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ABSTRACT: While polymer brushes in contact with liquids have been Ab-/adsorption in polymer brushes
researched intensively, the characteristics of brushes in equilibrium with at Véryf?g polliyrmeﬂr se!f—afﬁnlty”
vapors have been largely unexplored, despite their relevance for many
applications, including sensors and smart adhesives. Here, we use molecular
dynamics simulations to show that solvent and polymer density distributions
for brushes exposed to vapors are qualitatively different from those of
brushes exposed to liquids. Polymer density profiles for vapor-solvated
brushes decay more sharply than for liquid-solvated brushes. Moreover,
adsorption layers of enhanced solvent density are formed at the brush—
vapor interface. Interestingly and despite all of these effects, we find that
solvent sorption in the brush is described rather well with a simple mean-
field Flory—Huggins model that incorporates an entropic penalty for stretching of the brush polymers, provided that parameters such
as the polymer—solvent interaction parameter, grafting density, and relative vapor pressure are varied individually.

Solvent —_—
M Polymer Polymer self-affinity

1. INTRODUCTION from the anchoring surface.”> Another assumption in the basic
Flory—Huggins model is that brush swelling is independent of

When long macromolecules are attached with one end to a
the grafting density, while experimentally, it is found that the

surface at a density that is high enough for the polymers to

stretch away from the anchoring plane, a so-called polymer swelling increases with decreasing grafting density.”* A model
brush is formed." Such brushes have many uses.” For example, that includes the entropic penalty for polymer stretching allows
they have been proven to be effective lubricants,”* smart for predicting grafting density effects, even in a mean-field
adhesives,”® and sensitive sensors.”® For these applications, approach.”"*> A third assumption in the basic Flory—Huggins
the brushes are typically completely immersed in a solvent. model is that it accounts for the polymer—solvent interactions
However, brushes can also be applied in gaseous environments via a single Flory—Huggins parameter y,, Thereby, inter-
in equilibrium with a solvent in the vapor phase. This situation actions of polymers and solvent with air are assumed to be
is relevant in the context of brushes as model systems of lung equal and interfacial effects are not captured in the model. Yet,
tissue,” brush-based gas sensors,'” coatings for moisture neutron reflectometry measurements indicate the existence of a
management,' "> and vapor-solvated lubricants.'”'* To solvent-enriched layer at the brush—air interface,”"*’ even
optimize design parameters for these systems, it is important though the authors of ref 21 considered their density variation
to understand and characterize vapor sorption in brushes. The to be a fitting artifact. Therefore, the question arises if the
interaction between polymer brushes and vapor also has employment of a Flory—Huggins-type model is appropriate for
implications for the wetting dynamics of brushes and gel vapor-solvated brushes.

surfaces, another topic of current interest. "'’ In many In this article, we use molecular dynamics (MD) simulations
experimental studies of vapor sorption in polymer brushes, the to provide a detailed microscopic interpretation of solvent
Flory—Huggins theory'® for polymer—solvent mixtures is sorption for polymer brushes in equilibrium with solvent

employed to model the solvent’s volume fraction in the
brush as a function of the relative vapor pressure.'”~** Under
the condition that the solvent vapor is in chemical equilibrium
with the solvent in the polymer—solvent mixture, a prediction
of the brush composition is obtained. Although this theory is
useful for describing qualitative trends, it fails to capture brush-
specific effects. In its simplest form, application of the Flory—
Huggins theory leads to the assumption of a homogeneous
density of solvent throughout the brush. However, neutron
reflectometry measurements of vapor-solvated brushes indicate
that the brush density decreases as a function of the distance

vapors for different interaction parameters, brush densities, and
relative solvent pressures. We evaluate the polymer and solvent
density profiles and discuss similarities and differences with the
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profiles for brushes in contact with liquids as well as
experimental observations. Moreover, we compare the solvent
fraction in our brushes to a modified Flory—Huggins model, to
investigate the validity of Flory—Huggins-type models for
systems containing solvent vapors. Solvent adsorption at the
brush—vapor interface is quantified across the parameter space
of interaction energies as well and discussed in the context of
predictions based on energetic arguments.

