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ABSTRACT

Polymer brushes attract vapors that are good solvents for polymers. This is useful in sensing and other technologies that rely on concentrating
vapors for optimal performance. It was recently shown that vapor sorption can be enhanced further by incorporating two incompatible types
of polymers A and B in the brushes: additional vapor adsorbs at the high-energy polymer—polymer interface in these binary brushes. In
this article, we present a model that describes this enhanced sorption in binary brushes of immiscible A-B polymers. To do so, we set up a
free-energy model to predict the interfacial area between the different polymer phases in binary brushes. This description is combined with
Gibbs adsorption isotherms to determine the adsorption at these interfaces. We validate our model with coarse-grained molecular dynamics
simulations. Moreover, based on our results, we propose design parameters (A-B chain fraction, grafting density, vapor, and A-B interaction
strength) for optimal vapor absorption in coatings composed of binary brushes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057065

I. INTRODUCTION

Polymers can be end-grafted to surfaces, and they form poly-
mer brushes'” when the average distance between the anchor points
is smaller than their radius of gyration. These polymers can change
the surface properties of coated materials,”* from reducing friction”
to introducing anti-fouling behavior.®” Moreover, brush coatings
allow for a remarkable freedom in surface functionalization—much
of the toolbox of polymer chemistry is available for these coatings as
well.* Polymer brushes are especially interesting for sensing appli-
cations:” ! brushes can be functionalized with moieties to enable
sensing specific molecules.'>!* For instance, polymer brushes have
been functionalized with antibodies using click chemistry, lead-
ing to a fouling-resistant sensor surface that is specific to a model
analyte.'*!> As such, polymer brush-based sensors form a promising
tool for point-of-care diagnostic devices.

By using the intrinsic responsiveness of polymers to their
environments,'®!” bare brushes without special functional groups
can also prove to be useful in sensing applications, especially in
gaseous media.'*?’ The sensitivity of most vapor sensor platforms,
for example, capacitive, gravimetric, or optical sensors, depends
strongly on the amount of vapor molecules that can be attracted

to the sensor surface.”! Brushes are excellent surface functionaliza-
tions to concentrate the vapors near the sensor surface'® " since
they can absorb solvent vapors. The amount of absorption depends
on the chemical makeup of the brush and the vapor, which has been
observed experimentally’*?® and in simulations.””*

In arecent article,’’ we showed that the creation of high-energy
interfaces between nanodomains in binary brushes can enhance
the sorption of vapor compared to similar homopolymer brushes
and bare attractive surfaces. Such binary polymer brushes’”?*
consist of different polymers anchored to the same surface and can
be prepared by commonly employed synthesis strategies.”**° In
brushes in which polymer cross-interactions are less favorable than
polymer self-interactions, nanodomains are rich in either polymer
form. The interfaces between these nanodomains provide additional
high-energy surfaces where vapor can adsorb.

Nevertheless, evaluating the interfacial area between these
different polymer domains is a non-trivial exercise. The morpholog-
ical properties of these brushes are governed by the properties of the
polymer and their anchoring: polymer fraction, cross-interaction
strength,”” anchoring”® and annealing conditions,” solvent
treatment,”’ temperature,*! and functionalization*>** all affect the
morphology of these mixed brushes. Therefore, there is a need to
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FIG. 1. Snapshot of a striped brush (a) and a mixed brush (b), both with a chain
fraction ¢ of 0.5 as used in the simulations in this work. The red and yellow particles
illustrate the different polymer type and the white particles illustrate the vapor.

evaluate this polymer-polymer surface area in order to estimate the
additional sorption in these brushes. This will allow one to find the
optimal design parameters of the brush.

