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ABSTRACT

In polymer nanoparticle composites (PNCs) with attractive interactions between nanoparticles (NPs) and polymers, a bound layer of the
polymer forms on the NP surface, with significant effects on the macroscopic properties of the PNCs. The adsorption and wetting behaviors
of polymer solutions in the presence of a solid surface are critical to the fabrication process of PNCs. In this study, we use both classical
density functional theory (cDFT) and molecular dynamics (MD) simulations to study dilute and semi-dilute solutions of short polymer
chains near a solid surface. Using cDFT, we calculate the equilibrium properties of polymer solutions near a flat surface while varying the
solvent quality, surface-fluid interactions, and the polymer chain lengths to investigate their effects on the polymer adsorption and wetting
transitions. Using MD simulations, we simulate polymer solutions near solid surfaces with three different curvatures (a flat surface and NPs
with two radii) to study the static conformation of the polymer bound layer near the surface and the dynamic chain adsorption process. We
find that the bulk polymer concentration at which the wetting transition in the poor solvent system occurs is not affected by the difference
in surface-fluid interactions; however, a threshold value of surface-fluid interaction is needed to observe the wetting transition. We also
find that with good solvent, increasing the chain length or the difference in the surface-polymer interaction relative to the surface-solvent
interaction increases the surface coverage of polymer segments and independent chains for all surface curvatures. Finally, we demonstrate
that the polymer segmental adsorption times are heavily influenced only by the surface-fluid interactions, although polymers desorb more
quickly from highly curved surfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052121

I. INTRODUCTION

Polymer nanoparticle composites (PNCs) exhibit both macro-
scopic and microscopic properties that are distinct from those of
pure polymers.””'” In PNCs with attractive interactions between
the nanoparticle (NP) surfaces and the polymers, polymers adsorb
to the surface and form a bound layer. This polymer bound layer
has been shown to be responsible for changes in the proper-
ties and performance of the PNCs and has been used to prevent
NP aggregation'®!” and to improve mechanical’*?' and transport
properties of PNCs.”>"?* Significant progress has been made in

understanding the multi-scale structure and segmental dynamics of
the bound layer polymers in PNCs."**»*>~?% First, the bound layer
thickness in solution and in melt has been measured using vari-
ous experimental techniques.**>?° The amount of excess adsorption
of polymers is affected by the strength of the interaction between
the surface and the polymer” and by the bulk polymer concen-
tration.”” The density of polymers in the bound layer is impacted
by the NP-polymer interaction strength'>*"*? and the molecular
weight of the polymers.'>*>** Finally, the surface curvature plays
a significant role in the conformation of polymers in the bound
layer.>7:15:16:27.35-40 Tn these experimental studies, the polymer chains
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have been shown to be compressed perpendicularly to the surface,”
which is in qualitative agreement with theoretical predictions*'**
and simulation results.!®>¢4

A common fabrication process of PNCs involves dispersing
NPs in a polymer solution prior to annealing, during which the
behavior of polymer chains near the NPs can influence the result-
ing structure and properties of the dried PNCs.'® Therefore, the
solvents used in the fabrication process can result in significant
differences in macroscopic properties from similar samples
produced in different laboratories.'®** It is widely accepted that in
equilibrium, the bound layer of polymers on a surface in a polymer
solution is not immobile, but instead, there is a continuous pro-
cess of polymer chain exchanges between the bound layer and the
bulk solution. Nevertheless, there is still some disagreement in the
literature as to whether the bound layer formation is reversible.*>~*
Thus, understanding the chain adsorption and exchange process
is critical to understanding the various properties of the bound
layer. Previous research on the kinetics of polymer chain adsorption
has identified three separate stages in this process.”’~°! First, the
polymer chain diffuses close to the adsorbing surface, and when the
chain approaches the surface, its conformation becomes distorted.”’
Next, the polymer chain attaches itself onto the surface, then the
segments rearrange, and the polymer flattens, which lowers the
potential energy of the system, and can displace previously adsorbed
polymers. This step of the process is slow and history-dependent,
during which loops and trains can form on the surface.”””">” Finally,
chain detachment occurs at a time scale exponentially proportional
to the chain length.”” When the interaction between the surface and
the polymer is favorable, the formation of a bound layer of polymers
on the surface is observed, and the strength of the interaction affects
the amount of the adsorbed polymer'®°?°? and the chain diffusivity
near the surface.”

