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ABSTRACT: Vapors in the air around us can provide useful 0.3
information about our environment, but we need sensitive vapor ® Mixed brush
N " ; o A Bare surface
sensors to access this information, especially because those vapors are ‘o
often present at very low concentrations. We report molecular dynamics < 0-2
simulations of a concept that can significantly increase the sensitivity of -% o
vapor sensors at low concentrations. By coating the sensor surfaces with 5 .0.
end-anchored immiscible polymers, surface-bound polymer blends are . 0.1 P
formed that can concentrate vapors, reaching sorption enhancements of % M
more than one order of magnitude, especially at low vapor = 0

concentrations. 0 05 1
Relative vapor pressure
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ecognizing components of the air that surrounds us is configuration of particles as well as their interactions enables

more important than ever. Whether it is monitoring us to isolate the effect of a single variable on the behavior of
emissions, ensuring food safety, recognizing infectious diseases, the system, which has resulted in new insights into polymer
or regulating air quality, the first step is a sensitive detection of solvation'>™"” as well as the interaction-dependent structure of
molecular components in the atmosphere, preferably with polymers in brushes.”®™>' Even more importantly, these
accurate and portable sensors. To this end, vapor sensors have simulations offer insight into details that are difficult to obtain
been developed with transduction mechanisms that operate with experimental techniques, such as the nanoscale spatial
based on a change in adsorbed mass> or optical and dielectric distribution of particles in the system.22_24
properties’ ™ at the sensor surface. The response of these In this Letter, we study different brush coatings and show via
sensors strongly depends on the number of adsorbed MD simulations that surfaces coated with binary brushes can
molecules on the sensor, and the sensitivity of these types of display an enhanced vapor sorption compared with a bare
sensors is typically limited to concentrations of several ppm, surface. In our simulations, we expose structurally different
even though some compounds are important to detect at sub- brushes to a vapor with a specified vapor pressure maintained

ppm levels.®

To enhance specific adsorption of vapor molecules, surface
functionalizations can be applied to modify the chemical
properties of a sensor surface.” Moreover, polymer-brush-
based coatings can add to this effect even further:* "% Next to
adsorption of vapors onto their surface, they can absorb vapors
into their bulk based on the chemical makeup of the vapor and
polymer."' ™" In other words, brushes can concentrate vapors
near surfaces. Nevertheless, in affordable sensing platforms,
sub-ppm resolutions have not yet been achieved with these
brushes. Thus there is a strong need for optimized designs that
can further increase the vapor concentration at sensor surfaces
to fabricate sensitive and affordable sensors. We propose that
vapor sorption on a surface can be strongly enhanced with
binary polymer brushes.

Molecular dynamics (MD) simulations'* are an excellent
tool to study the sorption in binary polymer brushes. In such
simulations, the freedom to choose both the initial

via a Monte Carlo particle-exchange procedure.23’24 We show
that enhanced absorption is most pronounced at low vapor
pressures, enabling the concentration of vapor traces near
sensor surfaces.

To assess the influence of the brush composition on vapor
sorption, we study three different brush types: pure, striped,
and mixed brushes. The insets in Figure 1 show the
morphologies of these different brush types. In the pure
brushes, the grafted chains are all of the same type (A). In the
striped brushes, the chains are of two distinct types (A and B),
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Figure 1. Average solvent density profile sampled over 8 M time steps along the x direction of the simulation box for (from left to right) (a) a pure
brush, (b) a striped brush, and (c) a mixed brush at a relative vapor pressure of 68.5% and a cross-interaction strength between different polymer
types of 0.453¢. The insets show a snapshot of the vapor-swollen brushes. (d) Absorption in each of the brushes normalized by the substrate area.

and the anchor points of the different polymer types are
segregated in strips on the grafting surface, ensuring a localized
separation between A-rich and B-rich phases. In the mixed
brushes, the chains are of two distinct types (A and B), and the
anchor points of the different polymer types are distributed
throughout the grafting surface, creating a homogeneous
distribution of both polymer types at the grafting surface. As a
result of the interactions between different polymer types,
these brushes phase-separate, which leads to an inhomoge-
neous distribution of the different polymers in the brush.