In this article, we show how vapor absorption in mixed brushes
is affected by the design parameters of these coatings, i.e., grafting
density, polymer chain fractions, and interaction strengths. To gain
insight into the adsorption at the polymer-polymer interfaces in
binary brushes, we study the adsorption of vapor at well-defined
polymer—polymer interfaces in striped brushes [Fig. 1(a)] with
coarse-grained molecular dynamics simulations and link this to the
Gibbs adsorption isotherm. In mixed brushes, these interfaces are
less well-defined though [Fig. 1(b)]. Therefore, we also develop a
model to estimate the interfacial area in a mixed brush based on
free energies in the system. Then, we perform molecular dynamics
simulations on mixed brushes in which we systematically vary the
grafting density, chain fraction, and interaction strengths. Finally,
we compare the sorption characteristics of these mixed brushes with
the adsorption theory and our free-energy model. We find that the
vapor sorption at the polymer—polymer interface follows the Gibbs
adsorption isotherm, that our free-energy model can predict the
interfacial area, and that the interfacial properties depend strongly
on the properties of the binary brush and the interactions of its
components with the vapor. Based on these results, we propose
design rules to optimize vapor sorption in mixed brushes.

Il. THEORY
A. Adsorption at interfaces

Adsorption at interfaces can be described by the Gibbs
adsorption isotherm. This expression reads in its differential form,

dy = —Zl“,-dyi, (1)

where y is the interfacial tension, I' is the surface excess (equivalent
to vapor sorption at the interface), and y is the chemical potential of
the adsorbing species. The index i loops over all adsorbing species.
Here, we expose binary polymer brushes to a mono-component
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vapor with a varying vapor pressure. The chemical potential of this
vapor reads

U=uo+kT ln(i), (2)

sat

where kT is the thermal energy; f is the fugacity, which is a direct
measure of the molar Gibbs internal energy (it is imposed by the
chemostat in our simulations);** and Doy 18 the saturation pressure
of the vapor. In its differential form, the standard chemical potential
(1) drops out of the equation. Combining Eqs. (1) and (2) provides
the following differential expression:

dy = —kT T'd In L (3)
Psat

Hence, the surface excess can be estimated by looking at the response
of the surface tension as a function of the relative vapor pressure.

B. Model for the polymer-polymer interface

In striped brushes [Fig. 1(a)], it is straightforward to deter-
mine the interfacial area from the simulation parameters. We simply
estimate the height of the interface and multiply it with the width
of the box in the direction parallel to the stripe. Yet, for mixed
brushes [Fig. 1(b)], this is difficult because they can exhibit mor-
phologically different phases depending on their properties such as
grafting density, grafting fraction, and the chemical nature of the
polymers. In previous self-consistent field theory calculations,**°
several separated phases have been identified in mixed brushes: (I)
a half-sphere phase, (II) a cylindrical phase, and (III) a ripple phase,
as schematically depicted in Fig. 2.

These different phases impact the adsorption of a vapor by
modifying the contact area between different polymer types. Here,
we describe these different phases from a free energy perspective to
determine the thermodynamically stable phase. For each phase, we
describe the free energy based on enthalpic and entropic contribu-
tions. Below, we derive this model for mixed brushes of polymers
with equal properties (length and interaction with vapor) but with
an un-favorable cross-interaction.

The different mixed phases can be evaluated by describing
the free energy based on interfacial interactions and polymer chain
stretching. In broad terms, this gives

Ay 3 2 3 2
AF, = — —L 1-¢)—Lg, 4
s TPPIN a+p( ¢)2N B (4)

a b
g, @

FIG. 2. Schematic representation of the different brush phases: (a) a half-sphere
phase, (b) a cylindrical phase, and (c) a ripple phase. The area depicted cor-
responds to S, the area within which all minority chains aggregate into a single
domain. The different polymers are indicated with the red and gray colors.
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where A is the interfacial area, y is the surface tension, p is the graft-
ing density, ¢ is the grafting fraction, Lx and Lp are the stretching
lengths of the different chain types, and S is the area associated with
a domain. In other words, S is the smallest area within which all
minority chains aggregate into a single domain. To find the free
energy of a phase, we simply minimize this expression with respect
to S for a given y, p, and ¢. The values of A, L4, and Lp follow directly
from the other parameters [S, p, ¢ ,, ¢, and the volume per polymer
(V)] as described below.