A fundamental understanding of the static and dynamic
properties of bound layer polymers remains elusive, especially at the
molecular level. Most of the previous work focuses on adsorption
of polymer chains onto smooth surfaces; in experimental systems
of PNCs, the roughness of the solid surface cannot be ignored,
especially in the case of small NPs with large surface area to vol-
ume ratios.”*>” In addition, the temporal properties of the bound
layer, such as the time scales of its formation and the chain exchange
processes, have not been well established.!****>“ In this paper, we
study the wetting and adsorption-desorption transitions in polymer
solutions in contact with a solid surface using classical density func-
tional theory (cDFT) for fluids and investigate polymer chain-scale
adsorption dynamics in the bound layer using molecular dynam-
ics (MD) simulations. A schematic of the systems we investigate is
shown in Fig. 1. A common quantity used to describe the size of
the polymer chain relative to the size of the nanoparticle is Rg/rnp,
where R, is the ideal radius of gyration of the polymer and ryp is
the nanoparticle radius. We vary R, /rnp by varying the curvature of
the solid surfaces and the polymer chain lengths, and we also vary
solvent quality and the strength of polymer-surface interaction to
examine their effects on the static and dynamic properties of the
polymer bound layer. We use ¢cDFT to construct phase diagrams
of bulk polymer solutions with two polymer chain lengths, N = 10
and N = 40. Using two solvent qualities that represent good and
poor solvents, we investigate the adsorption and wetting behavior,
respectively. Combining with coarse-grained MD simulations, we
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FIG. 1. Schematic showing the nanoparticle (red), bound layer (blue), and polymer
solution (yellow) used in our study. Individual polymer chains are highlighted as a
string of blue beads. The arrows indicate the polymer adsorption and desorption
process, of which the thermodynamics (AF) and kinetics (Kex) are investigated.
Note that solvent is present within the bound layer.

explore the polymer density profiles and the adsorption dynamics
as a function of the curvature, chain length, and polymer-surface
interaction strength. The results from our study provide guidelines
for experimental designs to probe bound layer conformations and
dynamics in polymer solutions with NPs.

Il. METHODS

For both cDFT calculations and MD simulations, we use
dilute to semi-dilute polymer solutions with low loading of NPs to
investigate polymer adsorption in the absence of confinement and
interactions with multiple surfaces. By varying the solvent quality
(eps) and the surface-fluid interactions, we mimic experimen-
tal systems containing NPs with different surface properties. For
the fluid-fluid interactions, we use the 12-6 Lennard-Jones (LJ)

potential us, r,(r) = 4£fl,f2[(af‘f'f2)12 - (af‘f'fz)s],wheref1 and f,
indicate the two types of fluid particles in our system. We
use the same polymer-polymer, solvent-solvent self-interaction
strength, &) =& =1.0 kT, in both cDFT calculations and
MD simulations. For the attractive surface-fluid interactions in
our cDFT calculations, we use the 9-3 LJ potential u, ((r)

= %swf[(a"—’f)g - (a—f)S], where w and f indicate the surface

r r
and fluid (either polymer or solvent) particles. The surface-fluid
interactions in our MD simulations are modeled using the 12-6
L] potential. To ensure that the NPs are miscible in solution, we
choose the surface-solvent interactions to be attractive throughout
our study. We fix the surface-solvent interaction strength to be
ews = 1.25 kT for the cDFT calculations. For the MD simulations,
we fix &ys =0.65 kT to match the depth of the potential well
between MD simulations and cDFT calculations. The details of this
procedure are described in Sec. I B. All non-bonded interactions
in both the ¢DFT calculations and the MD simulations have a
cutoff length of re,; = 2.50. Additionally, we define Aeyy to be the
difference in surface-fluid interactions as Ae, = €wp — €ws, Where
ewp is the surface-polymer interaction, so that Ae,,r > 0 represents
a more favorable surface-polymer interaction compared to the
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TABLE |. List of the ratios of radius of gyration of the polymer to the radius of the NP

(Rg/rnp) We use in the study. Ry for the polymers is calculated as Ry = /Nb?2/6,
where b = 10 is the size of a Kuhn segment.

N Re(0) rnp(0) Re/rnp
10 1.3 Flat surface 0

40 2.6 Flat surface 0

10 1.3 25 0.05
40 2.6 25 0.10
10 1.3 6 0.22
40 2.6 6 0.43

surface-solvent interaction. In both ¢DFT calculations and MD
simulations, lengths are in units of ¢ and energies are in units of
kT. Note that the densities are in units of the number of segments
per volume, 6>, All polymer monomers and solvent particles have
a diameter of ¢ = 1.0. The units are in reduced L] units: temperature
T = kT* /e and time 115 = t*\/¢/ma?, where m represents the mass
of a single L] interaction site and T and t* represent temperature
and time measured in laboratory units.

We use two polymer chain lengths, N =10 and N =40,
corresponding to ideal radii of gyration of Ry = 1.3¢0 and 2.60,
respectively. Both chain lengths are below the entanglement chain
length, N.. For the cDFT calculations, we use only the flat surface;
for the MD simulations, we use the flat surface, a NP with ryp = 250
and a NP with rnyp = 60. These combinations of polymer Rg and
surface curvatures correspond to a range of R,/rnp, tabulated in
Table 1. Note that the overlap volume concentrations for these chain
lengths in good solvent are approximately ¢* ~ 0.16 and ¢* ~ 0.05
for N = 10 and N = 40, respectively.

