaction strengths and sizes of the NP. As has been already pointed out, the NP, owing to its
size and the associated Steric hindrance that it experiences from the polymer molecules, diffuses
slower than the solvent molecules within the polymer layer: this is quantified by the large
disparities in the MSD values of the NP in all directions and the solvent molecules inside the
polymer layer (please also see Fig. B.2 in Appendix B). On the other hand, we find that the NP
MSD values in the unrestricted directions (i.e., directions where we impose periodic boundary
conditions, namely x and y) is much larger than the NP MSD value in the z direction. This

difference exists for all possible values of the NP size (of course the difference is larger for smaller
NP sizes) and NP-polymer interaction strength (ZP—N .
LP
We observe that the NP MSD values (in any direction, x, y, or z) decrease with an increase

in the NP size. This can be trivially explained by the fact that the larger NP experiences greater

steric hindrance from the polymer layer and hence diffuses slower. The effect of the NP-polymer

interaction strength (?—N) on the NP MSDs (for directions x and y), however, is non-trivial and is
LP

dictated by the NP size. For example, for the NP of size 20, the MSD of the NP (in x and y

directions) decreases with an increase in the NP-polymer interaction strength (specially for ‘ZP—N >
LP

0.5): hence we find significantly reduced x and y MSD values for PN — .5, 1 for NP of size 20

ELP
[see Figs. 3.3(a,b)]. This can be attributed to the formation of a greater number of NP-polymer

direct stable contacts for the case of a larger NP-polymer interaction strength, thereby inhibiting
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the diffusion of the NP inside the polymer layer. On the other hand, for NPs of size 50, the massive
size of the NPs imply orders of magnitude (as compared to that for the NP of size 20) smaller x

and y MSD values (due to the obvious Steric hindrance from the polymer layer): for such small

&
fPN

MSD values, we do not find any noticeable trend in the x and y MSD values as functions o -
LP

ratios [see Figs. 3.3(g,h)]. For the NP of size 30, a separate factor also becomes important in

PN yalues [see Figs. 3.3(d,e)]. For 22X = 1, very
ELP ELp

dictating the NP x and y MSD as a function of
much like the case of the NP of size 20 [see Figs. 3.3(a,b)], the strong interaction between the NP

and the polymer molecules ensure a significantly reduced x and y MSD values. Very interestingly,

however, x and y MSD values become small for ZLN = 0.1 as well. A possible explanation for this
LP

behavior comes from probing the corresponding interaction of the NP with the solvent molecules.
The NP having a very weak interaction strength with the polymer molecules (i.e., having a smaller
EPN. EPN

— s eg,_— = 0.1) requires a shell of solvent molecules (henceforth denoted as solvent “cage”)
LP LP

around it for ensuring that it remains stable inside the phobic polymer layer (see Fig. 3.4). This
solvent “cage” increases the effective polymer size and hence increases the steric hindrance

experienced by the NP, thereby restricting its motion. For the case of NP of size 3, this solvent

“cage” 1s more pronounced and stable around the NP for the case of weak ‘ZP—N values, while for the
LP

NP with stronger ZLN values, the solvent “cage” around the NP is more easily distorted (see Fig.
LP

3.4 and associated discussions for further details). A more stable solvent “cage” implies a NP with
a larger effective size enforcing a weaker diffusion through the polymer layer; on the other hand,
an unstable solvent “cage” ensures that the NP loses its encapsulating solvent molecules quicker,
does not demonstrate any increased size effect, and hence can diffuse faster through the polymeric

layer. This explains the significant reduction in the x and y MSD values of the NP (of size 30) for
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‘ZP—N = 0.1. For smaller (size 20) and larger (size 50) NPs, there is little difference in the time
LP

. . & .
responsiveness of the solvent “cage” for different values of EP—N (see Fig. 3.4); as a consequence,
LP

the solvent “cage” effect is less important in determining the variation of the MSDs (as functions

ZLN) for the NPs of sizes 20 and 50.
LP

of

It is also useful to note that the x and y MSD values for some combinations of the NP size and

the ‘ZP—N ratio show a near linear trend indicating a constant diffusivity for these cases [see Figs.
LP

3.3(a,b,d,e,f,g)]. Of course, for certain parameter combinations (e.g., ¥ MSD for the NP size of

30 and ‘ZP—N = 1,0.1), the MSD curve plateaus (or increases very weakly with time) indicating a
LP

stagnation (or slowing down) of the NP in the corresponding direction. Effects such as enhanced

interactions between the NP and polymer (for ZLN = 1) or dominant role of the solvent cage
LP

effect (for ?—N = 0.1 and NP size of 30) can justify such stagnation (or slowing down) of the NP
LP

inside the brush layer. In order to ensure the entrapment of the NP inside the solvated polymer
layer the z MSD of the NP needs to be smaller than 4? [H is the average height of the solvated

polymer layer, see Figs. 3.1(e,f)]. We see distinct plateauing of the z MSD for NP (indicating NP

does not move in z direction) of sizes 20 and 30 for most of the values of ‘ZP—N [see Figs. 3.3(c,D)].
LP

The only exception is the case of ZP—NZI. Also, for the case of NP of size of 5a, such plateauing
LP

No0.1, 1 [see Fig. 3.3(1)]. For all these cases, where

ELP

of the z MSD is absent for the cases of

there is no plateauing of z MSD, these MSD values themselves are just a few o2 (and increases
at a very slow rate) and are orders of magnitude smaller than H? (where H?~225072): this
implies that while the NP has not stagnated in the z direction, it remains (and will remain over a

very significant future time duration) very much entrapped within the brush layer (given that for
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the NP to leave the brush layer, its z MSD has to be larger than /7). Therefore, while what
happens at a much later time instant (say at a time t equal to millions of 7) is not known (and is
also beyond the scope of the present study in terms of the associated computational cost), we can
safely infer from these MSD plots that the particle will remain entrapped inside the solvated

brush layer for a significantly large time duration.

Fig. 3.4(a) demonstrates the solvent “cage” effect by quantifying the time variation of the

species (solvent molecules or the monomers) occupying the first solvation shell of the NP (for the

case of NP of size 30) for two different ‘ZP—N ratios (namely, ‘ZP—N = 0.1 and ‘ZP—N = 1). Detailed
Lp LP LP

procedure of such quantification has been provided in Appendix B. Clearly, we observe a larger

encapsulation of the NP by solvent molecules (i.e., the presence of a larger number of solvent

molecules in the first solvation shell of the NP) for the case of ?—N = 0.1, as compared to that for
LP

the case of ? = 1. These solvent molecules occupying the first solvation shell of the NP is
LP

considered to constitute the solvent “cage”. In order to probe the stability of the solvent “cage”,
we also provide the time series data of the total number of NP-solvent direct contact pairs, N (i.e.,
the contact pairs that are associated with the formation of the solvent “cage”) for these two cases
[see Fig. 3.4(b)]. We clearly observe that the solvent “cage” is more prominent (and less

fluctuating, as established below) for the case where the NP-polymer layer interactions are most

unfavorable (i.e., with % = 0.1). From the time variation of the quantity N, we can quantify the

LP
normalized fluctuations in the number of NP-solvent direct contact pairs (defined as y =

V(NZ —(N)?)

(WY where () represents ensemble average), which is a measure of the stability
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(greater this y lesser is the stability) of the solvent “cage”. We find that ()()ep_N=0.1 ~ 0.0822 and

(X)zen_, = 0.2638, confirming the larger stability of the solvent “cage’
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Figure 3.4. x, y, and z components of Mean Squared Displacement (MSD) of the NP inside the

grafted polymer layer for different ‘ZP—N values and NP sizes.
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Figure 3.5. (a) Snapshots representing the time variation of the solvent “cage” around the NP

of size 30 for the most extreme cases of NP-polymer interaction strengths = = 0.1 in the top
LP

row, and =2 g— = 1 in the bottom row. (b) The total number of NP-solvent direct contact pairs as
LP

a function of time for the aforementioned NPs.