The interfacial area A between different nanophases follows
from the geometry and the number of chains associated with an
area S. If we define an area S and assume that all minority chains
in this area coalesce in a single domain, we can express the interfa-
cial area associated with this domain. The volume of the minority
phase follows from

V =Sp¢V,. (5)

Depending on the geometry of the minority phase (either half-
sphere, cylinder, or stripe) and assuming a homogeneous brush
height, the interfacial area associated with this minority phase is

2/3
A= g %V) (hemisphere), (6)
A =\/4npV,V (cylinder), (7)
A= 2prSl/2 (stripe). (8)

We can also define the stretching energy of the chains in each
of these phases. We assume Gaussian chain stretching [see quadratic
terms in Eq. (4)], and take into account the length scales in each
phase, we get for the minority phase,

La=S"%)2

La=\/(pVp)? + ($'2/2)?

Ly = \/(Pvp)2 +(¢(8172))2

(hemisphere), 9)
(cylinder),  (10)

(stripe),  (11)

and for the majority phase,

Le =/(pV,)? + (d/2)?
Ly = /(pV,)? + (def2)?
Ly =/ (pVp)? + (1 - 9)(512))?

(hemisphere), (12)
(cylinder), (13)

(stripe). (14)

Note that these lengths, in general, contain two contributions: one
perpendicular to the grafting surface (related to the brush height)
and the other parallel to the grafting surface (related to the charac-
teristic size of a domain). This description of the chain length follows
a similar principle as described in earlier work.””*® The remaining
parameter in this model is the surface tension (y), which can be
extracted from the stripe brush simulations.
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We then use Eqgs. (6)-(14) in Eq. (4) and minimize this expres-
sion with respect to S to find the free energy of the phase normalized
by the grafting area. Finally, the phase with the lowest free energy is
chosen and the interfacial area is evaluated for that phase.

IlIl. MODEL AND METHODS
A. Molecular dynamics simulation setup

We simulate brushes consisting of end-grafted polymers of
two different types, A and B. These polymers are modeled as
Kremer-Grest chains® with 30 beads. Chains of this length have
shown qualitative agreement with experimental work, for exam-
ple, in friction measurements.”’ >* Entanglements cannot be formed
with these short polymers. Yet, we anticipate that entanglements will
have only a minor effect on vapor adsorption between nanodomains,
since they are not expected to exist over domain boundaries. The
chains are anchored onto a hexagonal lattice with a varying grafting
density p (ranging from 0.05 to 0.35¢™2) in a box of ~75 x 75 x 51¢°;
the in-plane box dimensions are adapted to fit an integer number
of unit cells, preserving the hexagonal lattice structure across the
periodic boundary. For context, 1o in our simulations corresponds
to < 1 nm in real systems, so the simulated system spans an area
smaller than 75 x 75 nm?. The box edges perpendicular to the graft-
ing surface are modeled with periodic boundary conditions. The
grafting surface and upper wall are modeled with fixed boundary
conditions and are enforced using a repulsive harmonic potential
with a spring constant of 100e0™2. Chains of different types (A and
B) are distributed randomly across the grafting points with a fraction
of the minority chain ¢ ranging from 0 to 0.5 forming a mixed brush
[see Fig. 1(b)].

To gain insight into the sorption at the polymer-polymer
interfaces, we perform MD simulations on striped brushes with a
well-defined interface; the anchor points of different chain types are
spatially segregated [see Fig. 1(a)]. All parameters are equal to those
of the mixed brushes, yet different vapor pressures and a smaller box
of 30 x 30 x 51¢° are used. Additionally, for both systems, a single-
component brush (¢ = 0) is simulated to enable correction for bulk
sorption.

Interactions between all nonbonded particle types (polymers
A and B and vapor S) are modeled using a 12-6 Lennard-Jones

potential,
Uy(r) = 48((‘:)12 - (‘:)6) (15)

Uy (r) - Uy (re)
0

for r <re,

Unypes(r) = (16)

for r > r,

where r is the interparticle distance, ¢ is the point of zero cross-
ing of the Lennard-Jones potential, and ¢ is the absolute value of
the minimum of the 12-6 Lennard-Jones potential and where a cut-
off distance (r.) of 2.50 is used. Bonded interactions are described
by a combination of a finite extensible non-linear elastic (FENE)
potential and a Weeks—Chandler-Anderson (WCA) potential such
that
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2
Uppns (1) = —0.5KR2 ln(l - (Ri) ) (17)
0
Uy(r) +¢ for r < 26 o,
U r) = (18)
wea(r) {O f0r1’>21/6 o,
Upond () = Urene(7) + Uwcea (7). (19)

Here, the parameters K, Ry, ¢, and ¢ have values of 30 e %1501,
and 1, respectively. This choice of parameters prevents non-physical
behavior and bond crossing.”’