A. Theoretical calculations

We use cDFT for fluids with bonded interactions and pairwise
attractions to calculate the equilibrium thermodynamic properties
of our system consisting of a solid surface in a polymer solution.
The fluid-cDFT approach described here has previously been used
to study polymers near surfaces.”®>’ The theoretical approach is to
find an equilibrium density profile for each fluid component p4(r)
that minimizes the grand free energy functional Q[pa(r)],

Qlpu(0)] = Flpa(®)] = [ diua = Vo(0))pulr), (1)

where F[py(r)] is the intrinsic Helmholtz free energy, u, is the
chemical potential of species &, and V4 (r) is an external field. The
intrinsic Helmholtz free energy is expressed as

Flpa(r)] = Fia[pa(r)] + Fus[pa(r)] + Fau[pa(r)] + Fenlpa(r)], (2)

where the right-hand side terms are the intrinsic Helmholtz free
energies for the ideal gas {Fi[p«(r)]}, hard sphere {Fy[pa(r)]},
attractive interactions {Fax[pa«(r)]}, and chain constraints
{Fa[pa(r)]}. The Fys[pa(r)] term describes a reference fluid
consisting of a simple fluid of hard spheres. Specifically, this model
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employs the White Bear fundamental measure theory (FMT) for
the hard sphere energy term.®” The attractive interactions between
particles and the bonding constraints are included as perturbations
to the reference fluid. Finally, this fluid-cDFT model expresses the
F,,[p«(r)] term using the modified interfacial statistical associating
fluid theory (modified-i-SAFT) to describe chain constraints due
to the presence of polymer bonds.’ The modified-i-SAFT model
is based on an extension of Wertheim’s first order thermodynamic
perturbation theory and is generally applicable to mixtures of
inhomogeneous complex fluids.®

Solving for the equilibrium density profiles for each fluid com-
ponent that minimizes the grand free energy functional results in
a system of nonlinear integral equations. In our study, we use the
open-source software developed at Sandia National Laboratories,
Tramonto, for the calculations.”” We also rely on a pseudo-arc-
length continuation (ALC) algorithm developed previously to vary
specific parameters and find coexisting solutions.®*®> A detailed
description of the numerical treatment can be found in Appendixes
B and C in the work of Frink et al’*®® When varying the
composition in a binary mixture, we need to keep the pressure
constant to remain physically realistic. In modified-i-SAFT, the
bulk pressure is an analytic function of polymer and solvent bulk
densities, p = f (pg,pf). This function can be inverted numerically
to obtain the solvent bulk density as a function of polymer bulk
density p’ :g(pg;p) at a constant pressure p.”” We find that we

can fit the function g(pg; p) with a fourth-order polynomial (see the
supplementary material), which is used to vary solvent density as a
function of polymer density to keep the pressure constant.

We perform the cDFT calculations in 1D only due to the large
computational cost required for 3D calculations, particularly, since
our system includes attractive interactions. Our calculation box size
is 800, with a mesh size of 0.050. One end of the computational
domain has a semi-infinite surface to simulate a flat surface, and
the other end has a reflective boundary condition, which means that
the densities beyond the last computational node are set to the same
densities an equal distance away from the boundary, i.e., for the kth
node beyond the boundary, p, ., = p,_,» where 7 is the total number
of nodes.

B. Molecular dynamics simulation

In addition to the 1D cDFT calculations, we use MD sim-
ulations to extend our study to 3D to investigate the effects of
surface curvature. We use the simulation package LAMMPS
with periodic boundary conditions in three dimensions to sim-
ulate infinitely extended systems.”” All bonds are simulated
with a harmonic bonding potential with a spring constant
Ug = (kn/2)(r;j — 0)?, where kj, = 2000¢/0°, and the non-bonded
interactions are the same as previously described. The above model
for simulating fully flexible polymer chains and surface—fluid inter-
action has been well established.®® We use explicit particles with
L] interactions for the solvent. The parameters in the L] poten-
tials are set as the same as in the ¢cDFT calculations: 0, = 05 = 1.0
and &) = & = & = 1.0. We use a simulation time step size
of 8t = 0.0027y.

To simulate the solid surfaces, we cut a rigid slab or sphere with
defined width or radius from an amorphous L] surface with a bulk
density of p = 1.0. This process allows for the inclusion of roughness
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FIG. 2. Visualization of MD simulations for (a) flat surface, (b) rye = 250, and (c)
rnp = 60 nanoparticles in a polymer solution. In (b) and (c), half of the simulation
box is deleted to expose the NPs in the center.

on the surface. The rigid slab simulating a flat surface has a thickness
of 8¢, while the NPs have two radii, ryp = 60 and ryp = 250. The
centers of mass of the solid surfaces are fixed at the center of
the simulation box, but they are allowed to rotate. Each particle
in the surfaces can interact with the solvent and the polymer
particles, which makes it necessary to tune the strength of the
surface-fluid interaction to match the depth of the potential well
with that of the 9-3 LJ potential used in the cDFT calculations.
The resulting surface-solvent interaction strength is e.,s = 0.65, and
the surface-polymer interaction strength is varied to vary Ae,y.

The polymer and solvent densities are pf, = 0.1 and p! = 0.6, respec-

tively, and are calculated as pf, = fla/(Viox = Veurface)» Where g
denotes the number of particles of a specific species and Vi,
and Ve are the total simulation box volume and the surface
volume, respectively. The polymer density corresponds to a polymer
volume fraction of ¢ = 0.167, which is above the overlap concen-
tration for both chain lengths, so the MD simulations are for
semi-dilute solutions. Snapshots of the three systems are shown
in Fig. 2.