2. MODEL AND METHODS

Solvent partitioning is investigated using coarse-grained molecular
dynamics (MD) simulations of the brush—solvent system, alternated
with grand-canonical Monte Carlo (GCMC) sweeps to maintain a
constant solvent vapor pressure in a region above the brush. In this
GCMC procedure, a set number of particle insertions and deletions is
attempted and evaluated based on a Metropolis criterion. All
simulations were performed using the MD package large-scale
atomic/molecular massively parallel simulator (LAMMPS).>®

A system is set up consisting of a rectangular box of dimensions 50
X 50 X 100 6 (x, y, z, respectively) that is periodic in x and y.
Polymer chains are represented by a freely 7jointed bead—spring model
based on the work of Kremer and Grest,”” and consist of N = 30, 60,
or 100 beads each. These lengths are selected to limit computational
costs while still producing the characteristic behaviors of poly-
mers.'**® We note that our brushes are perfectly monodisperse.
Polydispersity can qualitatively alter density profiles, penetration,””
and absorptive properties.”® Therefore, we anticipate that our results
might change when polydispersity is introduced. A polymer brush is
created by “grafting” chains to immobile particles positioned
randomly in a plane at the bottom of the box (z = 0). The code
used to generate the initial data comprising these polymer brush
systems is available online.”" Above the polymer brush at the top of
the box, solvent particles are inserted/removed in a 20 o thick slab
according to the GCMC procedure outlined above, as illustrated in
Figure 1. The background medium (air) is modeled implicitly. A

[ ]

Figure 1. Schematic of the simulation box. Monodisperse polymer
chains of length N = 30 are grafted to an atomic wall to form the
brush. Above the brush, a vapor region periodically exchanges
particles with a virtual reservoir through the GCMC procedure.

system of low-density Lennard-Jones (LJ) particles in an implicit
background is similar to simulations of brushes in contact with
nanoparticles®® or co(non)solvents,”® except that our implicit
background is a poor solvent for the brushes. Repulsive harmonic
‘mathematical walls’, with a spring constant of 100 6% are placed at
the bottom and top of the box to prevent polymer and vapor particles
from leaving the system through the fixed boundary in z.
Nonbonded interactions in the system are described by a form of

the well-known Lennard-Jones (LJ]) potential

8429

%m=4gf-@ﬂ .

where r represents the interparticle distance, € is the depth of the
potential well, and ¢ is the zero-crossing distance. The minimum
occurs at r, = 2/%6. Specifically, the truncated and potential-shifted
(SP) form of the Lennard-Jones potential is used

Uyy(r) = Uyyr) forr <,
ULJ,SP(”) =
forr > r, (2)
where r_ is the cutoff distance for the interaction. Throughout this
work, we use reduced Lennard-Jones units, meaning that € and o are
used as energy and length units for our system, respectively.
Additionally, all particle masses are equal. All of these interactions
are truncated and potential-shifted to zero at 2.5 o. Therefore, all
interparticle interactions in our simulations are attractive at distances
larger than 1 6. Consecutive beads along a polymer backbone are
bonded via a finitely extensible nonlinear elastic (FENE) potential (eq
3) combined with a Weeks—Chandler—Anderson (WCA) potential
(eq 4). The latter is equivalent to an L] potential truncated at its
minimum and shifted to zero at the cutoff, thereby making it purely
repulsive. The total bonded potential is the sum of the FENE and
WCA potentials (eq S).

2
Uppng(r) = —0.SKR2 In|1 — (L]

Ko (3)
ULJ(r) +e forr< 26
UWCA(") =

1/6

0 forr > 2

(4)

Upond(r) = Uwea(r) + Uggn(r) (5)

In eq 3, R, is the maximum bond length and K is a spring constant. In
our simulations, K is set to 30 €67% Ry is 1.5 6, and € and 6 are equal
to 1. These parameters, borrowed directly from the Kremer—Grest
model,”” prevent bond crossing and other unphysical behaviors. This
model evidently cannot account for various chemical specificities. In
particular, the effects of molecular geometry and directional
interactions such as hydrogen bonding cannot be captured effectively
by a Lennard-Jones-based model. Our results will therefore deviate
somewhat from those of most experimental systems. However, that
same generality makes this simulation setup particularly suitable for
testing the applicability of the extended Flory—Huggins model to
vapor sorption.

The entire system is thermostatted to a temperature of 0.85 ekj'
using a chain of three Nosé—Hoover thermostats (which ensures
proper sampling of the canonical ensemble®®) with a damping
constant of 0.15 7, where 7 represents the reduced time unit derived
from the Lennard-Jones potential. kg is the Boltzmann constant,
which we take to be unity, as the energy scale of the simulations is
arbitrary. The temperature of 0.85 ek;' was determined to allow
vapor—liquid coexistence for the solvent. The GCMC chemostat is
active every 10 000 time steps, where it attempts 1000 solvent particle
insertions/deletions. These values were empirically determined to
result in a good balance between simulation performance and
convergence speed.