Simulations are performed at a reduced temperature of
0.85 ¢k, a temperature at which vapor-liquid coexistence is
possible. This temperature is maintained using a train of three
Nosé-Hoover thermostats with a damping coefficient of 0.157.
This setup allows complete sampling of the NVT ensemble™ and
unaffected diffusion of vapor from the reservoir region into the
brush.

Time integration is performed using a two-level rRESPA algo-
rithm>* with a small time step of 0.00757 and a large time step
of 0.0157. Bonded interactions are computed in the small time
step, and pair forces are computed in the large time step. The
vapor is introduced in the simulation using an alternating grand-
canonical Monte Carlo-molecular dynamics (GCMC-MD) proce-
dure as described in previous work.” In short, vapor particles are
inserted/deleted every 10 000th time step according to the Metropo-
lis criterion. Particle insertion via a Metropolis criterion allows for
simulation of large virtual reservoirs without the need to explicitly
simulate all particles in this reservoir. Too infrequent insertion/
deletion of particles can result in density fluctuations.”” However,
we ensured that insertions/deletions every 10000 time steps is
frequently enough to prevent significant density fluctuations in the
vapor phase after system equilibration. The simulation is performed
in NVT for all other time steps. Simulations are performed using the
LAMMPS software package.™®

B. Surface tension and sorption in striped brushes

The simulation of striped brushes consists of three phases:
(1) energy minimization using the conjugate gradient method
to relax the initial configuration to a more natural state, (2)
short dynamic equilibration in NVT for 50 000 time steps with a
Langevin thermostat (damping 100 7) to bring all particles to the
correct velocities, and (3) long equilibration without and with a
Lennard-Jones vapor (10 M time steps each). The equilibration was
considered to be completed when the system had fully collapsed
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and the chains fully separated into the different phases. This is
confirmed with the data files of the simulations, in which the
polymer density profiles and solvent particle counts fluctuate around
an equilibrium value and no longer display a systematic drift. During
the production run, solvent density profiles are collected as well as
the surface tension of the polymer-polymer interface. The quantity
Py — Pp» the difference in the pressure components in the direc-
tions parallel and perpendicular to the interface, is averaged over
the height from z = 0.05-6.00 and along the direction of the stripes.
The surface tension is then estimated by integrating the difference
between this quantity and a baseline corresponding to its minimum
value (for details, see the supplementary material, Sec. 1). The sorp-
tion associated with the polymer—polymer interfaces is estimated
by subtracting the sorption of a pure brush (¢ = 0) with similar
properties under similar conditions from the sorption of the striped
brush.

C. Sorption in mixed brushes

Simulations on mixed brushes were performed using a similar
procedure compared to the striped brushes (for simulation details,
see the supplementary material, Sec. 2). During the production run,
we collect two-dimensional solvent and polymer density profiles and
particle location at intervals of 50 000 time steps. To evaluate the
sorption behavior of mixed brushes, we perform four experiments
in which we systematically vary one of the following parameters:
grafting density, grafting ratio, relative self-interaction, and relative
polymer—vapor interaction. The system and interaction parameters
for each of these experiments are tabulated in Table I. For each of
these systems, we evaluate the vapor sorption.

IV. RESULTS AND DISCUSSION

We perform molecular dynamics simulations on striped
brushes with well-defined interfaces in order to relate the sorption
to the interfacial area and surface tension: These properties are more
easily extracted from such well-defined interfaces. We then perform
molecular dynamics simulations on mixed polymer brushes with
varying properties. The properties of these brushes (i.e., chain
fraction, grafting density, relative interaction strengths) are varied
systematically and the brushes are exposed to a Lennard-Jones vapor
at a relative vapor pressure of 30%. Finally, we compare the results
of the simulations with our model.