Three independent configurations for each type of surface
are equilibrated to provide estimates of the uncertainty in our
calculations. Equilibration is confirmed with the observation of
polymers reaching the diffusive regime via the calculation of the
mean-squared displacement. After equilibration, particle positions
are collected at multiple times during the simulation and used in our
analyses.

Ill. RESULTS
A. cDFT calculations

To begin our cDFT calculations, first, we generate two bulk
polymer solution phase diagrams for the two chain lengths we
investigated, N = 10 and N =40, as shown in Fig. 3. The phase
diagrams allow us to determine the polymer—solvent interaction,
&ps» which leads to either phase separation or complete miscibility
across all polymer densities and guides the choices of parameters
in the MD simulations. The phase diagrams are generated using
analytic expressions for the free energy. Note that the phase dia-
grams in Fig. 3 are not typical thermodynamic phase diagrams
because we have kept the values of ¢, and &; constant and only
varied &; this is not the same as varying temperature, in which case
all interaction parameters would change, but, instead, is just varying
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FIG. 3. Phase diagrams for bulk polymer solution with chain length N = 10 (black
solid circles) and N = 40 (blue open squares). Lines connecting the data points
are used for guides.

the solvent quality for the polymer. From the phase diagrams, we
choose to use s = 0.93 kT and &, = 1.0 kT as our poor and good
solvent qualities for both polymer chain lengths. The pressure of
the system is p =0.650 909, which is the pressure of the pure
solvent at a density high enough to remain completely liquid. All
cDFT calculations are performed at this constant pressure as the
bulk polymer density is varied by simultaneously varying the sol-
vent density according to the relation p! = g(pg; p) described in
Sec. II; note that the relation between the two bulk densities depends
on &s and on chain length and so must be determined for each
condition. Using the poor solvent, & = 0.93 kT, phase separation
occurs at ppcex = 007407 and pl .., = 0.40207° for the N =10
system and at pf;,cm =1.02x107%¢* and pﬁ)mmz =0.5650"" for the
N = 40 system. Note that plb,,coex is the polymer coexistence density

on the polymer-poor side of the phase diagram, while pz,coex,Z
is the coexistence density on the polymer-rich side of the phase
diagram.

Using the ALC algorithm implemented in Tramonto, we cal-
culate the surface free energy and the excess adsorption of polymers
at constant &y, as a function of bulk polymer density, starting at low
polymer concentrations in the miscible region of the phase diagram.
The surface free energy is defined as Q;[pa(r)] = Q[pa(r)] — Qp,
where ), is the free energy of a bulk homogeneous reference
system with the same density and composition. Figure 4(a) shows
a set of QO vs pg calculations performed for Aeyy from 0.1 to 0.8. For
Aégyp > 0.1, Qs continuously decreases with increasing pZ until the
coexistence density, p[b),coex) is reached. Figure 4(b) shows the excess

adsorption of polymers as a function of pg for all values of Ae,,s. The
excess adsorption of species « is defined as

Ty = fOde(pa(x) —pz),
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FIG. 4. (a) Surface free energy () vs bulk polymer density (p‘,;) and (b) excess adsorption of polymer () vs pg for the N = 10 and &5 = 0.93 KT system. A first order
wetting transition can be observed at pngex = 0.0740~°, where bulk polymer solution phase separates.

where L is the size of the cDFT computational domain and pY is
the bulk density of species a. As shown in Fig. 4(b), for Agys > 0.1,
the excess adsorption I, diverges at the coexistence density,
pg,wex =0.074. This is the signature of a complete wetting
transition that occurs as the bulk polymer density (or chemical
potential) is increased at constant temperature toward pfm. The
monotonic increase in the divergence of I, occurs for systems
that are above the wetting temperature (in this case, above
the wetting point determined by ¢/kT) and also above any
prewetting transitions.”” These calculations thus suggest that at
the bulk coexistence polymer density, a thick layer of polymers
forms near the surface due to a complete wetting transition.
This observation is consistent with previously reported wetting
behavior in multi-component fluids and surface induced phase
separation.®”’? Prior to complete wetting, increasing Ae,,s increases
Iy, which means that more polymer segments are adsorbed onto the
flat surface.