The polymer system is first equilibrated by running a short
minimization using the conjugate gradient method, followed by
running dynamics for 10 000 time steps with a limit imposed on the
maximum movement of a particle in one time step of 1 ¢ and a
Langevin thermostat with a damping parameter of 1000 7. A second
minimization is then performed. Finally, 200 000 time steps of more
viscous Langevin dynamics are performed with a damping parameter
of 100 7 and without the limit. This procedure is chosen to relax the
system from the low-entropy initial state (fully extended chains) as
quickly and efficiently as possible. After the equilibration, a
production run is started in which solvent particles are introduced

https://dx.doi.org/10.1021/acs.macromol.0c01637
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into the system by enabling the GCMC mechanism. The system is
simulated for 60 million time steps (900 000 7), as this ensures an
equilibrated state and adequate signal-to-noise ratio for all simulation
cases. LAMMPS input files as well as a Python wrapper around
LAMMRPS are available online.*®

For the equilibration, the LAMMPS default value for the time step
(0.00S 7) is used. For the production runs, the rRESPA multi-time-
scale integrator”® is employed with an outer time step of 0.015 7 and a
twofold shorter inner time step. This results in nonbonded pair
interactions being computed every 0.015 7, but bonded interactions
being computed every 0.0075S 7.

The depth of the energetic minimum of the polymer self-
interaction (epp) and of the polymer—solvent interaction (eps) are
both varied with the goal of identifying sorption behavior regimes of
the vapor-solvated polymer brush system in the two-dimensional
parameter space. We assume the € values to represent general short-
range interactions and therefore do not account for combining rules
in our selection of parameter space. For solvent self-interactions, we
use the reference value of unity for €. In our primary simulations, the
GCMC chemostat maintains a solvent pressure of 0.0154 €63,
corresponding to a relative pressure of P/P,, ~ 0.73. Simulations are
performed for brush systems with average grafting densities of 0.34
672 (in the case of N = 30), and 0.15 and 0.25 ¢ 2 (in the case of N =
100). These values are chosen so that the mean distance between
polymers is significantly smaller (up to an order of magnitude) than
the radius of gyration for a collapsed single chain. This ensures brush
conditions in the full range of solvent conditions probed and prevents
the formation of octopus micelles*” under poor solvent conditions,
which was observed at lower grafting densities. Radii of the collapsed
chains were determined through long single-chain simulations of free
polymers with a poor implicit medium. Additionally, the solvent
pressure is also varied from 0.0021 e¢o™® to 0.0208 eo°
(corresponding to relative pressures from 10 to 99%) at constant
€pp and €,

The sorption behavior of the system is evaluated by analyzing
density profiles of the polymer and the solvent over the z direction
(averaged over x and y). During the simulation, these are dumped
every 10 000 time steps (averaged over 100 time steps equally spaced
out since the previous frame). To ensure properly equilibrated results,
the first 95% of all frames are discarded and only the last 5% are time-
averaged for further processing. For the calculation of several physical
quantities, definitions of spatial limits are required. First, the brush
height is defined by the inflection point (point of maximum slope, as
determined using a Savitzky—Golay filter) in the polymer density
profile. Second, we define an outer limit for the adsorption layer by an
(arbitrary) lower threshold of 0.002 6~* in the solvent density
gradient. Any solvent beyond this point is considered vapor bulk. To
mitigate discretization errors in the determination of the limits
described above, the density profiles are spatially interpolated 10
times using a cubic spline interpolant prior to time-averaging. The
amount of absorption (solvent inside the brush) is calculated as the
integral of the solvent density profile up to the brush height, and
similarly, the amount of adsorption is calculated as the integral of the
solvent density profile from the brush height up to the adsorption
layer end. The Python code that implements this procedure is
available online.*®

3. THEORY

The interaction between solvents and grafted or adsorbed
polymers is often described using the Flory—Huggins model of
n1ixing.39_41 The Flory—Huggins model is a lattice model, in
which every particle is assumed to occupy exactly one site in a
fully occupied lattice of arbitrary geometry.*> Polymer beads
and solvent particles are placed onto lattice sites randomly,
respecting the requirement of connectivity along polymer
backbones. Employing a mean-field assumption with respect to
the composition of the system, the combinatorial entropy of
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placing the particles on the lattice can be determined, resulting
in an entropy-of-mixing expression