A. Adsorption at interfaces

Surface tension is a main characteristic of interfaces. Figure 3
shows the interfacial surface tension as a function of the

TABLE . Description of simulation experiments. The parameter that is evaluated in an experiment is not changed during the
simulation, rather multiple simulations are run with different values for this parameter.

No. P ¢ £AB eaaless eas|ess fIPe (%)
1 0.25 0.0-0.5 045 1.0[1.0 1.0[1.0 30
2 0.05-0.35 0.5 0.45 1.0]1.0 1.0]1.0 30
3 0.25 0.5 0.45 0.6—1.4‘0.6—1.4 1.0‘1.0 30
4 0.25 0.5 0.45 1.0‘1.0 0.6—1.4‘0.6—1.4 30
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FIG. 3. Interfacial tension as a function of the polymer cross-interaction strength
eag. A weaker cross-interaction strength leads to a higher interfacial tension. The
interfacial tension of an interface with vapor is lower than that of a “dry” interface,
as expected based on the Gibbs isotherm.

cross-interaction strength in striped brushes. The weaker the
cross-interaction strength, the higher the surface tension becomes.
Effectively, monomers near the interface experience a stronger
interaction with particles on their side of the interface than with the
particles on the other side. As a result, an inward force is acting
on the particles. This force increases when the interaction with
particles on the other side of the interface (in this case, €ap)
decreases, resulting in a higher surface tension. Additionally, the
surface tension decreases when vapor adsorbs at the interface
(orange circles) as compared to a “dry” interface (blue squares);
this decrease is shown with the blue shaded area. This observation
is in qualitative agreement with the Gibbs adsorption [Eq. (1)]
isotherm since a surface excess results in a decrease in the surface
tension. Intuitively, this decrease is the result of vapor particles
that reside at the interface. These particles interact well with both
phases and, therefore, act as a glue between them, reducing the
inward force acting on the monomers and, therefore, the surface
tension.

If we vary the vapor pressure in this system, we obtain an
adsorption isotherm. Figure 4 displays adsorption isotherms for
striped brushes with different cross-interaction strengths on a semi-
logarithmic plot. We observe that the adsorption behavior follows
a linear trend in this semi-logarithmic plot, which is in line with
the differential expression of the Gibbs adsorption isotherm. From
these isotherms, we can extract the value of I by fitting a linear curve
to the data (indicated with the dotted lines). We find a value for
T of, respectively, 0.045,0.134, and 0.239072 for cross-interaction
strengths of 0.7,0.45,and0.2¢. Hence, we find that the excess sorp-
tion depends strongly on the energy associated with the interface of
a dry brush.

The surface excess recovered from the isotherms should be
equivalent to the additional sorption in the striped brushes. Figure 5
displays the surface excess as a function of the cross-interaction
strength. The orange circles refer to the surface excess recovered
using the Gibbs isotherm and the blue squares indicate the excess
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FIG. 4. Adsorption isotherms for interfaces with different cross-interaction
strengths. The dotted lines indicate the fit of the Gibbs isotherm for each inter-
face where the slope is proportional to KTT. A weaker cross-interaction strength
leads to a higher surface excess I'.

sorption normalized by the surface area of the interface. These
different approaches generate roughly similar values that are well
within the same order of magnitude. This indicates that the Gibbs
isotherm can be used to estimate sorption at such interfaces in both
striped and mixed brushes.

B. Contributions of interfaces to sorption in mixed
brushes

Figure 6 displays solvent and polymer density profiles for a
selection of mixed brushes from experiment 1 in Table I with a
chain fraction ¢ of 0.0, 0.25, and 0.5. These density profiles show the
equilibrium distribution of the polymer and solvent after exposing
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By
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o =
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FIG. 5. Surface excess (or sorption at the polymer—polymer interface) decreases
with an increasing cross-interaction strength. The values for the surface excess
recovered from the Gibbs isotherm (orange circles) match well with the surface
adsorption extracted from the simulations (blue squares).
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mixed brushes with a cross-interaction strength of exg = 0.453¢ to a
Lennard-Jones vapor at a relative vapor pressure of 30%. First, we
observe that these density profiles show similar sorption behavior
compared to what we reported previously:’' solvent adsorbs
especially at interfaces between different polymer domains. If we
compare the panels in the top row with those in the bottom row,
we observe that a lower local density in the polymer is accompa-
nied by a higher local density of the solvent, indicating adsorption
at interfaces. Second, Fig. 6 and the figures in the supplementary
material, Sec. 3, show that with an increasing chain fraction, the
average domain size grows both by a gradual increase in the size
of individual domains and by aggregation of multiple domains
into a single domain. The domain structure thus depends on
the chain fraction of the mixed brush, and this also affects the
polymer—polymer interfacial area: the sorption at the interface
should also depend on the chain fraction.