As discussed in Fig. 3.3, the dependence of the stability of solvent “cage” around the NP

on the values of 22X . , for NPs of different sizes, is critical to explain the variation of NP MSDs as
LP

a function ZP—N. In order to quantify the stability of these solvent “cage”, we studied the relaxation
LP

S
f PN
ELP

time distribution (RTD) of the solvent molecules in contact with the NP as a function o and

the NP size (see Fig. 3.5). For the case of NPs of size 30, we observe that the RTD decays faster

for the NPs wit ‘ZP—N > 0.5 than that for NPs with ‘ZP—N < 0.5: this confirms that the solvent “cage”
LP LP

around the NPs (for NPs with ZP—N > (0.5) is much less stable enabling the NP to lose its solvent
LP

“cage” faster and to diffuse faster through the polymer layer. On the other hand, for the NPs of

sizes 20 and 50, the RTDs of the solvent molecules in contact with the NP show insignificant

difference for different EEP—N values: as a consequence, the effect of the solvent “cage” is irrelevant
LP

in determining the effect of iP—N values in the MSDs of the NP.
LP
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We can also provide a more physical understanding of why the solvent-case effect is witnessed
only for a NP of size (or diameter) 30. The predominance of the solvent “cage” effect is determined
by the interplay of factors such as the size of the NP, relative strength of the NP-polymer
interactions (dictated by the epy/€.p ratio), and the grafting density of the polymeric layer. We
consider the polymers to be having such a grafting density that ensures that the gap between the
two adjacent polymer molecules (/) as 4. For a NP of size (or diameter) 20, the solvent cage effect
leads to an effective size that is still significantly smaller than this gap (/) between the grafting
sites of the polymer molecules: hence the solvent cage effect has insignificant impact on the motion
of the NP of diameter 20. At the same time for a very large NP (size 50), the presence of the
solvent cage does not lead to that significant a change in the size (as compared to the original size
of 50): accordingly, for this case too, the solvent cage effect is less significant. On the other hand,
the size of 3¢ is that critical size, where the solvent cage effect leads to such an effective size of
the NP that significantly impacts its dynamics, given the fact that the dynamics is controlled by
the Steric hindrances imparted on the NP by the presence of the grafted polymeric layer (having a
separation of /=40 between the grafting sites of the adjacent polymer molecules). In summary, the
solvent cage effect will be most prominent for that size of the NP, which in the presence of the
solvent case effect, attains an effective size that is closely comparable to the space between the
adjacent polymer molecules (as dictated by the value of /). For the present problem, this NP size
is 30; obviously, if we had chosen a different value of the distance of separation / between the
grafted polymers, the NP size for which the solvent cage effect would have been influential would

be different.
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Figure 3.6. Relaxation time distribution (RTD) of the solvent molecules in contact with the NP
as a function of the NP-polymer interaction strength for different NP sizes. The figures in the
inset of provide the same variation of RTD with time in the log-log scale.
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3.4 Discussions

A critical element of this study is opening up of the possibility of a much wide range of system
choices for applications involving the interactions of NPs with a layer of polymer and PE
molecules grafted on a solid surface. Typically, these applications involve the interactions of NPs
with highly philic (with respect to the NPs) polymeric molecules. These polymeric molecules can
either be in a fully pre-wetted state (and hence brush-like or coil-like states) or an originally
collapsed state that gets wetted and hence transform into brush-like or coil-like state by the NP-
carrying solvent. A very interesting and timely application of this second type of scenario is
witnessed in the use of water-borne nanocoating for quick inactivation of SARS-CoV-2 and other
virus NPs.'* In this study, the authors demonstrated that when a water droplet carrying these virus
particles impact on a dry surface grafted with a layer of collapsed polymer molecules [consisting
of a polystyrene core with functional side groups containing N-isopropylacrylamide (NIPAM) and
N,N- (dimethylamino)ethyl methacrylate (DMAEMA) and additional functional groups like
polygalactose and guanidine for binding to the viral particles and degrading their RNA] present in
the form of nanoworms, these polymer nanoworms stretch out and in the process ensures that the
virus NPs get exposed to the functional groups of these nanoworms. Our present study establishes
that under a judicious combination of the NP-carrying solvent and the grafted polymer molecules,
one can not only introduce the NP (inside the polymer layer) but also ensure stable contacts
between the NP and the polymer molecules even for the case where the polymer molecules are
substantially phobic to the NP. Given that the virus inactivating action of the polymer molecules
get triggered by the physical (or direct) contact between the NP and the polymer molecules, our
findings raise the possibility of a design where virus NPs can be de-activated even by a polymer

layer that is phobic to these virus NPs but philic to the solvent carrying these virus NPs inside the
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polymer layer. This implies that our paper points to the possibility of fabricating a much more
universal liquid-based nanocoating (in the sense that the nanocoating will function even when it is
less philic to the incoming virus NPs) capable of inactivating the virus NPs.

Button et al. in a recent study proposed a new “gel-on-brush” mucus clearance model (such mucus
clearance is the central mechanism that protects our lungs and airways from toxic substances).!*°
In this model, it was proposed that the periciliary layer (PCL) consists of brushes that are tethered
to the cilia. This proposed structure was key to prevent the mucins from the mucus layer and other
toxic nanoparticles (NPs) from penetrating the PCL. This is an example where our present study
can be strongly relevant by providing a foundation of understanding of how a toxic substance in
the form of a NP (that has penetrated the mucus layer, specially under pathological condition where
the mucus layer has been destroyed/damaged) can penetrate deeper into PCL by interacting with
the cilia-bound brush layers (constituting the PCL).

For all other applications (such as fabricating nanocomposites, nano-sensors, or assembling and
manipulating NPs using polymer brushes) that rely on ensuring such direct NP-polymer contacts,
our study points to achieving the same degree of universality with a much broader choices of the
polymeric materials that might even by phobic to the NPs.

While the model presented here considers simplistic LJ liquids, one can easily extend the
possibilities revealed by the findings of this study to a more realistic system where the liquid is
water and the polymer layer is hydrophilic. For such a case, the grafted polymer molecules might
get swollen (into brush-like configuration) by the water vapor!®*17° even before the NP-laden
water drop interacts with the polymer layer. Under such circumstances, while there might be some
quantitative variation in the overall NP dynamics and the number and stability of the ensued NP-

polymer direct contacts, we expect that the overall mechanism of the process, NP dynamics inside
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the polymer layer, and the effect of different parameters (e.g., NP size, the value of the ratio Z—:

will remain unchanged.
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3.5 Conclusion
We have demonstrated the possibility of developing highly stable direct contacts between a NP
and a polymeric layer that is extremely phobic to the NP. Interactions between NP and polymeric
molecules form the cornerstone of a large number of applications with relevance in fields ranging
from biomedical engineering to additive manufacturing: such interactions have inevitably been
between NP and polymer molecules that are philic to the NP. Here, on the contrary the interactions
are between a NP and polymer molecules that are phobic to the NP. Such a paradigm shift in the
context of NP-polymer interactions become possible by driving the NP into the polymer layer by
introducing the NP inside a liquid drop (with the liquid being philic to the polymer molecules).
Once inside the polymer layer, the liquid molecules imbibe and diffuse; however, the NP
experiences a retardation in its movement due to the Steric effect imposed by the polymer
molecules. This ensures the localization of the NP within the polymeric layer and hence the
development of stable NP-polymer contacts even when the NP-polymer interactions are extremely
unfavorable. We also provide a detailed quantification of the role of the NP-polymer interaction
energy and the NP size on the development of such NP-polymer contacts and the associated
dynamics of the NP and NP-supported solvent molecules. Finally, we argue that our discovery of
generating stable NP-polymer contacts for an energetically unfavorable NP-polymer system will
be relevant for ensuring a much larger set of NP-polymer combinations for the different
applications that depend on the existence of stable NP-polymer direct contacts.