A Smix
kB

=—(nsln(/§+nplnq%) ©

with S being the entropy, n the number of molecules of a given
species, ¢ the site fraction of a given species, and subscripts s
and p denoting the solvent and the polymer, respectively. Note
that n, represents the number of polymer chains and so the
number of polymer-occupied sites is n,N, with N being the
degree of polymerization. The energetic effects of mixing are

treated by defining an interaction parameter

_zZW

AT T

7)
where z is the coordination number of the lattice, T is the
temperature, and W is the energetic effect of forming a single
solvent—polymer contact by eliminating solvent—solvent and
polymer—polymer contacts, meaning that

W=-—

1
€ps + E(eSS + epp)

(8)
under the assumption that the spacing of the Flory—Huggins
lattice is determined exactly by the minimum of the Lennard-
Jones potential. Hence, negative W indicates that mixing is
enthalpically favorable, although entropy-driven mixing may
still be possible for positive W. We will refer to W as the
relative affinity between the polymer and the solvent.

Using the aforementioned mean-field assumption for the
polymer and solvent concentrations, this results in an energetic
contribution of

mix

— = mg

kT P )
and total free energy of mixing of

kB—T:nSIHQSS—'_nPlnq% +;(nsq% (10)

The model as outlined above does not account for grafting
effects, however. First of all, grafting of the polymer chains
removes their translational entropy, meaning that the second
addend in eq 10 should be eliminated. Additionally, grafted
chains can swell only by extending, which incurs an entropic
penalty. A mean-field elasticity term dependent on the height
of the brush can be used to describe the entropic elasticity of
pol)fmer chains in the swollen brush.”** This requires RS
N3 (with pg being the grafting density of the brush in chains
67%), as this ensures that collapsed brush states do not display
substantial lateral inhomogeneities.”> Our primary simulations
meet this condition by a factor of roughly 3.5. The
introduction of this elasticity results in a new free-energy
expression

mix

=nln¢ + yn
ks T 0 g+ amd,

(11)

with h being the height of the polymer brush. This amounts to
an Alexander—De Gennes ansatz,*"** in which all chain ends
are located at the outer edge of the brush. Assuming the
density of the swollen brush to be independent of its
composition, the height of the brush becomes directly

https://dx.doi.org/10.1021/acs.macromol.0c01637
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Figure 2. Density profiles of polymer (blue) and solvent (orange) for a 4 X 4 grid of €,, and ¢

ps values, at N =100 and p = 0.1 672 The dotted

lines indicate the limits of the adsorption layer as defined by the top of the polymer brush and the top of the adsorbed solvent layer, respectively.

proportional to the number of particles per unit area. Per
polymer chain, this may be expressed as

Ny

h~ —2
%

(12)
As a result, the elasticity term can also be expressed in the form

3N, pg2

| N
"o (13)

Taking the derivative of this elasticity-adjusted free-energy
expression with respect to the amount of absorbed solvent
yields the chemical potential for the solvent within the brush

2
3

% (14)

’uin
kBT:In(l—qﬁp)+¢P+)(¢;+

Note that any direct dependence on N can be incorporated
into a ¢, term, meaning that we expect to see a quantitatively
similar relation between interaction parameters and bulk
composition for different chain lengths. Although this is
convenient for the current discussion, this prediction is limited
to monodisperse systems, as it relies on the assumption that
every polymer chain occupies the same volume.

At chemical equilibrium, the chemical potentials for the
solvent inside the brush and for the solvent vapor phase are
equal by definition. Ideally, the chemical potential of the bulk
vapor is given by

(15)
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with P indicating the pressure of the vapor phase and P,
indicating the saturation pressure of the vapor. We outline a
procedure for determining P, of the simulated vapor in the
Supporting Information (SI), Section SI1. Hence, the
equilibrium absorption behavior of the brush is determined by

2
3

%, (16)

ln(i] =In(l — @) + ¢, + x> +
P, P P p
From this, we obtain dependencies of the brush swelling on
several parameters. The absence of explicit dependencies on
the individual interaction energies € €, and €, indicates that
we may expect identical sorption behavior for any combination
of interaction energies that results in a given value of y. It
should be noted that this is reliant on the assumption that the
system density and coordination number remain constant with
this variation of interaction energies, however.