The ratio between the grafted polymers, indeed, has a signif-
icant influence on the amount of additional absorption. Figure 7
displays the excess absorption of mixed brushes as a function of the
fractions of type A chains in the brush. At a relative vapor pressure
of 30% and a cross-interaction strength (eap) of 0.453¢, we observe
a gradual increase in the absorption when the chain fraction ¢ is
increased from 0 to 0.5. More specifically, there is a 0.04 0”2 increase
between a pure brush (¢ = 0) and a 1:1 mixed brush (¢ = 0.5). The
behavior of this increase correlates well with the increase in the AB
surface area when the chain fraction is increased.

The pair interactions do not change when the chain fraction
is changed, so the surface excess can be assumed to be approxi-
mately constant. The adsorption should then be linearly related to
the surface area between the different phases. The line in Fig. 7 shows
this agreement between the theoretical description and the simu-
lations: the surface excess, i.e., the ratio between the sorption and
surface area, is 0.0918 0”2, This is of the same order of magnitude
as expected based on the isotherm of a well-defined interface in a
striped brush, where it would be 0.08 6™ (see the supplementary
material, Sec. 5). The degree of qualitative agreement between the
simulation and model is remarkable, yet there are several slight
discrepancies.
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FIG. 6. Projected density profiles of
the sorption of vapor in mixed brushes
selected chain fractions sampled over
0.3 1 M time steps. The relative vapor pres-
sure is 30% and The cross-interaction
strength eag is 0.453¢. Top row: solvent
density profiles. Bottom row: polymer
density profile.
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First, at lower chain fractions between ¢ = 0.1 and 0.3, the
sorption is underestimated by the model up to 20%. For these low
chain fractions, the energetic difference between the half-sphere
phase and the cylindrical phase is <1 kT/chain. As a result, both
phases coexists and small fluctuations in the local grafting will lead to
a local preference of one phase over the other. Globally, this results
in a mixed phase that has some half-sphere domains in a majority
cylindrical phase. We observe this mixture of phases in the simu-
lation snapshots as well (see the supplementary material, Sec. 6).
However, the model only predicts the majority cylindrical phase
and its associated interfacial area. Because the half-sphere phase has
a higher surface area as the cylindrical phase, this minority phase
introduces an additional surface area that is not accounted for in the
model, leading to a slight underestimation of the sorption.
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FIG. 7. Sorption of vapor at the polymer—polymer interface for a changing chain
fraction ¢. A higher chain fraction (until ¢ = 0.5) results in more sorption, which is
in line with the expected increase in the surface area between the different phases.
At values of ¢ close to 0.5, the sorption levels off because the domains aggregate
and form a ripple phase. The expected surface area matches the sorption curve
with a scaling factor of 0.0918 o=2.
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Second, the model seems to overestimate sorption around
¢ = 0.4 by ~15%. This is the result of how we describe the ripple
phase in the model. In the model, this phase is represented by
straight lines, whereas it has a meandering character (see also Fig. 6)
in the simulations. This meandering character is the result of domain
aggregation; when the cylindrical domains increase with increasing
chain fraction, they start to overlap and aggregate. This aggregation
is not captured in the model, which leads to an overestimation of the
sorption near the phase transition between the cylindrical and ripple
phases.