Finally, we believe that our study, which probes a unique situation of a three-component
system, has the potential to pave the way for a series of new research problems that take into
account the following issues: (a) the liquid becomes phobic to the polymers, while the NP

(encapsulated within the liquid) remains philic to both the liquid and the polymers; (b) there are
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multiple NPs inside the drop and the NPs have shapes other than spherical;'”! (c) the NP is Janus-
like, i.e., one hemisphere is philic and the other hemisphere is phobic to the polymer molecules;
(d) the solvent themselves are composed of short polymers and there is a possibility of autophobic

effect;'”? etc.
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Chapter 4: Repeated Microphase Separation and Heating-Free
Distillation-Like Behavior of Miscible Binary Liquid Mixture Using
Nanoconfined Grafted Polymer Layers”

Abstract

Nanoconfinement is known to drive phase separation (often denoted as microphase separation) of
two highly miscible liquids by subjecting the two liquids to disparate influences. Here we propose
a paradigm shift to this problem: we introduce the idea of “repeatability” in nanoconfinement-
driven microphase separation. A drop consisting of two highly miscible liquids (A and B) is made
to pass through a nanochannel grafted with a collapsed layer of polymer that is philic to A, but
phobic to B. Subsequently, a significant number of molecules of liquid A get imbibed into the
polymer layer and the polymer layer partially swells, while the molecules of liquid B mostly remain
out of the polymeric layer and are carried away, emerging as a drop on the other side of the
polymer bilayer. This passage of drop (of liquids A and B) is continued and each time liquids A
and B get separated with liquid A imbibing into the polymer layer and liquid B being carried away
with the drop. This scenario, therefore, points to the repeated occurrence of the microphase
separation of miscible binary liquid mixture, enabling the processing of a much larger volume of
liquid, given the fact that the presence of grafted polymer layer continues to provide a dynamically
increasing space where liquid A can get localized after being separated from liquid B. We quantify
such repeated microphase separation by noting the extent of separation (of liquid A) and extent of

recovery (of liquid B) as functions of nanochannel height and number of passes. Interestingly, we

* The contents of this chapter, excluding the results for nanoscale valving, has been submitted as the following journal
article: Etha, S. A. & Das, S. Repeated Microphase Separation and Heating-Free Distillation-Like Behavior of
Miscible Binary Liquid Mixture Using Nanoconfined Grafted Polymer Layers. The Journal of Physical Chemistry B
(submitted for publication).

The results for nanoscale valving are being currently expanded for a second journal article from this chapter.
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establish that this process also leads to a distillation-like behavior (without any heat addition),
where the concentration of liquid B (equivalent to the “less volatile” liquid in a standard
distillation process) progressively increases inside the drop after its passage through the

nanochannel.

4.1 Introduction

The problem of microphase separation of highly miscible binary liquid mixtures (e.g., ethanol-
water mixture, glycol-water mixture, mixture of isobutyric acid and water, etc.) have gained
significant interests over the past couple of decades.!”>"!8! Such separation typically occurs when
this miscible liquid mixture is enforced into a nanoconfinement (or confinement in general) and
the two liquids respond differently to the confinement. For example, the nanochannel might be
more philic to one liquid than another: under such circumstances, this liquid (to which the
nanochannel wall is more philic) will prefer to remain localized at near-wall locations, while the
other liquid is localized near the center of the nanochannel or nanopore. Separation of miscible
liquids, in absence of any confinement, has been classically performed through many processes
including fractional distillation. In fractional distillation, which is employed to separate two
miscible liquids with different boiling points, the mixture of the two liquids is heated and the liquid
with lower boiling point evaporates, thereby getting separated from the other liquid (or making the

other liquid more concentrated).'®2-'%

In this chapter, we propose a mechanism that uses nanoconfined grafted polymer layers to enable
repeated microphase separation of a mixture of two highly miscible liquids (A and B), which have
opposite interactions with the polymer chains (liquid A is philic, while liquid B is phobic to the

polymer chains). Previous studies have reported confinement-driven separation of miscible
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liquids:!73-18!

our finding is a paradigm shift to this idea in the sense that we can ensure repeated
microphase separation using the same nanochannel. To demonstrate the idea, we employ
molecular dynamics (MD) simulations (see the Supplementary Materials for the details of MD
simulations) to drive a liquid drop having an equal number of A and B molecules through a
nanochannel with layers of collapsed polymer chains grafted on the nanochannel walls. During the
process, depending on the nanochannel height, or the relative thickness of the polymeric layer with
respect to the nanochannel height, some (or majority) of molecules of liquid A imbibe into the
polymer layer, the polymer layer swells, and the drop containing a majority of molecules of liquid
B is derived [Fig. 4.1(a)]. This is the microphase separation; however, this process can be repeated
again and again (i.e., we can have multiple passes of the drop) until the polymer layers become
fully saturated or overlap with each other [Fig. 4.1(b)]. Such repeated occurrence, which ensures
the processing of a much larger volume of liquid, becomes possible since the presence of the
grafted polymer layer that can progressively swell with the imbibition of the liquid A molecules
continues to provide a dynamically increasing space for housing liquid A molecules separated
from the drop (or liquid B molecules). There is a second effect of this process. After the passage
of the drop through the polymeric layers, the drop will contain a much greater percentage of liquid
B molecules as compared to that before the passage [Figs. 4.1(a,b)]. In other words, this scheme
ensures a distillation-like behavior, where the density of one liquid (here, liquid B), in a miscible

two-liquid mixture, increases progressively: of course, for our case, the process involves no boiling

and a mismatch of the boiling points of the two liquids is not necessary.
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Figure 4.1. MD simulation snapshots summarizing the main findings. (a) A liquid drop
consisting of equal number of A and B molecules (red dots: A molecules; blue dots: B
molecules) pass through the grafted and collapsed nanoconfined polymer layer (philic to liquid
A and phobic to liquid B) and in the process significant number of molecules of liquid A get
separated from the drop (example of microphase separation), the polymer layer partially
extends, and there is an enhancement in the fraction of liquid B molecules in the outgoing drop
(distillation-like behavior). (b) The same microphase separation process repeated with the same
nanochannel (but with an extended polymeric layer) leading to the removal of an even greater
number of liquid A molecules from the drop and increasing further the fraction of liquid B
molecules in the outgoing drop. The polymer layers overlap after this passage, making this
nanochannel unusable for further drop passages.
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4.2 Computational Methods

We employ Molecular Dynamics (MD) simulations to study the microphase separation behavior
of a miscible binary mixture drop of two Lennard-Jones (LJ) liquids interacting with a
nanoconfined grafted polymer layer. The MD simulations are conducted using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software package.'®®

All species in our system interact through a standard Lennard-Jones 12-6 pair potential given by,

Uy (r) = 4e [(%)12 - (5)6 — (1)12 + (%)6], where € is the strength of LJ interactions, 7 is the

T Te
distance between the centers of the interacting species, and o is the size of the species. The cutoff
distance, 1. = 50, is used for all non-bonded pairs unless explicitly mentioned. The polymer layer
is chosen to have highly philic interactions with one of the liquids of the binary mixture (liquid
A), while being phobic to the other liquid (B). We consider a 2D cylindrical drop containing a 1:1
ratio of the two composing liquids (A and B). The binary mixture drop is allowed to equilibrate
before being driven towards the nanoconfined polymer layer with a constant force, emulating a
pressure driven flow. We choose a simulation box of dimensions L, X L, = 2250 X 400. The
height of the simulation box L, varies across different simulations (L, = 400, 440,480,520),
and is the same as the nanochannel height. The simulation domain is periodic in y direction, but
not in the x and z directions, where fixed boundary conditions are implemented.

We model the grafted polymer as linear chains with each chain consisting of 100 beads connected
by permanent bonds. The Kremer-Grest (KG) technique detailed in chapter 3 was employed here
to model the polymer molecules as approximately hard-sphered “beads” constrained by harmonic
“springs”. We consider a nanoconfined polymer bilayer with chains grafted on opposing planar
surfaces having a separation of h. Each surface is grafted with 150 chains with a grafting density

(gg) of 0.056/02, for a total of 300 nanoconfined polymer chains. The polymer beads are
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connected by bonds modeled using the finitely extensible nonlinear elastic (FENE)
2
potential, Uz = —0.5K Ro%In [1 — (RL) ], where r is the separation distance, Ro = 1.50, and K =
0

30¢/6%. We introduce stiffness in our grafted polymer chains via the application of a bending

potential following the Faller and Miiller-Plathe'®’

augmented KG modelling procedure given by,
Upena(0) = €[1 + cos (6)], where 6 is the angle subtended by adjacent bonds. The two liquids in
our simulation are modelled as dimers made of LJ beads, having the same FENE bond parameters
as the polymer chain. All liquid and polymer beads have a mass m. All bonded pairs of neighboring
beads on a polymer chain interact through the standard LJ 12—6 pair potential as given above, but
with a cutoff distance of 7. = 2°c. A purely repulsive LJ wall is placed at the right and left faces
of the simulation domain to prevent the liquid molecules from escaping. The nanochannel is
modeled as fixed walls of beads uniformly distributed with an area density of 1 m/c? interacting
with all other species via the 12-6 LJ potential with a cutoff distance of . = 2. We do not
consider any Coulombic interactions in our system and the nonbonded interactions only include a
shifted-truncated 12—6 LJ potential. As such, the model adopted in this study is appropriate for
systems dominated by van der Waals interactions. We summarize the LJ interaction parameters
used in our system in Table 4.1 below (in the table, 7. denotes the cutoff for the LJ interactions).
Also, the beads representing the different species (e.g., liquid molecules, monomers, and wall
molecules) are all identically sized (o = 1).