To confirm whether a complete wetting transition occurs with

increasing polymer solution concentration at pﬁ)mex = 0.074, the bulk

0.8

p,(x) ()

phase separation density, we plot the density profiles of polymer seg-
ments as a function of distance from the surface. Figure 5 shows
two plots of polymer density profiles for two bulk polymer densities
before and after the wetting transition. In Figs. 5(a) and 5(b), poly-
mer densities near the surface are perturbed from the bulk for
more than 4 Ry (Rg = 1.30 for N = 10) away from the surface for
pﬁ < pﬁ,cm (black solid line). Compared to Fig. 5(a) and 5(b) depicts
the density profiles for a system with much higher Ae,,r. The amount
of adsorbed polymers immediately adjacent to the surface is much
greater, and the length scale over which the polymer density is
different from the bulk density is also significantly longer when
Agyy is higher. These results indicate that the surface interaction
with the polymer influences polymer density over length scales
(%50 for Ae,r=0.2 and ~ 80 for Ag,s=0.8) far beyond the
range of the surface-polymer potential (rc.: = 2.50). Solvent density
profiles corresponding to the two states in Fig. 5 are included in the
supplementary material, Fig. S1. After the wetting transition, the
polymer forms a (macroscopically) thick layer at the surface
that extends to the entire computational domain. Note that the

®) |

FIG. 5. Polymer density profiles for N = 10 and &5 = 0.93 before (solid line) and after (dashed line) the wetting transition occurs. (a) Ae,,r = 0.2. (b) Ae,,r = 0.8. The
polymer density profiles reach the bulk polymer densities at large x, which for both cases are p‘,; = 0.057 before wetting and pg = 0.074 after complete wetting. Similar

profiles for N = 40 are shown in Fig. S5.
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FIG. 6. (a) Surface free energy (€2s) vs bulk polymer density (pg) and (b) excess adsorption of polymer (I';) vs pg for the N = 10 and &5 = 1.0 system. The bulk polymer
solution system does not phase separate at any pg, and no first order phase transition can be observed in either Qs or T, vs pg plots. The same quantities calculated for

the N = 40 are shown in Fig. S6 of the supplementary material.

polymer density far from the surface in this case is equal to the
coexistence density on the polymer-rich side of the phase diagram,
p,lf,c,,ex)z =0.403. The N =40 system also shows complete wetting
transitions for Ae, > 0.4 but, interestingly, displays a first order
wetting transition before reaching complete wetting for Ae,,r = 0.3;
see the supplementary material for further details.

We next consider the case of a good solvent with & = 1.0.
For sufficiently long chains, the adsorption of polymers onto an
attractive flat surface from semi-dilute solution can be described by
de Gennes’ self-similar “carpet” model.”’”* We note that, in gen-
eral, our chains are too short to fit this model, although previous
MD simulations did find the de Gennes scaling for sufficiently long
chains.” Figures 6(a) and 6(b) show Q, and I', as functions ofpz for
gps = 1.0. No wetting transition is observed as a divergence of I, vs
pg because the polymer solution does not phase separate at any bulk
polymer concentration. When Ae,s is small (Ae, s < 0.3), Qs contin-

uously increases as pf, increases, while for Agyyr > 0.3, Qs decreases as
pg increases with a gradual change in slope. The relationship between
the surface excess adsorption of polymer, I, and pZ also changes

with Ae,,s. Note that when T, < 0, there is less polymer at the surface
than there would be if the polymer was at its bulk density through-
out, while I, > 0 indicates an excess of polymers over the bulk. We
thus consider I', = 0 to correspond to the adsorption (or desorp-
tion) transition. When Ae,s < 0.3, I, monotonically decreases as

plh, increases, but when Ae,,; > 0.3, the relationship between T, and
plb, is non-monotonic; I, reaches a maximum value at small p}l; at

a given Ag,,r and eventually becomes negative at a high pf,, where
the adsorption-desorption transition occurs. The maximum in I,
implies the presence of an interplay between enthalpic and entropic
driving forces. At lower bulk polymer densities (concentrations), the
enthalpic attraction between the polymer and the surface drives the
polymer to adsorb onto the surface. However, as the bulk polymer
concentration increases, mixing entropy and the favorable interac-
tions with the solvent reduce the polymer adsorption to the surface,
until eventually the polymer desorbs.

To further examine the effect of surface-fluid interactions on
excess polymer adsorption in the good solvent, we plot the maxi-
mum excess adsorption, I'pmax, as a function of Ae, in Fig. 7(a).
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FIG. 7. (a) Maximum excess adsorption as a function of Ae,,r for the eps = 1.0 systems with two chain lengths, N = 10 (black solid circle) and N = 40 (blue unfilled square).
(b) Polymer density profiles for the N = 10 and ¢ps = 1.0 system with different Ae,,s. The bulk polymer density is chosen to be where the maximum excess polymer
adsorption occurs. (c) Surface adsorption density as a function of Ae,,,¢. The dotted line is the random-close-pack limit of disks in 2D for reference.
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For both chain lengths, increasing Ae,s increases I'pmax, caused
by more favorable surface-polymer interactions. The lower trans-
lational entropy of the long chains outweighs the configurational
entropic penalty to confine the longer chains near the surface, so
Ty is larger for the longer chains. To confirm that the increase in
density near the surface is the cause of an increase in I'y max, instead
of a wetting transition, we plot the polymer density as a function
of distance from the surface for all Ae,s at the bulk polymer density
where the maximum excess adsorption occurs for the N = 10 cases in
Fig. 7(b). As Ae,y increases, the locations of the peaks correspond-
ing to monolayers packed near the surface and the far-field density
remain constant, while the magnitudes of the density peaks near the
surface are significantly increased. We quantify the amount of poly-
mer segments adsorbed onto the surface as an areal density, I, by
integrating the density profiles from the surface to the location of
the first minimum in pp(x) and converting to a 2D disk packing
fraction,