Another brush property that influences the sorption at the
interface is the grafting density. A higher grafting density results
in more polymer on the same surface area and thus leads to an
increased brush height. The interfaces in the cylindrical and ripple
phase scale with this height. Figure 8 displays the sorption at the
polymer—polymer interface as a function of the grafting density for
a mixed brush with a 1:1 ratio between A and B chains (experiment
2 in Table I). The sorption at the interface increases with increasin§
grafting density from 7.7 - 100" 2 at a grafting density of 0.15¢~
to 65.4 - 100" 2 at a grafting density of 0.3502. At low grafting
densities (< 0.150672), the model is not able to capture this behav-
ior since the model assumes a grafting density well above the critical
grafting density. From the polymer density profiles, we observe that
the critical grafting density for a pure brush is between 0.10 and
0.15 02 and for a mixed brush system, this transition is at slightly
higher grafting densities (see the supplementary material, Sec. 4).

Nevertheless, we can extract the qualitative behavior of the
interfacial surface area from the model: the interface increases
linearly with the grafting density as shown in Eq. (8). The results
in Fig. 8 show a similar behavior assuming that the surface excess
remains the same. The dotted line in the figure displays a linear fit
over the data points above the critical grafting density, giving a slope
of 0.288, which is higher than the expected value of 0.16 for the
simulation parameters of the brushes in this work. This difference
can be partially explained by the straight stripe character of the
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FIG. 8. Interfacial sorption (or surface) excess for mixed brushes with varying graft-
ing densities and ¢ = 0.5. A higher grafting density leads to a linear increase in the
surface area according to the free-energy model; the linear fit of the data points
above the critical grafting density show a qualitative agreement between the model
and the simulation.
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model compared to the irregular stripes in the simulation. Addi-
tionally, the estimates for the stretching length in the model (L4 and
Lg) contain assumptions regarding the in-plane contribution based
on the domain size: this contribution is assumed to be equal for all
chains of a single type. As a result, the model predicts the correct
qualitative behavior with a quantitative error.

C. Contributions of pair interactions
to sorption in mixed brushes

The total sorption is also affected by the interactions between
the different components in the system. In mixed brushes, exam-
ples of these interactions include polymer self-interactions and
polymer—vapor interactions. In single-component polymer brushes,
a stronger self-interaction leads to less vapor sorption®” and this
behavior is qualitatively conserved in the domains of mixed brushes:
a stronger self-interaction in either or both phases leads to a reduc-
tion in the total sorption in the brush (see the supplementary
material, Sec. 7). In fact, the different phases absorb vapor inde-
pendently of each other as shown by the results from experiment
3 in Table I: for instance, the sorption in a mixed brush with
eaa = 0.6 and epp = 1.4 is within 10% of the sorption that would be
expected by summing the contribution of each phase based on mixed
brushes with €44 = epp = 0.6 and €44 = epp = 1.4. This indicates that
the adsorption at the interface is not significantly affected by the
polymer self-interaction.

Besides these self-interactions, total sorption is also influenced
by the polymer—vapor interaction. Figure 9 shows the effect of this
polymer—vapor interaction on the sorption in mixed brushes with
¢ = 0.5 for experiment 4 in Table I. We note that the systems are
phase separated for all interaction strengths that were evaluated in
these simulations. Generally, the stronger the polymer-vapor inter-
action, the higher the sorption at the interface. For a large part, this
trend can be explained by the contribution of bulk sorption to the
total sorption. However, contrary to the polymer self-interaction,
the polymer-vapor interaction strength does affect the sorption at
the interface. To illustrate, we note that a mixed brush with €45 = 0.6
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FIG. 9. Total sorption of vapor in a mixed brush with ¢ = 0.5 for different
polymer—vapor interaction strengths. A stronger interaction strength leads to more
vapor sorption due to additional bulk sorption and interface effects.
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and eps = 1.0 could be approximated as half a mixed brush where
eas = egs = 0.6 and half a mixed brush where es5 = egs = 1.0. If
the interfacial sorption was unaffected by the value of e4s and
eps, then the sorption in the former and latter systems should be
equal. However, we find that the former differs by ~80% compared
to the latter (see the supplementary material, Sec. 8) and the
only difference between the system and its approximation is the
polymer—polymer interface. This indicates that the adsorption at
the interface is significantly affected by the polymer-vapor inter-
action. This difference decreases significantly for higher interaction
strengths.