The simulations are carried out in an NVT ensemble using the Nosé-Hoover thermostat.!6%170 All

simulations are performed using a timestep of 0.001t and the damping factor of the thermostat is

considered to be 100 timesteps (0.1t). We start the simulation with the reduced LJ temperature of
all particles set at T* (= %) = 0.1, and by gradually increasing the temperature to T* = 1, while

keeping the binary mixture drop fixed at a large enough distance away from the grafted polymer
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molecules (inside the nanochannel) so that the drop-polymer interactions are negligible. Initially,

the polymer layer is “dry”, meaning it is not solvated.

Table 4.1: Strength and cut-off distances of the LJ interactions between different species

Particle Type A Particle Type B £y T (0)
Wall Wall 0 -
Wall Polymer/Liquid bead 1 1.12

Polymer Bead Polymer Bead 1 5
Polymer bead Liquid A 1.5 5
Polymer bead Liquid B 0.3 5

Liquid A Liquid B 1 5

We consequently drive the cylindrical drop in the x-direction with a constant force on each drop
molecule that emulates a pressure gradient of 0.009 €/0*, in order to push the drop through the
nanoconfined polymer bilayer. The drop is allowed to gradually pass through the polymer layer;
the polymer bilayer absorbs a fraction of the philic liquid (A) molecules and a corresponding drop
containing a majority of phobic liquid (B) molecules is obtained on the other side of the
nanoconfined polymer layer. This is defined as one “drop pass”. At this stage, the drop obtained
after the passage is deleted from the system and the polymer bilayer is equilibrated without the
application of a pressure gradient force. The attainment of equilibration is confirmed by the
autocorrelation function of the polymer layer heights. Once equilibrated, a binary mixture drop
(same as our initial drop) is added back into the system, allowed to stably equilibrate far away

from the polymer layer, and then pushed towards the polymer layer (with the same force), to obtain
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“pass 2”. This process is repeated to obtain multiple passes for a given nanochannel height, until
the polymer bilayer interpenetrates. Of course, different nanochannel heights accommodate
different number of total drop passes. We collect data every 0.5t. All visualizations of the atomic

trajectories are performed using the open-source software OVITO.!7?
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4.3 Results

Repeated Microphase Separation and Distillation-Like Behavior: Process Description

We consider a drop of highly miscible binary mixture of two Lennard Jones (LJ) liquids A and B
(their high miscibility is ensured by considering a dimensionless value of their interaction energy,
g4g — 1) that is driven (by applying a finite force) through a nanochannel whose two walls are
grafted with collapsed layers of polymer chains (P). The drop contains an equal number of A and
B molecules. The polymer chains are so chosen that they are philic to liquid A (i.e., g4p = 1), but

phobic to liquid B (i.e., egp = 0).

We show here the MD simulation snapshots for two separate cases: nanochannel with height 520

(Fig. 4.2) and 400 (Fig. 4.3) (o is the LJ length parameter).

For the nanochannel with height 520, as the drop (consisting of liquids A and B) comes in contact
with the collapsed polymeric chains, some of the molecules of liquid A get imbibed/infused into
the polymer layer (and the polymer layer partially extends), while the drop now containing a much
greater fraction of molecules of liquid B, passes through. This is the 1% stage of microphase
separation. For this case, the separation process can be repeated as many as five times: each time
we consider the liquid-infused nanoconfined polymer layer that resulted from the separation during
the previous pass, but start with a drop that has an equal number of A and B molecules. Each time
we get the separation with molecules of liquid A leaving the drop and entering the polymer layer,
while the drop passing through with much greater fraction of molecules of liquid B. In addition to

this separation, there is also a progressive swelling of the polymer layer and at the end of the fifth
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pass, the polymer layers overlap: no further pass is carried out, given the fact that such overlapped

polymeric layers block the drop passage.

Before After

Figure 4.2. MD simulation snapshots showing the passage of the liquid drop through the
nanoconfined polymer grafted layers for the nanochannel of height = 52¢. This nanochannel
allows for 5 passages of the drop (hence the microphase separation process and distillation-
like behaviors get repeated 5 times). On the margin of the figure showing each pass, we identify
the corresponding parameters (discussed later) quantifying the separation (S, M,) and

distillation-like behavior (Dy,).
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For the case of the nanochannel with height 40a, only one pass of the drop is possible and after
that pass the collapsed polymer layers swell and interpenetrate (thereby preventing further passes)
(see Fig. 4.3). Interestingly, for this case (as will be established later), we get near complete
separation, i.e., almost all the liquid A molecules leave the drop and enter the polymer layer, while
the drop that comes out is almost entirely composed of liquid B. While these are excellent metrices,
the challenge is that such a scheme allows the handling of a much smaller volume of the liquid, as

compared to that achieved where one can employ multiple passes (see Fig. 4.2).

We study cases for two more nanochannel heights: /=440 and h=480. Both these cases enable
multiple passes of the drop, thereby resulting in repeated microphase separation and distillation-
like behaviors. The corresponding simulation snapshots have been provided in Appendix C.
Additionally, we have provided movies as supporting material showing the drop passes for

different passes for the case of a single nanochannel height.

Before After

¥ . * S,=0.911
s ' M, =0.866
.“ il D,= 9.707

Figure 4.3. MD simulation snapshots showing the passage of the liquid drop through the
nanoconfined polymer grafted layers for the nanochannel of height = 40g. This nanochannel
allows only one pass. On the margin of the figure, we identify the parameters (discussed later)
quantifying the separation (S,, M) and distillation-like behavior (D).
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In addition to this microphase separation, we also notice a fractional-distillation-like behavior.
Fractional distillation refers to a progressive increase in the concentration of one component in a
binary, miscible liquid mixture under the setting where one liquid is more volatile and hence when
subjected to heating evaporates and leaves the mixture. A more efficient distillation implies a
greater concentration of the less volatile mixture. In the present case, liquid B behaves like the
“less volatile” liquid present in the mixture (of course there is no heating or no evaporation of any
liquid): depending upon the nanochannel height and the specific number of the pass, the
concentration of liquid B in the drop that has passed through the nanochannel can be much higher
than that in the drop before the passage of the drop through the nanochannel. Thus, we start with
a drop that is a mixture of equal number of molecules of two highly miscible liquids (A and B)
and “concentrate” (or “distill” the drop) with respect to liquid B molecules by simply passing it
through the nanoconfined grafted polymeric layer. Most remarkably, by controlling the
nanochannel height and the number of passes, we control the “extent” of this “distillation”, i.e.,
the extent to which the drop gets concentrated with respect to the liquid B (detailed quantification

has been provided later).

Quantification of the multi-step (repeated) microphase separation and distillation

First, we quantify this multi-step (or repeated) microphase separation. At each separation step (or
each pass), certain number of molecules of liquid A leave the drop and settle inside the polymeric
layer. Each pass starts with a fixed number liquid A molecules (N4,;) mixed with an equal number
of liquid B molecules (N5, where Np;=N,,;). Depending upon the nanochannel height and the pass

number, only a certain number of molecules of liquid A leave the drop and imbibe inside the

86



polymer layer, leaving behind N4y number of liquid A molecules inside the drop. Obviously

smaller the value of Ny, better is the separation. Therefore, we define the separation efficiency S,

as

__ Ngi=Nary
S77 = —NA,L' . (1)

Fig. 4.4(a) provides the variation of S, as a function of the nanochannel height and the pass

number.

S, increases with the number of passes for a given nanochannel gap: this implies that for the higher
pass number a greater fraction of liquid A molecules is removed from the passing drop. As the
number of passes increases, the degree of swelling of the polymer layer increases thereby
providing a greater space for the liquid A molecules (philic to the polymer layer), thereby enforcing

the removal of a greater fraction of the liquid A molecules from the drop during the drop passage.