Since Flory—Huggins-derived models are primarily con-
cerned with bulk composition, we may expect the greatest
deviation from conventional theory at the brush—vapor
interface. Both the structure and the composition of the
interface are not easily predicted. However, by describing the
system as sharply defined polymer, solvent, and vapor layers,
we can obtain a first approximation of the adsorption behavior.
In this idealized model, adsorption would be determined by
the Hamaker constant for polymer and vapor interacting across
Making use of combining rules, the
Hamaker constant for such a three-phase system can be
decomposed into the Hamaker constants for individual

the solvent layer.*

materials in vacuum as

A = (JAy, = VA A, — VA

https://dx.doi.org/10.1021/acs.macromol.0c01637
Macromolecules 2020, 53, 8428—8437

(17)


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c01637/suppl_file/ma0c01637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c01637?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01637?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

Absorption
(@  N=100,p=0.15 02

: 0.6
: 0.4
: 0.2
. 0.6 1.0 1.4 1.8

Epp

Solvent fraction

w

2 1.0

Adsorption
N =100, p=0.15 072

0.6 1.0 1.4 1.8
Epp

(b)

1.6
14
1.2

o o =
o o o

0.8
0.6
0.4
0.2

o
N
Sorbed solvent (072)

e
N
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6% The dashed line in the absorption heatmap denotes the locus where W = 0.

with A being the Hamaker constant and the subscript v
denoting vapor. If this combined Hamaker constant is negative,
the net interaction between the polymer—solvent and solvent—
vapor interfaces is repulsive, meaning that the formation of an
adsorption layer is energetically favorable. A;, with i being an
arbitrary component, is typically positive, and is negligible for
gases. Hence, the second term on the right-hand side of eq 17
will always be negative for the systems under consideration,
and the sign of A, is determined by the first term. Under the
simplifying assumption that the polymer and solvent phases are
entirely incompressible (i.e., their density is independent of
their self-affinity), A,, and A become directly proportional to
€pp and €. As a result, we may expect adsorption for €, > €.
Note, however, that this approach implicitly assumes no
absorption of the solvent, and makes use of the same mixing
rules we explicitly disregard in our parameter selection.

4. RESULTS AND DISCUSSION

In this section, we will first discuss the effects of the individual
interaction energies €, and €, on sorption behavior, based on
density profiles extracted from our simulations. We also discuss
the effect of the relative polymer—solvent affinity W and relate
this to the Flory—Huggins theory. Next, we show results across
the same parameter space for different brush densities and
compare brush density effects to theory. Finally, we show the
effect of the relative vapor pressure on absorption for selected
interaction energies, at chain lengths of N = 30, 60, and 100.
Data underlying all figures are available online free of charge.*’

It is typical to discuss interactions in polymeric systems in
terms of a second virial coeflicient, as seen in related work by
Mukherji et al.** and Opferman et al."”” We express our results
in terms of W and various € since this work is restricted to
particles of a single size. A model for the general case would
have to make use of such a virial coefficient to account for
particle size effects.

4.1. Effect of Brush and Solvent Affinities. The density
profiles obtained for a 4x4 grid in the €, €,, parameter space
are shown in Figure 2. Each of the 16 graphs shows the density
profiles (number density vs z-distance) of the polymer (blue)
and solvent (orange) particles in the brush system. The
polymer brush height is indicated by the first dotted vertical
line. The second dotted line indicates the outer edge of the
adsorption layer.

Immediately visible is absorption in the top-left corner of
Figure 2 (low €,, high €,) indicated by the elevated
concentration of the solvent within the brush. In contrast, in
the top-right corner (high €, high €,), solvent uptake is
dominated by adsorption, as shown by the peaks in solvent
density near the brush surface. Little sorption of any kind
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occurs at the lower part of the figure (low €). Note that
adsorption and absorption are not mutually exclusive, as
evidenced by the coexistence of bulk absorption with a solvent
density peak at the interface at several points (e.g,, €,, = €
1.4).

In the absorption regime (top left of Figure 2), we observe
solvent uptake coupled with strong swelling of the brush, as
well as the formation of a solvent layer on top of the brush.
Taking the dry brush height at a given €,, as a reference, we
find swelling ratios of over 2 for the most swollen systems. This
is comparable to experimentally determined swelling ratios,
which range up to approximately 2 for poly(methyl
methacrylate),”* modified poly(2-(dimethylamino)ethyl meth-
acrylate),”” and poly(2-methacryloyloxyethyl phosphorylcho-
line)*® brushes under good solvent vapors. Polymer density
profiles decay only very slightly as a function of the distance
from the surface and then fall off dramatically in a narrow
interfacial region. This behavior qualitatively resembles the
results of a self-consistent field model by Sun et al.*® This
model predicts polymer brushes under a vapor atmosphere to
assume a density profile similar to the classical parabolic
field,">" but with a more sharply defined interface.
Furthermore, solvent densities in these highly swollen systems
are generally high and constant throughout the brush. This
suggests that the attraction between the polymer and the
solvent leads to condensation of the vapor. The occurrence of
absorption for these parameter combinations matches a simple
picture based on the interchange energy between bulk phases.
As the insertion of a solvent particle into the brush leads to the
displacement of polymer—polymer interactions, the polymer—
solvent affinity must be greater than the average of the polymer
and solvent self-affinities for absorption to occur.