This effect can be understood based on a simple statistical
thermodynamical model. If we assume that the interface consists
of independent adsorption sites, the system gains energy upon
adsorption based on the pair interactions around this interface.
Before adsorption, this interface consists of only AB interactions and
hence the site-energy around this interface is related to the polymer
cross-interaction strength. Upon adsorption, the AB-interface is
eliminated and replaced with an A-solvent and a B-solvent
interface, giving a site-energy related to both polymer-vapor
interaction strengths. The adsorption is then related to the ratio
of the Gibbs factors for the empty and filled adsorption sites. The
exponential nature of these Gibbs factors make the site occupancy
(and thus sorption at the interface) to be susceptible to small changes
in the polymer—vapor interaction strength if this interaction strength
is close to the cross-interaction strength of the polymers. Conversely,
at high polymer-vapor interaction strengths, most sites are already
occupied, so a further increase will not result in much additional
adsorption.

D. Discussion

In order to optimize the sorption performance of mixed
brushes, one should take into account a variety of brush parameters
that include the grafting density, chain fraction, polymer cross-
interactions, and other pair interactions. To maximize sorption
at the polymer-polymer interfaces, a chain fraction of ~0.5 and
a grafting density as high as possible are desired. These conditions
lead to the most additional interface for this contribution to the total
sorption. Additionally, one should strive for a low cross-interaction
strength between both polymer components. In essence, this comes
down to polymers that do not tend to mix well.

Moreover, the other pair interactions in the system also
contribute to the total sorption. Similar to single-component
brushes,” a lower polymer self-interaction leads to more sorp-
tion in the bulk of the domains. This parameter does however
not affect the sorption at the interfaces between these domains.
Similarly, a stronger polymer-vapor interaction also leads to more
bulk sorption. Nevertheless, a higher polymer—vapor interaction
also increases the sorption at the interface under conditions of
limited bulk sorption when the polymer-vapor interaction is weaker
than the polymer self-interaction. Hence, interfacial sorption can
enhance adsorption in mixed brushes for limited bulk sorption
conditions.

Our simulations clearly indicate an enhanced absorption in
binary polymer brushes in vapors. However, the enhanced absorp-
tion effect is not limited to binary brushes in vapors: it will work
for other systems as well, provided that the background solvent is
a poor solvent. In fact, a similar effect has also been observed in
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liquids.”” Mixed poly(acrylic acid) (PAA)/poly(N-isopropyl acry-
lamide) (PNIPAAM) brushes showed a higher absorption potential
for human serum albumin than either pure PAA or pure PNIPAAM
brushes. Hence, this effect may prove relevant for sensors in liquids
as well.

The systems studied in this article provide an opportunity to
increase the sensitivity of sensor platforms by increasing the vapor
uptake. Yet, an equally important property of coatings is the selectiv-
ity to particular groups of molecules. We have recently shown that
the absorption in homopolymer brushes of one type of vapor can
interfere with the absorption of a second type of vapor.”’ There-
fore, one can anticipate non-trivial effects for the absorption of
vapor mixtures in binary brushes as well. In particular, since one can
expect that cosolvency™ and cononsolvency™ " effects can occur for
vapor mixtures as well,”® these effects are known to allow for exotic
structures in double responsive polymers.®!

Finally, we would like to highlight that the concept presented
here might find application in systems beyond sensor platforms.
For example, membrane technologies can be tuned by sorption
processes as well.** By grafting membrane pores with end-grafted
polymers, target gases can be separated®’ and the binary brush sys-
tems might give rise to molecular highways for more effective gas
separations.

In conclusion, we evaluated the sorption characteristics of
polymer—polymer interfaces in binary polymer brushes and found
that this adsorption follows the Gibbs adsorption isotherm. We
developed a free-energy model to estimate the polymer—polymer
interface area of a mixed polymer brush and showed that this inter-
face area is related to the sorption at this interface with a propor-
tionality constant, the surface excess. This more detailed under-
standing of these polymer—polymer brushes introduces some design
parameters for the use of such coatings in sensing and separation
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for determination of surface
tension, simulation details of mixed brushes, particle density pro-
files for varying chain fraction, particle density profiles for varying
grafting density, snapshots of phase coexistence, effect on sorp-
tion of self-interaction of polymer phases, and effect on sorption of
polymer—vapor interaction of polymer phases.
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