Just the variation of Sy, is insufficient to completely quantify the separation efficiency. During the

passage of the drop, some of the molecules of liquid B leave the drop and get attached to the
polymer layer as they are attracted to the significant amount of the molecules of liquid A (given
liquid A and B are philic to one another) that have already imbibed into the polymeric layer (see
Fig. 4.2). Accordingly, in addition to quantifying the extent of removal of liquid A molecules

(quantified by S,), one also needs to calculate the mass recovery efficiency (M,) of liquid B,

where:

M, = 2L, 2
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with Np; and N being the number of liquid B molecules inside the drop before and after its

passage through the polymer-grafted nanochannel.

The best scenario for the separation is represented by a simultaneously large value (near unity) of

Sy and a large value (near unity) of M,,.

M,, shows a non-monotonic dependence on both the number of passes and the nanochannel height
[Fig. 4.4(b)]. During the greater-numbered pass, liquid B molecules interact with liquid-A-
molecule-laden polymeric layer: the philic A-B interactions will enforce some B molecules to
leave the drop and get retained back onto the polymer layer, thereby reducing M,,. There is another
effect that counters this situation. As is evident from the variation of S, an increase in the number
of passes increases the fraction of the liquid A molecules that are removed from the passing drop
and get adsorbed into the polymer layer. This leads to a more wetted polymeric layer and a
correspondingly more phobic drop with respect to the polymer, which in turn reduces the friction
(and the resulting shearing force) on the ejaculated drop, thereby reducing the number of B liquid
molecules that get detached (due to this shearing force) from the drop and localize on the polymeric
layer. This event enhances M,,. Therefore, there are competing factors in play (one decreases and
one increases M), which depend on the pass number (and hence the nanochannel height), thereby
ensuring that M, varies non-monotonically with the pass number and nanochannel height. The
above reported shearing action can be more clearly observed in the videos provided as supporting

material.
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We finally quantify the distillation-like behavior of the drop with regards to increasing the

concentration of liquid B inside the drop. This distillation-like behavior can be quantified by the

parameter
_ Nar
D, = Nar 3)

Greater the value of Dy, greater is the fraction of molecules of liquid B inside the drop after the

passage of the drop through the polymer grafted nanochannel. By this definition, perfect

distillation would warrant that D,, tends to infinity. Given that we always have Ng; = N4 ; inside

the drop before its passage through the nanochannel (regardless of the pass number), we can use

eqs.(1,2) to re-express eq.(3) as:

Fig. 4.4(c) provides the variation of D, as functions of the nanochannel height and the pass number.
Despite the non-monotonic nature of M, (with respect to the pass number), we find that D,

increases monotonically with the pass number. This stems from the progressive (and significant)
increase of S, with the pass number. In other words, at higher pass numbers, the extent of the

removal of liquid A molecules from the drop is so high that the extent of the corresponding removal
(or the lack of it) of the B molecules from the drop becomes less significant. Fig. 4.4(c) also

confirms that for certain nanochannel heights, the increase in the pass numbers leads to D, values

that are much larger than the D, for the nanochannel that allows only one pass (e.g., h=400). In
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fact, such enhanced values at greater pass numbers, as compared to the case (nanochannel with

h=400) that allows only one pass, can also be observed at some instances for S, and M,,.

() 4 (c) 25
1 —A—h =400
20 —8—h = 440
h=48c
0.95 —4—h=520
15
=" 09 a®
104
1 ——h=400
0.85 —a—h=440
5 ’
h=48s
——h=52, '—‘_"‘/
0.8 0
1 2 3 4 5 1 2 3 4 5
Number of passes Number of passes Number of passes

Figure 4.4. Variation of (a) S, (b) M,,, and (¢) D,, with the nanochannel height and the number
of passes (the allowed number of passes increases with the nanochannel height).

Quantification of the structure of the liquid-imbibed polymeric layers and the distribution of the

liquid molecules across the polymeric layers

In Fig. 4.5(a-d), we plot the monomer profile of the polymer layer for different nanochannel
heights, before (dashed) and after (solid) the final pass that is allowed by the corresponding
nanochannel. Consequently, for each case, the monomer profiles (after the drop passage) will
exhibit interpenetration. Beyond this point, no phobic liquid (liquid B is phobic to the polymeric
layers) is permitted through the nanochannel (at least with the usual magnitude of force). This
scenario resembles that of a “valve”: we shall explore this idea in the next section. Interestingly,

for all the cases shown in Figs. 4.5(a-d), the interpenetration length of the resulting polymer
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structure is identical in magnitude to the minimum gap (represented as the distance between the

red and blue dotted lines) between the opposing polymer layers before the final drop pass.

Finally, in order to show the progressive swelling of the polymeric layers after every pass, we
provide the monomer profiles after all passes for the nanochannel height h=52c (which allows the
maximum number of passes). The dry polymer height is represented by the case of pass “0”. The
progressive increase in the polymer layer height (until the polymer layers overlap) with the number
of drop passes becomes evident from the presence of a finite monomer concentration at a z value
that is further away from the grafting location (at z=0c and z=52c) for a higher pass number; of
course, this also means a progressive decrease in the peak monomer density values in order to
conserve the total mass of the polymer layer and this conservation has been verified by matching

the area under the monomer profile curves for all passes.

The corresponding density distributions for liquids A and B inside the polymer layer, as functions

of the nanochannel height and number of passes, have been provided in Appendix C.
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Figure 4.5. Monomer distribution of the nanoconfined polymer layers before and after the final
(allowed) drop pass for the nanochannel with (a) h=40c, (b) h=440, (¢) h=48c, and (d) h=52c.
(e) Monomer distribution of the nanoconfined polymer layers after each of all the five allowed
drop passes (Pass “0” refers to the case before any pass) for h=52c.
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Universal Nanoscale Valves for On-Demand Liquid Release Using Liquid-Infused Grafted

Polymer Layers

In the previous sections of this chapter, we have elucidated the manner in which the nanoconfined
grafted polymer layers interact with a drop of highly miscible binary liquid mixture and in the
process separates the two liquids, with one liquid (the one to which the polymer layers are philic)
getting imbibed into the grafted polymer layers, while the other liquid or the majority of the other
liquid (the one to which the polymer layers are highly phobic) being driven away with the drop.
Such liquid imbibition into the polymer layers swells the polymer layers, ensures repeated
separation of the two liquids, and leads to the formation of the liquid-infused grafted polymer
layers. In fact, such liquid-infused grafted polymer layers, can get swelled to such an extent that
they interpenetrate. One can recall that we stop the repeated passes of the binary liquid mixture

drop once the liquid-infused polymeric layers attain such interpenetrated state.

In this section, we demonstrate the on-demand pressure-driven nanovalving of desired volumes of
a given liquid (in this case, the liquid that is phobic to the polymer layers, namely liquid B, which
is shown by blue colored particles and have egp < 1) using such nanoconfined liquid-infused and
interpenetrating grafted polymer layers. This partially swollen polymer bilayer is solvated by
liquid A (depicted by red colored particles), which is philic to both liquid B (g45 — 1) as well as
the polymer species (¢4p > 1). As discussed in the previous section, the interaction of liquid A
with the grafted polymer layers ensures that the polymer partially swells, as the polymer layer
changes from being in contact with a “poor” solvent, (i.e., vacuum) to a “good” solvent (i.e., liquid
A) (see Fig. 4.5). On the other hand, the molecules of liquid A now get “housed” inside the partially
swollen polymeric layer. This ensures attainment of liquid-infused grafted polymeric bilayer.