As we move to the top-right corner of the figure, we observe
primarily adsorption, as the strong polymer self-affinity largely
precludes solvent absorption; the interior of the polymer brush
contains little to no solvent, but a solvent layer still covers the
surface of the brush. Translational entropy of the solvent leads
to some penetration of the solvent into the brush, but chain
stretching into the solvent layer is precluded by the associated
entropic penalty. As a result, the brush density profile falls off
rather sharply near the interface in this regime. The fact that an
adsorption layer of the solvent can form for a wide range of
interaction parameters is notable. Liquid adsorption on
polymer brushes is of great practical interest, as, e.g, the
lubricious properties of brushes result in significant part from
the formation of a stable liquid layer on top of the brush.**>*
We also find enrichment in the solvent near the grafting plane
in a number of these systems. Since the grafting plane truncates
the brush bulk, it creates a second interfacial region. We may
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therefore expect the component that interacts less strongly
with the bulk to accumulate at the grafting plane. The
adsorption of the solvent to the grafting plane is further
favored by the fact that the solvent monomers do not lose any
conformational entropy near the grafting plane, unlike the
polymer chains.

Finally, the bottom profiles (low €,,,) exhibit little sorption at
all. W values in this regime are positive or zero, and solvent
absorption carries an entropic penalty through chain
stretching. As previously discussed, we would still expect
adsorption for the cases where €,, > €, as this results in a
negative value of the two-interface Hamaker constant.
However, €, is also less than ksT = 0.85, meaning that the
thermal motion of the solvent particles will dominate over the
polymer—solvent attraction. A stable adsorption layer cannot
be formed as a result. For ¢,, = 0.6 and €,, = 0.6, the small
adsorption appears to be inside the brush. However,
examination of the snapshots indicates that the solvent resides
to a large extent in valleys of the rough brush surface, instead
of inside the brush.

Figure 3a,b show heatmaps of the solvent fraction inside the
brush and the integrated excess solvent density outside of the
brush, respectively, over the €, €, space covered by our
simulations. From Figure 3, it is clear that both adsorption and
absorption vary with €, as well as €,

Absorption appears to be approximately constant along lines
of slope 1/2. Since the solvent self-affinity for these systems is
fixed, this corresponds to constant W. This indicates that
mixing behavior is determined by the relative polymer—solvent
affinity, and may follow the Flory—Huggins theory. We discuss
this point in more detail further on.

In the diagram for adsorption, a sharp increase in adsorption
is clearly visible between €,, = 0.8 and 1, corresponding to the
requirement that €,, > kgT. Adsorption increases with €,
matching our previous argument based on the Hamaker
constant. More intuitively, this behavior can also be explained
as a density effect. For strong polymer self-affinities, the
attraction between beads leads to relatively dense, contracted
brush profiles. As a result, the density of attractive interactions
that a solvent particle near the interface experiences will
increase with €, rendering adsorption more favorable
energetically. Moreover, for lower €, solvent absorption
increases, such that polymer density at the top of the brush
reduces even further.

At high €, some degree of solvent adsorption persists even
when €, < €, contradicting our expectations based on the
two-interface Hamaker constant. The observation of an
enhanced solvent density at the top of the brush for highly
swollen brushes is consistent with experimental observa-
tions.”"** Yet, it appears to clash with the self-consistent
field theory by Cohen Stuart et al,>® which indicates the
possibility of chain segments adsorbing at the brush—air
interface for low €, We attribute the absence of a polymer-
enriched phase at the interface to the relatively high entropic
penalty for chain stretching, which arises from the relatively
short chain length and high grafting density we employ in our
simulations. This is supported by polymer and solvent density
profiles for N = 30, presented in the SI (Section S3). In these
profiles, the difference between solvent densities in the brush
bulk and at the interface is more pronounced than that for N =
100, suggesting that the finite extensibility of the polymer
chains does indeed limit polymer adsorption at the interface.
We intend to study this in more detail in future work.
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Figure 4 presents the same information as Figure 3a, but in
the form of a solvent fraction against W, which represents the
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Figure 4. Absorption (solvent fraction) plotted against the relative

affinity W for several values of €, at N = 100 and p = 0.15. The lines
connecting markers are meant to guide the eye.