The brushes in this work consist of polymers anchored to a
substrate on a hexagonal lattice with a grafting density of
0.2567% in a simulation box of approximately 306 X 300 X
500.”° The polymers are modeled using a bead-chain with 30
beads forming Kremer—Grest chains. ?9 All beads on one chain
are of the same type, giving A chains and B chains. The striped
and mixed brushes consist of A and B chains in a 1:1 ratio. We
expose these brushes to a vapor of Lennard-Jones particles.
This vapor is generated in a 200 region near the top of the
simulation box. The vapor is kept at a constant vapor pressure
by regular insertion/deletion of vapor particles from a virtual
reservoir using a Grand-Canonical Monte Carlo procedure”**
implemented in LAMMPS.>’

In our simulation setup, two types of interactions dominate
the system behavior: nonbonded and bonded interactions. The
nonbonded interactions are based on 12-6 Lennard-Jones
potentials characterized by their zero crossing at a pair distance
of 0 and a minimum value of ¢, the interaction strength. All
nonbonded interactions have an interaction strength of le,
except between different monomer types (€,5), where the
variable strength ranges from 0.2 to 1.4¢. This means that for
€43 < 1, the self-interaction of the polymers is stronger than the
cross-interaction, and for €,5 > 1, the cross-interaction is
stronger than the self-interaction. All bonded interactions are
identical and based on a finite extensible nonlinear elastic
potential with parameters that have been proven to prevent
nonphysical behavior.”® More details of the setup are given in
the Supporting Information (SI).

After exposing the different brushes to the Lennard-Jones
vapor, we monitor the distribution of this vapor in the brushes
as well as the amount of vapor absorbed in the brush compared
with a bare attractive surface (9-3 Lennard-Jones potential with
a potential minimum of 1¢; for more detail see the SI). Figure
1 summarizes the results of these simulations: From left to
right, it shows the projected solvent distribution in a pure (a),
striped (b), and mixed brush (c) as well as the excess
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absorption for each of these surfaces (d). Here excess
absorption is defined as the number of particles in the
simulation box minus the number of particles in a (hypo-
thetical) similarly sized box filled only with vapor. These
simulations are performed under conditions that result in a
preference in the monomers to interact with monomers of the
same rather than a different type because their self-interaction
is stronger than the cross-interaction (e,5 = 0.453). The left
three panels in the figure show the distribution of absorbed
vapor, and we can observe three types of absorption (Figure
2). First, we observe adsorption at the polymer—vapor
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Figure 2. Schematic depiction of the different types of sorption in
binary brushes.

interface, which results from the surface energy of the free
brush surface. Second, we observe absorption in the bulk of the
brush, which results from favorable interactions between the
monomers and vapor.”® Finally, we observe adsorption at the
A—B polymer—polymer interface, which results from the
interfacial energy between the different polymer phases created
by the unfavorable interaction between polymers A and B. (€,
is low compared with €, , and €g5.) All types of brushes display
the first two types of sorption. Hence, differences between
single-component and binary brushes mostly result from the
adsorption at the polymer—polymer interface; this is especially
apparent in the striped brush (see Figure 1), where the
brighter color indicates higher concentrations of vapor at this
interface.

A quantification of the additional sorption is shown in
Figure 1d. For a bare surface, the absorption is 0.0567%, and
this increases for surfaces that are coated with brushes. The
absorption in the pure brush is 0.126"2, whereas for the striped
and mixed brush, this value increases to 0.18 and 0.25672
respectively. This difference can be explained from a free-
energy perspective: The entropic freedom of the vapor
molecules contributes to the free energy of the system and
can be compensated by the absorption energy when particles
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absorb.”® At the unfavorable interfaces, the energy of
adsorption is higher than the energy of absorption in the
pure brush due to the interfacial energy associated with this AB
contact area. Hence more vapor will sorb at those interfaces.