2
o Lmin
Ips=—

= [ e,

where Inin is the distance from the surface to the first minimum in
the density profile. In Fig. 7(c), we observe an increase in I’y s as Aeyf
or N increases, similar to the trend in Fig. 7(a). The N =40 sys-
tem at Ae,s > 0.7 reaches and surpasses the random-close-packed
limit for 2D hard disks, which is T, s ~ 0.82-0.84. Thus, at the highest
Ag, s that is studied, the adsorbed polymer forms a dense layer that
covers the surface. Together, the calculations in Fig. 7 show that the
increase in I'p max comes from the increase in surface coverage of the
monolayers adjacent to the surface.

B. MD simulations

Due to the large computational cost of cDFT calculations in
3D, we choose to use MD simulations to further our investigation
of the effect of surface curvature on the polymer bound layer. We
use the good solvent condition (gys = 1.0) for the MD simulations to
ensure that the polymers and the solvent do not phase separate, and
we choose pg = 0.1, which is near the maximum adsorption from the
cDFT calculations, and in the regime where we expect adsorption.
After obtaining equilibrium configurations, we calculate the density
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profiles for each chain length, surface curvature, and Ae,,y, as shown
in Fig. 8. The lack of layering peaks near the surface in the MD
results is due to the roughness of the surfaces, which is neglected
in the cDFT calculations. Systems with the smallest Ae,r (black
symbols) show a low density near the surface with density increasing
monotonically from the surface to the bulk value, indicating that the
polymers do not adsorb onto the surface. The overall trends in the
density profiles show good agreement with the cDFT flat surface
calculations with good solvent [Fig. 8(a)]. All perturbations in the
polymer density calculated from MD simulations diminish within
60 away from the surface, with slight increases as curvature and
chain length increase. For Ae, > 0.3, the polymer adsorbs onto
the surface and the polymer density near the surface increases with
increasing Ae,,r and with increasing N.

Previous theoretical and simulation work predicts that the
polymer density profile near the flat surface should scale as
p(x) ~x*? in a central region between the adsorbed monolayer
and the bulk density region.”'”* This central region should occur
for distances larger than the cutoff in the polymer-wall attraction
for x > 1.50. We show fits of the MD-calculated polymer density
profiles for N =40 to a power-law between 2 < x < 3.5 in Fig. 9.
Our scaling region is very limited because of the short chain lengths
in our simulations.””’® For Ag,,s > 0.3, we observe good agreement
between our simulation results and the theoretical prediction; our
fits yield p, ~ x~'%* for Ae,s = 0.5 and Py~ x717* for Aeys = 0.7.

Previous MD simulations of similar models found that p(x) ~ x~*3

for a somewhat larger region in x for N = 100.7°

Figure 10 shows the segmental and chain surface coverage as
a function of Ae,y for three curvatures and two chain lengths.
Segmental surface coverage is defined as the number of polymer
segments within 1.50 of the surface per unit area (072), and chain
surface coverage is defined as the number of independent chains
with at least one monomer within 1.5¢ of the surface per unit area.
As Ag,y increases, both the segmental and chain surface coverages
increase in all cases. In Fig. 10(a), an increase in curvature or
chain length both slightly increase the polymer segmental surface
coverage, especially at high Ae, . In Fig. 10(b), the trend in the chain
surface coverage as a function of Ae, is the same as that of the
segmental surface coverage. Increasing curvature also increases the
segmental surface coverage. However, unlike the segmental surface

2
x (o)

FIG. 8. Density profiles for (a) flat, (b) rne = 250, and (c) rnp = 60 systems. The solid filled symbols represent N = 10, and the dashed unfilled symbols represent N = 40.

The solvent quality is ps = 1.0, and the bulk polymer concentration is p’; =0.1.
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FIG. 9. Density profiles for N = 40 near a flat surface from MD simulations for
Agq, = 0.3 (blue circles), 0.5 (red squares), and 0.7 (purple triangles). Data are
the same as in Fig. 8(a). The slopes for the fitted lines are —0.899, —1.32, and
—1.34 for Ae,¢ = 0.3, 0.5, and 0.7, respectively. A black line with the slope of
—4/3 is inserted for comparison.

coverage, the chain surface coverage decreases with increasing chain
length. In Fig. 10(c), the chain length difference is eliminated by
multiplying the chain surface coverage by R; = Nb/6, where we
assume that b = 1o for simplicity, which measures the number of
chains in a chain-size independent surface area. By doing so, the
effect of chain length on the number of independent chains at
the surface is reversed and matches that of the segmental surface
coverage. Comparing Figs. 10(a) and 10(c), the normalized chain
surface coverage shows a larger increase when the chain length
increases than does the segmental surface coverage, meaning that
the number of independent chains adsorbing onto the surface when
the surface area is normalized by the polymer size responds more
strongly to the increase in curvature. This shows that the segmental
surface coverage is largely driven by the enthalpic interactions
between the polymer segments and the surface, while the chain

ARTICLE scitation.org/journalljcp

surface coverage is affected much more by chain lengths. The surface
curvature also plays a role in the chain packing: longer chains tend
to pack a higher percentage of their segments on highly curved
surfaces, leaving fewer sites for another chain to occupy. The results
in Fig. 10 suggest that while the enthalpic gain from forming contacts
with the NP dominates the overall energetics, the translational
entropy loss due to increases in chain length or surface curvature
is non-negligible in determining the surface coverage of chains.