energetic effect of forming a single polymer—solvent contact at
the expense of the polymer and solvent bulk interactions.
Conventionally, W is expected to be directly proportional to y
(see eq 7). For all values of €, the transition from a collapsed
brush to a swollen one occurs in the same range of W values,
with higher €,, showing less absorption in the intermediate
range. For all €,,,, absorption is observed for positive W already,
where interaction energies alone are not sufficient to result in
mixing. This indicates that the increase in translational entropy
for our solvent beads is higher than the entropic penalty for
polymer stretching upon mixing these concentrations. The
opposite is often observed for brushes in contact with polymer
melts®*™° because melt polymers gain less translational
entropy than solvent molecules upon mixing.

The relatively minor difference in the transition W is
remarkable, as the relative affinity is defined between two
dense bulk phases. No liquid solvent bulk phase is present in
our simulations, however. In a simple view of the system, this
would lead us to expect a negligible effective value for €, due
to the low density of the vapor phase, and a free energy of
mixing dependent on the composition of the interface. We
speculate that vapor absorption in polymer brushes is a two-
step process, in which particles are first adsorbed to form a
dense (multi-)layer, which subsequently diffuses into the
polymer phase. A more detailed examination of the evolution
of the system will be addressed in future work.

Despite qualitative similarities, the absorption behavior for
different €, in Figure 4 varies quantitatively at intermediate
values of W. Specifically, systems with a low polymer self-
affinity absorb more solvent. This is possibly because dry
brushes at high self-affinity are denser than their low-¢,,
counterparts (see Figure 2, bottom row). If free volume is
present in the dry brush, the free site may be replaced with a
solvent particle at no cost of combinatorial entropy and
without increasing the brush stretching. Hence, a brush that
contains free volume in its dry state incurs a smaller entropic
penalty for absorbing moderate amounts of solvent. This also
matches the fact that solvent fractions appear to tend toward a
common plateau value again at very negative W. This does
represent a breakdown of the assumption that the polymer
phase is incompressible, which we have used so far. In the
context of the extended Flory—Huggins model, this would
have two consequences: with a change of the interparticle
distance, the effective strength of interactions between
neighboring particles would also change, and the coordination
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number (z in eq 7) in the fluid would no longer be constant.
The latter, in particular, could have a substantial impact on
system behavior. The former is of less concern, as the € values
we choose remain linearly related to the actual interaction.

A dependence of the coordination number on ¢, would
provide an intuitively attractive explanation for the difference
in absorption across the transition shown in Figure 4.
However, if this were the case, we would expect to see equal
solvent fractions for all systems at W = 0, since this
corresponds to an y value of 0 regardless of the coordination
number. While it is plausible that z would vary with €, we
consider it unlikely that this would be the sole cause of the
variation in absorption. We also note that the shape of the
absorption curves appears to vary, suggesting either a nonlinear
relation between ¢, and the effective interaction parameter or
dependence on €, as well as €,,. In SI Section S4, we display
the calculated y values based on the solvent fraction for each
point in Figure 4.

4.2. Effect of Grafting Density. Figure 5 displays the
amount of absorbed solvent as a function of W for two
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Figure 5. Absorption (solvent fraction) plotted against the relative
affinity W for two different grafting densities at N = 100 and €, = 1.0.
The dotted curves correspond to theoretical predictions.

different values of the grafting density. Theoretical curves were
obtained by rearranging eq 16 to isolate y. A linear relation
between y and W was obtained through a least-squares fit for
the calculated y of all points of €,, = 1.0 in Figure 4. As we
discussed already, W and the effective y may not be directly
proportional.”” Yet, we consider this approach more
informative than ad hoc adjustments. As the relative affinity
becomes positive, both curves tend toward zero absorption.
For strongly negative values of W, solvent fractions at both
grafting densities tend toward a plateau value, as the brush
becomes saturated with the solvent. These plateau values must
decrease with grafting density for a given chain length, as the
maximum volume available to the brush depends only on the
chain length. Below these plateau values, the brush of lower
grafting density still takes up more solvent. This matches the
extended Flory—Huggins model: the elasticity contribution to
the free energy (eq 11) is quadratic in h, and h is directly
proportional to the number of particles under the assumption
that the brush—solvent system is incompressible. Hence, the
chemical potential for solvent particles in the brush will be
more positive in a more extended brush, ie., the one with
higher grafting density (all else remaining equal).