Development of such liquid-infused swollen polymeric layer occurs at the opposing walls of the
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nanochannel, and as a result, they exhibit weak interpenetration. This overlapping polymer
structure is in the form of a liquid-laden porous barrier to any incoming liquid (see Figs. 4.2 and
4.3). More importantly, this liquid-laden porous barrier has two disparate components in the
context of possible interactions with an incoming (in presence of a finite pressure gradient) column
of another liquid B: first it consists of the segments of polymer P (which are phobic to the incoming
liquid B) and second it contains molecules of liquid A (which are philic to the incoming liquid B).
Therefore, when a column of liquid B is subjected to a sufficiently large pressure gradient and
driven through this liquid-infused polymeric barrier, a tiny amount of the incoming liquid B
molecules is absorbed into the layer (stemming from the favorable interactions between the
molecules of liquids A and B), while most of the incoming liquid B molecules pass through the
liquid-infused polymeric barrier (see Fig. 4.6). We consider a reservoir of liquid B with a specified
amount of liquid molecules (~ 0.75 X 10°) at a given pressure Pyeservoir- This fluid reservoir is
connected to the polymer grafted nanochannel that has a “sink™ attached to it on the other side (the
sink is initially maintained at vacuum). For this incoming column of liquid interacting with
nanoconfined LIGPL (liquid-infused grafted polymer layer) for a given nanochannel height, the
flow rate of liquid B (or effectively the total number of liquid B molecules per unit time) that
passes through the liquid-infused polymeric barrier can be precisely controlled by controlling (a)
the magnitude of the pressure at which the reservoir containing liquid B is maintained, or
effectively the strength of the pressure gradient (Ap/l) to which the molecules of liquid B have
been subjected to, (b) the number of molecules of A present inside the LIGPL, and (c) the height
of the nanochannel. In Fig. 4.7., we demonstrate the effect of the nanochannel height in dictating
the flow rate of liquid B (or effectively the total number of liquid B molecules per unit time) that

passes through the liquid-infused polymeric barrier. This ability to regulate the extent of liquid B
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molecules that comes out of the LIGPL barrier is referred to as the valving action. Salient features
of this valving mechanism are as follow: (a) unlike several existing techniques, this strategy is not
a go-vs-no-go strategy; rather, here one can precisely control the flow rate of liquid B that one
wants; (b) this strategy is a very generic and universal one that can be employed for valving liquid
B (where B can be any liquid): it will work whenever we have another liquid A and a polymer P,

such that g45 = 1, g4p > 1, and ggp < 1.

(@)

Figure 4.6. (a-d) MD simulation snapshots showing the passage of the phobic liquid drop
through the nanoconfined polymer grafted layers for the nanochannel of height = 52¢ at times
(a) t=0, (b) t=, (¢) t=, (d) t=. Subfigures (e)-(g) are magnified versions of subfigures (b)-(d)
respectively, with the phobic liquid made partially transparent for better visualization of the
polymer layer.
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Figure 4.7. Time variation of the number of molecules of liquid B (which also provides the flow
rate of liquid B molecules, Ng; we have indicated the Ny in each sub-figure) that pass through the
liquid-A-infused interpenetrated nanoconfined polymer layer for a nanochannel height of (a) 520
and (b) 400. For both the cases, we consider a reservoir pressure of p = 1€/0* (is it p or Ap/1?).
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4.4 Discussion

In this work, we employ a modified version of the generic polymeric modelling procedure
introduced by Kremer and Grest (KG).'? This assumes that the polymer can be approximated as
spherical beads constrained by harmonic potential bonds that interact via van der Waals forces and
exhibit some degree of stiffness. Although previous work'®® has illustrated the universality of
Kuhn scale-mapped KG in predicting the emergent properties of polymer systems, like
entanglement modulus and more indirectly, macroscopic properties like non-Newtonian polymer
rheology, care has to be taken to apply the correct values of characteristic Kuhn scale properties
of the polymer molecules for an accurate match with commodity polymers. In our work, we have
used a model polymer length of 100 beads. Depending on the polymer being modelled, this may
be insufficient to observe entanglement scales that would dictate features of such filtration and
valving phenomena beyond the molecular scale. More precisely, the grafted polymer molecules in

the long chain limit would exhibit a greater degree of dependence on the entanglement effects in

188-192 193-196

polymer chains including constraint release , and crumpling as well as correlation hole
effects'®’, that may help explain the nonlinear rheology of more macroscopic polymeric systems.
The rheology would affect how large the forces of interaction become beyond the Kuhn-scale for
a given set of materials impacting the feasibility of such applications. Of course, other chemistry-
specific effects are disregarded in this approach, especially electrostatic effects, that might be
important depending on the context. Another important consideration is the fracture limit of such
grafted polymer chains (or even creep failure) under action of high forces/pressures subjected in
our systems. However, we believe this work provides a robust treatment of commodity polymer

properties and the framework developed here can be expected to provide good predictions outside

the linear regime and help establish a direct, quantitative link to experiments. In our work, we also
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consider a very simple treatment of the solvent species and do not consider any nonlinear effects
like viscoelasticity or chemical specific effects to be important for the fluid interactions. Therefore,
above all else, this work merely suggests the possible feasibility of such filtration and fluidic
valving applications by providing a customizable modeling procedure to account for the
discrepancy in different characteristic time and length scales exhibited by polymer species and
hence requires a thorough experimental validation of these phenomena with the right selection of

material properties.

4.5 Conclusion

Here, we have proposed a design strategy that uses nanoconfined grafted polymer layer to trigger
repeated microscopic phase separation (such repetition enables processing of significant volumes
of liquids) of a binary mixture of two miscible liquids (A and B) that show opposite interactions
with the polymeric layer. Using nanochannel to trigger microscopic phase separation of miscible
liquids, by leveraging the disparate interactions between the liquids and the nanochannel wall is
well known: here we propose a paradigm shift to this problem by demonstrating that such
separation can be triggered in a repeated fashion by using nanoconfined polymer layers that
interact favorably with one of the liquids (liquid A) and thereby progressively swell providing a
progressively increasing space to this particular liquid to get separated from the mixture. We
additionally demonstrate that the same process leads to a distillation-like behavior, where there is
a continuous enhancement (with each repeat of the separation event) of fraction of liquid B in the
mixture. We use quantifications to provide a measure of the extent of separation and the extent of
distillation-like concentration enhancement, and show that repeated passes can also improve these
measures. Finally, we demonstrate that the nanoconfined interpenetrated liquid-infused (with

liquid A) polymeric bilayer structure that results from such multi-step separation can be utilized
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as a nanoporous liquid valve that can be used for controlled valving of desired amount of the other
liquid (liquid B) by driving a column of liquid B through this interpenetrated polymeric bilayer in

presence of an externally imposed pressure gradient.
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Chapter 5: Conclusion and Future Scope

This thesis explores the atomistic level dynamics of liquid drops and nanoparticles interacting with
grafted polymer layers showing a varied range of interactions with these moieties. In the process
of this exploration, we are not only able to shed light on the fundamental behavior of drops and
NPs in contact with the polymer layer and the responses of the polymer layer to these entities, but

also provide ideas of a host of different application designs involving NPs, liquids, and polymers.

First, I uncover the fundamental wetting dynamics of a liquid drop simultaneously spreading and
imbibing into a polymer layer, which itself responds to the drop and undergoes a collapsed-state-
to-brush-state transition. I quantify the process by describing the drop spreading by scaling laws
that match reasonably well with the MD simulation results. We also describe the imbibition
dynamics and the collapsed-state-to-brush-state transition dynamics of the grafted polymer layers.
Finally, we argue that the process could provide clues to developing “responsive” polymer grafted

liquid infused surfaces.

Second, I study the interaction of NP-laden liquid drop with a layer of grafted polymers. The salient
feature of this system was that the NP was phobic to the polymer, while the drop carrying the NP
was philic to both the NP and the polymer layer. Such a scenario led to the most remarkable onset
of stable physical contacts between the NP with the polymer layer, despite the polymer layer being
highly repulsive to the NP. The study provided one of the first design approaches that enable stable
contacts between a NP and a highly unfavorable functionalized layer: this design, we argued, could
well increase the versatility of the designs and applications where such NP-functionalized-layer

interactions become the main driving factor.
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Third, I studied the interactions between nanoconfined grafted polymer layers with a drop of highly
miscible binary liquid mixture. The salient feature of this particular set up was that the two liquids,
constituting the liquid drop, showed completely different interactions with the polymer layer.
When a drop of this binary and miscible liquid mixture was driven through the nanoconfined
polymeric layers, the liquid that was philic to the polymeric layer got imbibed into the polymer
layer and as the polymer layer swelled, while the other liquid (phobic to the polymer layer) mostly
passed through. This action ensured the first stage of separation. Most intriguingly, the swelling
of the polymeric layer was progressive, providing further space to the philic liquid to get imbibed
into the polymer layer. This paved the way for the multiple stages of this separation. We also
showed that this same principle of the interaction of multiple miscible liquids with nanoconfined
polymer layers showing distinctly different interactions with the liquids can be utilized for
ensuring nanoscale fluid valving, where one of the liquids (the one phobic to the polymeric layer)
can be controllably released. This study, therefore, provided a unique design perspective on
developing nanoscale liquid separators and valves by utilizing nanoconfined grated polymer

layers.