To explore this effect in more detail, we perform simulations
for varying cross-interaction strengths (€,5) ranging from 0.2
to l.4e. We calculate the absorption for each system by
sampling the excess absorption at equilibrium. Figure 3a
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Figure 3. (a) Absorption is enhanced with respect to a single-
component brush when the cross-interaction strength (e,z) is
reduced. (b) The ratio of the enhanced absorption compared with
a pure brush (U) between the mixed (M) and striped (S) brushes
(M = 1Y) /(IS = TV)) directly correlates with the ratio between the
surface areas of both brushes between the nano-phase-separated A
and B phases (AM/AS).

displays the excess factor (the factor by which the absorption
increases compared with a bare surface) for the striped and
mixed brushes at a relative vapor pressure of 68.5% and a self-
interaction energy (€4 and €gg) of 1.0. Enhanced absorption is
observed when the cross-interaction is weaker than the self-
interactions, and the effect is stronger in the mixed brush than
in the striped brush. More specifically, at a very unfavorable
cross-interaction (€553 = 0.2), the absorption is enhanced by a
factor 4.1 for the striped brush and 6.2 for the mixed brush
with respect to the adsorption on a bare surface.

The excess factor relates almost linearly to the strength of
the cross-interaction for both binary brushes when the brushes
nano-phase-separate. We note that the slope of this effect is
steeper for the mixed brush than for the striped brush. This
results from the contact area between the A and B phases of
the different systems, which is different for striped and mixed
brushes. (For details of this surface analysis, we refer to the SIL.)
In a mixed brush, the system tends to nano-phase-separate into
A and B phases that depend on the incompatibility between
the polymers (cross-interaction),” the anchoring® and
alnnealing31 conditions, and the temperature,32 creating an
interfacial area between the A and B phases where adsorption
takes place. Similarly, an AB interfacial area exists in the striped
brush. However, here this area is limited by the spatial
segregation of the A and B polymers, leading to a smaller AB
interface compared with the mixed (phase-separated) brush.
Because the interfacial area in both brushes depends only
weakly on the cross-interaction strength in the nano-phase-
separated domain, the linear increase in the excess factor
results from the adsorption energy associated with these
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interfaces, which increases as cross-interactions become more
unfavorable.

Figure 3b shows the ratio of this interfacial area in the mixed
and striped brushes and compares it with the ratio in
absorption in both binary brushes in excess of the absorption
in homopolymer brushes. The interfacial area ratio and the
absorption ratio correlate well, which indicates that the
interfacial area is one of the main contributors to the enhanced
absorption in binary brushes. Nevertheless, we observe a
discrepancy between both ratios for cross-interaction strengths
that are similar to the self-interaction strength (0.8 < €55 <
1.1). This discrepancy results from a difference in the mixing
transitions between the striped and mixed brush. Interfaces
between different domains soften when cross-interactions are
similar to self-interactions due to limited blending of the
different phases. Mixed brushes blend at lower cross-
interaction strengths than striped brushes due to the additional
chain stretching required for forming a homogeneous blended
phase in the latter. (See Figure S1 in the SL) For these small
differences, nanophase separation is not complete, and hence
there are more AB contacts in the brush, leading to the
discrepancy.

At cross-interactions stronger than self-interactions (€, >
1.1), the difference in absorption between striped and mixed
brushes disappears because the interfacial interactions no
longer introduce an additional driving force for absorption.
The unfavorable interactions become favorable, leading to
blending of the A and B polymers. Enhanced absorption is no
longer present. In fact, these cross-interactions now reduce the
absorption because they are favored over polymer—vapor
interactions. The dimensions chosen for the simulations allow
for near-complete blending of the polymers, effectively
removing the difference between the striped and mixed
brushes.

To investigate the absorption at low vapor concentrations,
we vary the vapor pressure. Figure 4a shows absorption
isotherms of the three systems for €,5 = 0.453€ and for the
bare surface: The excess absorption is presented versus the
relative vapor pressure. The absorption isotherm of the pure
brush (orange squares) is in line with isotherms found in
solvophilic brushes.”> We note that the isotherm of the bare
surface (wall) has a concave rather than convex shape and that
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Figure 4. (a) Absorption isotherm for a pure, a mixed, and a striped
brush at a cross-interaction of 0.453€ and for a bare surface (wall). (b)
The enhanced absorption relative to the pure brush increases at low
vapor pressures and is relatively constant at higher vapor pressures.
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this difference contributes to the enhanced absorption,
especially at low concentrations. Vapor adsorbing on a bare
surface forms fewer attractive interactions with neighboring
particles compared with vapor absorbing in brushes: For
surfaces, these neighboring particles are located on the surface
underneath the adsorbing particle, whereas for brushes, they
are present around the absorbing particle.