To further understand the energetics of segmental adsorption
on the surface, we calculate the polymer segmental potential of
mean force (PMF) from the density profiles, w(r)/kT = -log(p(r)),
with w(r) = 0 as r > co. We calculate PMFs using data from both
cDFT calculations and MD simulations. Figure 11(a) shows the
minimum values of w(r), Wmin, as a function of Aeyyf for the flat
surface and the two chain lengths for both ¢cDFT and MD simula-
tions. Although there is a slight difference in the values, the overall
trends remain the same for both methods. When Ae, increases,
Wmin decreases, indicating that a larger amount of energy is required
to remove a polymer segment from the surface. At the lowest
value of Aeyy, due to the small ., there is no energetic penalty
associated with removing a polymer segment from the surface.
However, as Ae,s increases, the magnitude of wmin becomes
far greater than that of &yp. For reference, the magnitude of
polymer—particle interactions varies from &, = 0.75 t0 &y = 1.35.
In addition, the effect of chain length on wmin depends on the Ae,,¢
value. At the lowest and at higher Ae,, values, increasing chain
length increases |wmin |, but at intermediate Aeys values (Aswf =0.3),
the chain length does not impact the segmental PMF potential well
much for all curvatures. Figure 11(b) shows that for the 3D MD
simulations with NPs, the trends are the same as in the flat surface
case. For all combinations of Ae,s and chain length, increasing
curvature increases [Wmin|-

Next, we investigate the adsorption dynamics of polymer seg-
ments on the surfaces. We identify segments that complete an
entire adsorption process (adsorbing and desorbing) during the
simulation, calculate the distribution of adsorbed time, and nor-
malize the distribution so that the probability of adsorption at the
smallest adsorbed time is Pseg(tmin) = 1. The resulting normalized
distributions of segment adsorbed time are presented in Fig. 12.
Figures 12(a) and 12(b) show the segment adsorbed time distribu-
tion for N = 10 and N = 40 systems, respectively. For clarity, only
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(blue), and ryp = 6 (red) system, with two chain lengths, N = 10 (filled) and N = 40 (open).

Aeyy = 0.1 and Ae, = 0.7 calculations are included in Fig. 12; dis-
tributions for segment adsorbed time for all Ae,; can be found
in the supplementary material, Fig. S7. For both chain lengths
and all curvatures, increasing Ae, increases the population of
polymer segments that adsorb onto the surface for a longer time.
This result is expected because the increase in polymer-surface
interaction makes it more energetically unfavorable for the polymer
to move away from the surface, which also agrees with the
calculations of the PMF minima in Fig. 11. However, increasing the
curvature of the surface, especially at Ae,,; = 0.7 (dashed lines, open
symbols), leads to a minimal decrease in the segment adsorbed time.
The small role of curvature is not surprising, given the short chain
lengths studied; recall that R, /rnp only varies from 0.05 to 0.43 in
our simulations, and longer polymers will be the subject of future
studies.

Finally, we examine the polymer chain adsorption dynamics
on the surfaces. Positions of independent chains are tracked during
the MD simulation, and a chain is considered adsorbed to the
surface if any of its segments is adsorbed (i.e., within 1.5¢ of the

surface). We use a similar procedure to normalize the distributions
of chain adsorbed time so that P, (tmin) = 1. Figure 13(a) shows
the chain adsorbed time distribution for all Ae, for the N =10
flat surface systems. At Ae,s = 0.1, the distribution appears to be
Gaussian. However, as A,y increases, not only do the distributions
shift to longer times but also a large “shoulder” develops, suggesting
two overlapping distributions of chain adsorbed times. Increasing
Ag,s increases the adsorbed time, which is consistent with prior
research.”” Figure 13(b) shows the effect of curvatures on the chain
adsorbed time distributions. At both Ae,,; shown in Fig. 13, increas-
ing curvature shifts the distribution to shorter adsorbed times. The
curvature effect is minor at low Ay, but it becomes significant at
large Ae, . The relatively small effect of the curvature for most of our
systems is due to the small R, /rnp, which are not in the regime where
the polymer size is comparable to the NP size. We anticipate that
increases in Rg /rnp could lead to larger differences in the adsorp-
tion dynamics. Although the effects due to curvature are relatively
small compared to those from the polymer-surface interactions, it
is evident that entropic effects that arise due to changes in packing

FIG. 12. Polymer segment adsorbed time distribution for the two Ae,f, Ae,,¢ = 0.1 (solid) and Ae,,s = 0.7 (dashed). The two chain lengths: (a) N = 10 and (b) N = 40.
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FIG. 13. Polymer chain adsorbed time distribution for the N = 10 systems. (a) Chain adsorbed time distributions for the flat surface systems, with Ae,,s = 0.1 (black),
Agqr = 0.3 (blue), Ae,,r = 0.5 (green), and Ae,,s = 0.7 (red). (b) Chain adsorbed time distributions for the Ae,,s = 0.1 (black) and Ae,,¢ = 0.7 (red) systems with flat
surface (solid circle), ryp = 25 (shaded square), and ryp = 6 (open triangle). Note that these distributions are calculated using data from MD simulations of polymer in good

solvent, &ys = 1.0, at pb = 0.1.

resulting from changes in curvature are considerable in determining
the polymer dynamics in the bound layer.