5.1 Future Work

This thesis has paved the framework for exploring the interactions of liquid drops, NPs, and
responsive grafted and nanoconfined polymeric layers in an unprecedented fashion. There is a

myriad of problems that this thesis will lead to in future.
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For example, in the problems we have studied, the electrostatic interactions were mostly neglected.
Therefore, in future studies it will be extremely interesting to probe the interactions of charged
polymer layer (polyelectrolyte or PE layer) with an opposite charged NP. Similarly, it will be most
remarkable to probe the development of possible stable direct contacts between identically
charged NP and the PE layer, overcoming the large electrostatic repulsion, for the case when a
liquid drop philic to the polymer drives the NP to close enough proximity of the monomers of the
swelled polymer chains. This study will be along similar lines as the study on developing stable
contacts between NP and a phobic polymer layer (see chapter 3); however, it will be of much
greater significance given the dire needs to establish some form of attractive interactions between

two similarly charged entities.

A different group of problems that will follow from the present thesis will involve a more explicit
chemical consideration of the polymer systems, liquid drops, and NPs. For example, in the
problems described in chapters 3 and 4, we have primarily considered Lennard Jones drops, NPs,
and polymer chains. On the other hand, the same set of problems could be probed by considering
explicit chemical nature of the polymer or PE chains (for example, poly-ethylene glycol chain or
poly-acrylic acid chains), chemically explicit nature of the drops (water drops or certain other
organic liquid drops), and chemically explicit nature of the NPs (e.g., silver or gold NPs, or NPs
with distinct chemical functionalities, or Janus-like properties on two different hemispheres of the
NPs). Such consideration will bring to the fore unprecedented molecular effects that have been
hitherto overlooked in studies of drop and NP interactions with the polymer layer. For example,
the interaction of the NPs with a layer of solvated poly-acrylic acid (or PAA) brushes will be

dictated by the manner in which the NPs can break the solvation shell of around the PAA brushes
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as well as the nature of the interactions of the NPs with the counterions that are strongly attached
to the PAA brushes (in order to screen the PAA brush charges). Similarly, the spreading dynamics
of a water drop (with the water modeled explicitly using SPC/E model, for example) on a non-
wetted (and hence collapsed) PAA brush layer will depend on the ion content of the water drop.
For example, drop wetting and imbibition dynamics and the associated brush swelling (a problem
that has been studied for non-charged system in Chapter 2) will vary depending on whether the
water drop is rich in monovalent or multivalent cations (or counterions needed for screening the
charges of the PAA brushes), given the fact that the PAA brushes will react differently (in terms

of swelling) to whether their charges are screened by monovalent or multivalent counterions.

Finally, as long-term future prospects of the findings of this thesis, it would be worthwhile to probe
the different applications to which the thesis provides design ideas. For example, developing stable
interactions between NP and phobic polymeric layer can be critical in designing universal polymer
grafted surfaces for de-activation of a large number of different viruses regardless of their extent
of philic/phobic interactions with the polymer layer. Similarly, the separation and valving effects
(as outlined in chapter 4) can be better designed for actual nanoconfined liquids, enabling the on-
demand dispensation of very little liquid volumes (femto-liters to pico-liters). Also, the progressive
swelling of the nanoconfined polymer brushes (as elucidated in chapter 4) and the consequent
entrapment of the phobic liquid (liquid that is phobic to the polymeric layer) in progressively
narrower space within the nanochannel indicates to the localization of the phobic liquid to
progressively stronger confinements. Such confinements are much stronger as compared to what

can be achieved by simple geometry, and will therefore enable liquid localization and consequent
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engineering activities (e.g., confinement driven stretching of a DNA molecule) in nanochannels of

dimensions that are otherwise very difficult to achieve through actual nano-fabrication.
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Appendix A

Some important supporting information related to chapter 2 is presented here.

A.1. MD Simulation Snapshots

The MD simulation snapshots showing the coupled dynamics of the polymeric liquid drop and the

grafted polymer molecules for the grafting density of 6,=0.31/6* have been provided in Fig. A.1.

(a) t=0 (b) t=1ns

(]| Liquid Drop
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr M| polymerBrush |

(c) t=10ns l:]‘ Silica Substrate ‘ (d) t=50ns

(g) (h) Brush
t=10ns

Figure A.1. (a-d) MD simulation snapshots showing the interaction of the polymeric liquid drop
with the layer of grafted polymer molecules (grafting density 6,=0.31/c%) at different time instants
(identified on top of the snapshots). For these figures, the interaction is shown by depicting the
entire length of the layer of the grafted polymer molecules. In the inset of these subfigures, we
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highlight a smaller section of the layer of the grafted polymer molecules providing a more detailed
view of the solvent-polymer-molecule interface. The simultaneous spreading and wicking of the
liquid molecules (inside the layer of the grafted polymer molecules) become apparent from these
snapshots. In subfigures (a-d), D represents the contact diameter. (e-g) Zoomed images showcasing
the behavior of the liquid molecules and the grafted polymer molecules corresponding to region
highlighted in (a). These snapshots show that as the liquid penetrates more and more into the
polymer layer (the extent of this penetration is represented by noting the location of the liquid front
with respect to the black line that provides the instantaneous average height of the grafted polymer
molecules), the polymer molecules swell and stretch out to take the form of brushes (the fact that
they attain brush-like configuration is established in Fig. 2.6 in the main chapter). For a clearer
visualization, we do not show all the polymer molecules along a given length of the solid surface;
rather we show only a selected few.
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A.2. Calculation of the Contact Radius (r), Dynamic Contact Angle (0), Average Time-

dependent height of the Grafted Polymer Layer, and Wicking Fraction

We hereby provide the details for the calculation of the different quantities provided in the main
paper. First, we calculate the contact radius () of the drop as it spreads. For that purpose, we first
divide the system into two-dimensional bins of size SA x 5A in the vertical plane and filter out
bins with insignificant number of liquid molecules, based on their number density (less than 10%
of the maximum number density), at every time instant. This is done so as to obtain the actual
shape of the drop and to remove molecules that may have drifted away. Other bin sizes between
3A-7A were also tested and we obtain a contact radius variation of less than 2%. Also, the cutoff
of 10% of the maximum number density was chosen, because there is a sharp fall in the number
density within the bins beyond this cutoff. This implies that for the bins neighboring the drop
surface, the number density falls sharply below the cutoff chosen here (10%), so that the adjacent
bins have of the order of 1% of the maximum number density. Once this is done, we simply
calculate the contact diameter by taking the difference of the minimum and maximum locations of
the drop “three-phase” contact line in the x-direction, near the substrate. Of course, after sufficient
time, the drop stops spreading and we obtain an equilibrium contact radius. Figure A.2 provides a

schematic view of the binning procedure and a depiction of the estimated contact diameter.
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Figure A.2. Schematic of the binning procedure to calculate the contact radius of the drop. Each
2D bin has dimensions of 5A x 5A. The red arrow depicts the contact diameter, twice of the contact
radius.

Following this, we evaluate the dynamic contact angle (8) of the drop, based on a similar approach
by Yuan!. We divide the liquid molecules of the drop into 3A sized bins in the vertical direction
(z), upto the maximum height of the drop and note the maximum (Xmax) and minimum (Xmin) X
locations of the drop molecules in each of these bins. The drop is defined using the approach
employed for the contact radius estimation. Two lines are then fit through each set of the xmax and
Xmin Values from 5 adjacent bins nearest to the substrate, respectively, and the slope of these lines
are evaluated to determine the contact angle. The slope of the line-fit through the xmax values would
have a negative slope for acute contact angles; therefore, care is taken to compute the contact angle
correctly for such a case. Since, there are two contact lines corresponding to the two sides of the
2D drop, we compute the average of the two as the contact angle of the drop at any instant. This
process is repeated for the entire simulation time. Figure A.3 provides a schematic view of the
binning procedure, the fitted lines through the lateral locations, and a depiction of the estimated

contact angle.