Figure 4b shows the excess factor versus the relative
pressure. For all evaluated pressures, absorption increases
with a factor of at least 1.9, 2.8, and 3.7 for a pure, striped, and
mixed brush, respectively. More importantly, the enhanced
absorption effect increases upon lowering the vapor pressures;
at a relative pressure of 0.1, a maximum excess factor of 5.0,
7.6, and 11.1 is reached for a pure, striped, and mixed brush,
respectively. We observe that the solvent density profiles for
brushes at vapor pressures of 0.1 and 0.685 show no qualitative
differences. (See Figure S2 in the SI.) This indicates that at low
vapor pressures, the vapor concentration near the surface can
be enhanced using brushes, indicating a potential for increasing
the sensitivity of brush-based vapor sensors.

The enhancement in binary brushes compared with
homopolymer brushes is the result of a reduced sorption of
vapor in the bulk of the brush. At low vapor pressures (<0.3),
the entropic freedom of the vapor molecules contributes more
to the free energy of the system than can be compensated by
the absorption energy.28 However, at unfavorable interfaces,
this energy of adsorption is higher than that in the bulk, so
vapor still absorbs in the coating at low pressures.
Consequently, the ratio between molecules absorbed inside
the microdomains and those at the AB interfaces changes,
leading to an increase in enhanced absorption. At even lower
pressures (<0.1), the energy of adsorption at the AB interfaces
can no longer balance the loss of entropy of the vapor; at very
low pressures, no adsorption takes place.

Enhanced absorption has several promising implications for
systems using polymer brushes in sensing applications. First,
the enhanced absorption leads to more analyte in the brush,
increasing the signal strength of the sensor. This improves the
sensitivity of the sensor and will allow for more accurate
measurements of vapors. Second, the absorption at low relative
vapor pressures is significantly increased in pure brushes
compared with the bare surface. For mixed brushes, this effect
is even stronger. For many applications, a vapor sensor needs
to measure very small traces of gases, and this enhanced
sensitivity at low vapor pressures introduces new possibilities
for the use polymer brushes.

In addition to an increased sensitivity, the presence of
brushes on sensor surfaces can also create more selectivity,
which is important for sensing particular (groups of) molecules
and in developing artificial noses.'’ The simulations presented
in this Letter show the behavior of mixed brushes exposed to a
single-component vapor, so we can only draw conclusions on
the sensitivity of the coating. Nevertheless, in a recent paper,24
we explored the selectivity of vapor sorption in single-
component brushes using MD simulations with a two-
component Lennard-Jones vapor using a double grand-
canonical Monte Carlo scheme. We intend to perform similar
simulations on mixed brushes to gain insight into the
specificity of these mixed brushes.

Whereas our work focuses on coatings of mixed polymer
brushes, we hypothesize that the enhanced absorption effect is
not limited to these systems. Other coatings may show similar
behavior if one can introduce unfavorable interactions between
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components in the coating. Such coatings may include spincast
random copolymers, block copolymers, or mixed polymer gels,
yet these alternative coatings require the stabilization of a
nano-phase-separated system, which may prove difficult for
coatings that are not anchored to the substrate. In contrast,
binary polymer brushes can be stably attached to substrates by
well-established synthesis techniques such as grafting to** and
grafting from>»* and therefore hold great potential for
application in sensor technologies.

In summary, we have performed MD simulations of pure,
striped, and mixed polymer brushes exposed to a Lennard-
Jones vapor and compared the vapor absorption in these
systems to the adsorption on a bare surface. At low vapor
pressures, brushes can concentrate these vapor traces. The
sorption can be increased by a factor of up to 5.0 for pure
brushes and up to 11.1 for nanophase-separated mixed
brushes. We show that this increase from pure to mixed
brushes is due to adsorption of vapor at the interface between
the immiscible polymer types. Enhanced absorption in binary
brushes shows great potential for coatings in highly sensitive
vapor sensors. These coatings, when applied to existing sensing
platforms, may lower the detection limit of these platforms by
concentrating vapors near the sensor surface, especially at low
vapor pressures.
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