4.3. Effect of Relative Vapor Pressure. Solvent fractions
in the brush as a function of the relative solvent pressure are
depicted in Figure 6 for three different polymer chain lengths

8434

Absorption
Epp=0.6, gps =1.0
ol ® N=30
c N=60 .
s | T et
506k A N=100 AATALA
e Y Cones
=04 B el S
c v.ar Il DR FEr Y [ ] »|
g gl O Siquid
S o2k é. solvated
wn 0.
&
0.0 i i i i i
0 20 40 60 80 100
P/[Psat (%)

Figure 6. Absorption (solvent fraction) plotted against the relative
solvent vapor pressure for different chain lengths, at €,, = 0.6 and €,
= 1.0. The grafting densities used are p = 0.34, 0.21, and 0.15 a_g',
respectively (for increasing N). The dotted curves correspond to

theoretical predictions for y = —1.7.

at €,, = 0.6, €,; = 1.0. We obtain an expected pressure—

composition relation by exponentiating eq 16, resulting in

P 30

— = (1= )exp|dh, + ) + =~
sat 4% (18)
We realize that ¢, results from the imposed : . Yet, we express

sat

L in terms of ¢, rather than vice versa because the resulting

sat

expression is more convenient to work with. In experiments
and simulations, the relative solvent pressure will generally be
the independent variable, and the model discussed thus far
depends on the vapor phase being unaffected by the brush
composition. In a traditional Flory—Huggins description, ¢,

P . .
would go to zero as o approaches unity. However, this causes

sat

2
the elasticity term % to diverge, and we obtain a finite ¢,
P

p
when

sat

an y parameter of —1.7, which was determined based on a
least-squares fit of the data for N = 100. In accordance with the
extended Flory—Huggins model, we find that the solvent
fraction increases nonlinearly with the relative solvent pressure,

P This indicates that the

= 1. The theoretical curves displayed correspond to

and reaches a plateau value at high

sat

presence of the brush cannot cause the condensation of a

macroscopic solvent layer. For low values of pi’ the expected

sat

absorption curves closely match the observed absorption
behavior. At higher relative pressures, however, the solvent
fraction as extracted from our simulations levels off more than
expected. This may once again be an effect of finite chain
extensibility. Absorption behavior is qualitatively the same for
all cases but varies quantitatively with the chain length. This
can be attributed to the difference in grafting density between
systems, as the absorption behavior described by eq 18 does
not depend directly on the polymer chain length.

Experimental results show typical curves of absorption
against pressure to be convex,lg_zz’zs’58 as opposed to the
concave relations we obtain from both theory and simulations.
This difference in the shape of the absorption curve is a
consequence of the large negative value of y and the high
grafting density of the brush. For positive y, the extended
Flory—Huggins model does indeed predict the absorption
curve to be convex. Predicted pressure—composition relations
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for a range of values are presented in Section SS of the SL
Flory—Huggins parameters for well-solvated polymers are
typically close to 0.5, although small negative values of y are
experimentally attainable.”” This suggests that it may be
possible to realize such concave—downward absorption curves
experimentally for a highly attractive solvent—brush combina-
tion at high grafting densities. As such a system would retain
large amounts of solvent even at low partial solvent pressures,
this could increase the longevity and robustness of specific
brush—solvent systems in air.

5. CONCLUSIONS

Solvent absorption and adsorption for polymer brushes in
chemical equilibrium with solvent vapor have been investigated
for a range of interaction parameters, brush densities, and
relative solvent pressures. The densities for brushes and
solvents for vapor-solvated systems are different from the
density profiles for liquid-solvated systems. Moreover,
adsorption films with an enhanced solvent density can be
observed. Via analysis of the solvent fraction in the brushes, we
find that a Flory—Huggins model that incorporates an entropic
penalty for stretching brush polymers describes highly swollen
systems at different grafting densities well, but appears to
overestimate absorption for high relative solvent pressures and
in the onset of absorption. Variation of interaction parameters
indicates that the effective value of y depends on individual
interaction parameters even in the absence of chemical
specificity. This is a departure from the classical definition of
the Flory—Huggins parameter as a function of the interchange
energy between two components. The occurrence of
adsorption is predicted qualitatively by the classical Hamaker
theory, independently of the absorption behavior. However,
some nonidealities are seen as a result of differences in the
composition of the brush—air interface and the finite length of
the simulated polymers. To further improve Flory—Huggins-
type models, chain conformations and free volume in the brush
as a function of the interaction energies should be investigated.
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B ADDITIONAL NOTE

“Where o and € are the length and energy unit (respectively)
in the system of reduced Lennard-Jones units used in this
work.
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