As mentioned in Sec. I, the reversibility of polymer adsorption
is still a highly debated topic. Previous theoretical treatment of
reversibility by Guiselin assumed that the chains in contact with
the surface are irreversibly bound during solvent washing.”® Our
simulations indicate that the adsorption of polymer chains is
reversible and that the chains in the bound layer are actually
quite mobile when exposed to a good solvent, which is supported
by numerous experiments.””"*> The number of polymer segments
adsorbed onto the surface remains relatively constant during the
simulation time, but chains can desorb during this time, which sug-
gests that chains can desorb a few segments at a time, while segments
from a free chain can adsorb to occupy these previously occupied
sites, consistent with previous studies.””****%> With larger Ae,y,
the chain adsorption times appear to consist of two overlapping
populations. The tightly bound chains have a longer desorption
time, and a separate population corresponding to the more loosely
bound chains desorbs more quickly.*”**%¢ This is consistent with the
“parking problem” interpretation: the chains that adsorb first spread
out to maximize the number of contacts with the surface, leaving
little space on the surface for later chains to adsorb, which causes
the “bimodal energy landscape” of chain adsorption.*®®” An addi-
tional complication is the aging of the bound layer that affects the
desorption rate, which is not considered in this study.*”** Without a
doubt, more efforts are necessary to investigate these complications
in the future.

IV. SUMMARY

We use both ¢DFT and MD simulations to investigate the
structure and dynamics of the bound polymer layer formed near
a surface in solution. We vary the polymer-surface interactions,
surface curvature, and polymer chain lengths. In the cDFT portion
of this work, we place two polymer solutions with different
solvent qualities next to a flat surface. In the poor solvent case, we

calculate the density profiles below and above the bulk polymer
concentration corresponding to the wetting transition and find
that in the absence of a wetting transition, the density profile is a
function of polymer-surface interactions and bulk polymer den-
sity. In the good solvent case, we find that the excess adsorption
increases with increasing polymer-surface interaction strengths and
polymer chain length. We perform MD simulations of polymer
solutions in good solvent in contact with three surface curvatures
(flat surface, large NP, and small NP). We examine the segmental
and chain surface coverages and unsurprisingly find that an increase
in surface-polymer interaction strength, surface curvature, or
polymer chain length increases the amount of surface coverage
by both polymer segments and chains. However, at first glance,
systems with longer chains show lower chain surface coverage
than systems with shorter chains, which is opposite to the trend
in segmental surface adsorption. When normalized by the ideal
chain radius of gyration, the longer chains show a larger number
of independent chains adsorbing onto the surface, which is con-
sistent with the segmental surface coverage. Finally, we examine
the polymer segmental adsorption time between the bound layer
and the bulk solution. The duration of a chain adsorption is most
largely affected by the polymer—surface interaction strengths. The
polymer chain adsorption time distributions suggest that while
the polymer-surface interaction strength dominates the overall
behavior, the surface curvature also impacts the dynamics at the
chain level in a non-trivial way.

The following insights from our results will help guide
experimental design. First, choosing the right solvent during the
preparation of the PNC is of paramount importance to the
thickness of the resulting polymer bound layer, echoing
results found by Jouault et al.'® Second, the difference between
surface-polymer and surface-solvent interactions is more important
than chain length or surface curvature in determining the surface
coverage of polymer segments and the dynamics of segmental
adsorption, at least for short chains that are below the entanglement
molecular weight and have Rg/er <0.5. The chain lengths we

J. Chem. Phys. 155, 034701 (2021); doi: 10.1063/5.0052121
Published under an exclusive license by AIP Publishing

155, 034701-10


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

used in our study are not long enough to provide agreement with
previous scaling arguments put forth by theoreticians, and future
work involving longer chains is currently under way. Our study
also suggests that in a polymer solution at higher temperature,
adsorbed polymers are highly mobile and can desorb readily, which
is consistent with the findings of Thees et al.”” Our molecular-scale
investigation of the polymer bound layer shows that we can expect
the adsorption of polymers to surfaces to be reversible under
appropriate conditions although there may be other situations, such
as rough “flat” surfaces, strong surface—polymer interactions, or
higher N, where the adsorption is effectively irreversible.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details on the constant
pressure density equations and solvent density profiles for N = 10;
free energy, excess adsorption, and polymer density profiles for the
N = 40 system using cDFT calculations; and the polymer segmental
adsorption time distributions using the MD simulations.
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