108



Vertical bins of equal width

J‘.!
-
i
o

%

o

i
f,

Figure A.3. Schematic of the binning procedure to calculate the contact angle of the drop, with
bins of width 3A. The blue lines depict the linear fit through the minimum and maximum lateral
locations from the 5 bins nearest to the substrate. The contact angles for the two sides of the drop
are represented by 6; and 6,.

Next, we quantify the height of the grafted polymer layer as it stretches out in the presence of a
favorable environment (octane). In Figure 4(a) in the main chapter, we have depicted a region that
is xwk =10-nm wide and localized below the drop and around the drop center: in that region, we
quantify the dynamics of the polymer chains, as they stretch from a globule-like state to that of a
brush, by quantifying the time-dependent average grafted polymer height in that region. We
employ a trivial approach to compute this quantity: we average the individual heights of each of
the polymer chains that are grafted in the chosen section at every time instant. We repeat this

procedure for the whole simulation time.
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Finally, we analyze the wicking behavior of the liquid molecules as they imbibe into the grafted
polymer layer. To quantify this, we determine the number density of drop molecules that have
imbibed into the substrate (any molecule that is within the grafted polymer layer, i.e., it has a
vertical location less than the average polymer chain height, obtained from the previous result) at
any time instant, within the region identified in Fig. 2.4(a) (a region that is x,x =10-nm wide and
localized below the drop and around the drop center). The result is normalized with respect to the
maximum number density of imbibed liquid molecules (equilibrium number density inside the

polymer layer) and is defined as the wicking fraction in this work.
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Fig. A.4 shows the spreading of the droplet on the substrate grafted with the polymer chain
(grafting density 6,=0.31/6°) without the polymers being visible. This allows us to understand the
drop spreading more clearly. Fig. A.4(c) depicts the equilibrium structure of the drop, and although
the contact angle is quite small (only a few degrees), the drop configuration is still preserved (and

we do not encounter a liquid film).

(a)
t=2ns

(b) t=10ns

(c) t=50ns

Figure A.4: MD simulation snapshots confirming the spreading dynamics and attainment of drop
equilibrium on the substrate grafted with the polymer chain (grafting density oy = 0.085/0%)
without the polymers being visible. The time value corresponding to each snapshot has been
provided on the right-hand corner of that snapshot.
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A.S. Autocorrelation Function for the Average Brush Height

In Fig. A.5, we provide the autocorrelation function for the average brush height for different

grafting density values.

——0o =0.034/0>
g 4

——o_ =0.048/02
g

0 0.5 1 1.5 2

Figure A.5: Variation of the autocorrelation function for the average brush height for different
grafting density values.
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Appendix B

Some important supporting information related to chapter 3 is presented here.

B.1. Calculation of the Probability of Contact (Pcontact)y Average Number of Contacts,

Relaxation Time Distribution (RTD) of Contacts, and Mean Square Displacement (MSD)

Here we provide the details for the calculation of various quantities provided in the main paper.
The central result of the paper quantifies the stable direct contacts between the nanoparticle (NP)
and the polymer molecules. As mentioned in the main paper, the monomers within the first
solvation shell of the NP are considered to be in direct contact with the NP. We employ the
following procedure to identify the monomers that are in direct contact with the NP. First, we
isolate all the species that are within a shell of width 30 around the NP. Then, for each NP-
monomer pair within this shell, we check if there exists a 3" intervening species (monomer or
solvent molecule) within the sphere described by the line joining the NP surface and the monomer
as diameter. If an intervening species exists, then the chosen NP-monomer pair are not in direct
contact. If no intervening species exists, then the pair is said to be in direct contact. We represent
this algorithm using a schematic (see Fig. B.1). From this, we can determine the existence of
contact as a binary function: if the value of the function value is 0, it implies that no NP-polymer
contact pair exists, while if the value of the function is 1, it implies that at least 1 pair of direct
contact exists at any instant [please see the insets of Fig. 3.2 (a-c) in the main chapter]. This
information can be subsequently used to trivially calculate the probability of the existence of at
least 1 NP-polymer direct contact, i.e., Peontact [please see Figs. 3.2(a-c) in main chapter]. We can

also calculate the total number of direct contact pairs between the NP and polymer brush layer at
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any instant and hence, the average number of contact pairs at any instant [please see Fig. 3.2(d-f)
in main chapter]. Finally, we can analyze the lifetime of these direct contact pairs by calculating
the relaxation time distribution (RTD) of contacts [defined as the fraction of contacts initiated at
time t=0, that still exist at time t, see fig. 3.2(g-1)]. We obtain this by uniquely identifying each
NP-monomer contact pair at every time instant and calculating the lifetime of each direct contact
pair. The contact calculations are preformed using the data collected at regular time intervals
of 0.17. A similar approach can be employed to quantify contact between the NP and solvent
molecules. We can obtain the total number of direct contact pairs between the NP and solvent
molecules (N) at any time instant and the relaxation time distribution of such NP-solvent direct
contacts using a similar algorithm as mentioned above. Finally, the Mean Squared Displacement
(MSD) of different species is calculated by considering an ensemble average of the squared
displacement over all particles of the corresponding species and over a long duration of time

(ensuring equilibration is achieved).

Spherical shell of Sphere of
interest interference

EI‘ Polymer Brush ‘

.‘ Nanoparticle ‘
I‘ Substrate ‘

Figure B.1: Schematic representing the algorithm for determination of NP-monomer direct
contact pairs. The sphere of interference (shown in this schematic) determines the existence of the

contact: if an intervening species exists within this sphere, then the corresponding NP-monomer
pair is not in direct contact, otherwise the NP-polymer contact is a direct contact.
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B.2. Mean Square Displacement of Solvent Molecules

In fig. B.2, we provide the MSD of solvent molecules for the case of ¥ = 0.1 and NP radius

ELpP

= 20. The MSDs of the solvent molecules remain identical over the full range of E:—N values and
LP

NP radii considered in this study.

Solvent Mean Square Displacement

250
m—y - MSD
| [= =y -MSD ¢
200 (,.,.. z - MSD ,,/
====Total MSD ,'

Figure B.2: Mean Squared Displacement (MSD) of the solvent molecules inside the polymer layer

for the case corresponding to a NP of radius 2¢ and ?—N = 0.1.
LP
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Appendix C

Some important supporting information related to chapter 4 is presented here.

C.1. MD simulation snapshots corresponding to the remaining two nanochannel heights:
h=440 and h=48¢c

(a) Before

$,=0.714
M, =0.989
D, = 3.463

s, =0.963
M, =0.812
D,= 21.938

2™ Drop Pass -

(b) Before After

5,=0.435
M, = 0.968
D,= 1714

15 Drop Pass

5,=0.668
M, =0.994
D, = 2.997

2M Drop Pass

5,=0.929
M, = 0.889
D, = 12.518

3 Drop Pass

Figure C.1: MD simulation snapshots showing the passage of the liquid drop through the
nanoconfined polymer grafted layers for the nanochannel of (a) height = 440 and (b) height = 480.
These nanochannels allows for (a) 2 and (b) 3 passages of the drop respectively (hence the
microphase separation process and distillation-like behaviors correspondingly get repeated (a) 2
and (b) 3 times). On the margin of the figure showing each pass, we identify the corresponding
parameters (discussed later) quantifying the separation (S, M;) and distillation-like behavior (Dy).
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C.2. Philic liquid (A) distribution at equilibrium and corresponding colormap of liquid
densities for different passes for nanochannel height /=520
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Figure C.2: Variation of the number density of philic liquid (A) molecules inside the polymer
layer along the height of the nanochannel (h=520) after each drop passage at a midway plane
dividing the polymer bilayer equally in the x-direction. The polymer layer swells in response to
the imbibition by the philic liquid molecules as can be inferred by the shortening gap between the
liquid density peaks. As the volume of liquid A inside the polymer bilayer increases so does the
number density. After the last passage (pass 5), the polymer bilayer exhibits interpenetration.
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Figure C.3: Colormap depicting the liquid (A and B) densities before and after pass 1 for the case
of nanochannel height, h=52¢. The density of liquid A inside the polymer layer increases after the
passage of the drop, while a very tiny fraction of the liquid B molecules can be seen wetting the
surface of the swollen polymer layers.
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Figure C.4: Colormap depicting the liquid (A and B) densities before and after pass 3 for the case
of nanochannel height, h=520.
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Figure C.5: Colormap depicting the liquid (A and B) densities before and after pass 5 for the case
of nanochannel height, h=520.
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