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ABSTRACT: Polymer brushes can absorb vapors from the
surrounding atmosphere, which is relevant for many applications
such as in sensing and separation technologies. In this article, we
report on the absorption of binary mixtures of solvent vapors (A and
B) with a thermodynamic mean-field model and with grand-
canonical molecular dynamics simulations. Both methods show that
the vapor with the strongest vapor−polymer interaction is favored
and absorbs preferentially. In addition, the absorption of one vapor
(A) influences the absorption of another (B). If the A−B interaction
is stronger than the interaction between vapor B and the polymers, the presence of vapor A in the brush can aid the absorption of B:
the vapors absorb collaboratively as friends. In contrast, if the A−polymer interaction is stronger than the B−polymer interaction and
the brush has reached its maximum sorption capacity, the presence of A can reduce the absorption of B: the vapors absorb
competitively as foes.

■ INTRODUCTION
The behavior of polymer brushes1,2 depends strongly on their
interaction with the environment. The surroundings of such
brushes alter their properties:3 in good solvents, brush-
modified surfaces can reduce friction,4−7 provide antifouling
properties,8 or introduce stimulus-responsive behavior,9 which
can be employed in sensing applications,10,11 gating,12,13 or
pick-up and place systems for nanoparticles.14 So far, brush
properties have been mostly explored in liquids, whereas for
many applications, for example, in vapor sensing,15,16 moisture
harvesting,17,18 or gas separations,19−22 the brushes will be
exposed to air. Brushes can swell in solvent vapors,23−27 and
these vapor-swollen brushes resemble liquid-swollen brushes
with respect to their solvent distribution and scaling behavior28

even though qualitative differences exist between both types of
swelling.
Brush swelling by vapors depends on multiple system

properties. In a previous study29 from our group, simulations
showed that the interparticle interactions, partial vapor
pressure, and grafting density all influence the absorption of
single-component vapors in contact with brushes. It was found
that absorption is described relatively well by using a simple
mean field model based on the Flory−Huggins theory of
solvation.30,31 Additionally, the simulations revealed that
vapors can also adsorb on top of the polymer brushes,
depending on the polymer−solvent interactions. These studies
of single-component vapor sorption provide the first necessary
insights into understanding brushes in contact with vapors.
However, in many practical applications (such as gas
separation19−22 and sensing15,16), brushes will be exposed to
multicomponent gas mixtures. In fact, the component of

interest might be present as a trace vapor in a gas mixture that
already solvates the brush.
To understand the solvation of polymer brushes in contact

with vapor mixtures, we study a Lennard-Jones gas mixture
with a range of compositions in contact with a coarse-grained
polymer brush model via grand-canonical molecular dynamics
simulations. The results of these simulations agree to a
remarkable extend with a box model based on the chemical
equilibrium between the absorbed and free vapor. Both
methods reveal that the presence of one component can
change the sorption of another component, giving rise to
competitive, collaborative, and preferential absorption.

Mean Field Box Model. A chemical system at equilibrium
lacks particle fluxes since there is no gradient in chemical
potential (μ). The absence of such gradients allows for setting
up a model for polymer brushes to describe the vapor fractions
in the brush. This sorption model requires a description of the
chemical potential of the vapor everywhere in the system,
which can be seen as two boxesinside and outside the
brushwith equal chemical potential for the solvent (see
Figure 1).30
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Under an ideal gas assumption, the chemical potential of the
vapor outside the brush can be expressed relative to a pure
fluid at reference conditions as

μ =
i

k
jjjjjj

y

{
zzzzzz

p
p

lnout

sat (1)

where μout is in units of kBT and p and psat are the vapor and
saturation pressure, respectively.
The chemical potential of the vapor inside the brush follows

from differentiation with respect to the number of solvent
particles of the free energy. This free energy depends on
contributions from molecular interactions, mixing, and chain
stretching. The interaction and mixing contributions are
described using the Flory−Huggins theory32 for the free
energy of mixing with a slight modificationwe follow
Birshtein and Lyatskaya30 and exclude the translational entropy
contribution for the grafted chains. The stretching contribution
follows from the expression for the free energy of stretching of
a polymer chain. For a brush in contact with a two-component
vapor, these contributions can be summarized in an expression
for the free energy Fin (in kBT) associated with a single
polymer in the brush30
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where H indicates the brush height (nondimensionalized with
respect to the monomer size a), DP is the number of
monomers per chain, and ϕi and Ni are respectively the volume
fraction and number of particles of type i. The interactions
between different particle types follow from the Flory−
Huggins χ parameters where the indices refer to the interacting
pair; interaction with the polymer is assumed if only one
particle type is mentioned. Note that the brush height can be
expressed as a function of the number of monomers per chain,
the grafted area per chain, and the volume fraction of polymer

such that =
ϕ

H D
s

P

P
, where s is the grafted area per chain

(nondimensionalized by a2).
The chemical potentials inside and outside the brush are

equal at equilibrium, giving a set of two equations. This set is
complemented with a volumetric constraintthe sum of all
number/volume fractions equals onewhich completes the
model as
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where the first two equations balance the chemical potential in
the vapor (LHS) and brush (RHS) phase and the third
equation imposes the volumetric constraint.
The applicability of the model is limited by its simplicity and

implicit assumptions. We assume a grafting density larger than
the critical grafting densitythe distance between two anchor
points is smaller than twice the radius of gyration of a chain in
a poor solvent. Moreover, we assume that the brush
composition is homogeneous throughout the brush. However,
inhomogeneities perpendicular to the grafting surface are not
expected for collapsed brushes since density profiles of
collapsed brushes often show a sharp brush/gas interface28

as well as a nearly height-independent density24,29 (see also
Figure S1). Large inhomogeneities parallel to the surface are
prevented by the anchoring of the polymer chains; the
minimum and maximum distances between chains due to this
end attachment provide natural limits to the brush
composition. In fact, we hypothesize that systems that do
not reach an energetic minimum within these limits would
form a vertical partitioning,33 modifying the brush interface
instead of the brush composition.
Despite these limitations, the box model accounts for the

system properties mentioned in the Introduction which have
been shown to influence sorption behavior: interparticle
interactions (or equivalently brush and vapor chemistry) are
taken into account in the Flory−Huggins interaction
parameters, brush properties are taken into account in the
grafted area per chain, and vapor properties are taken into
account by the vapor and saturation pressure.

Linking Thermodynamic Box Model to Molecular
Dynamics Simulations. The system of eqs 3 describes vapor
sorption in polymer brushes from a thermodynamic
perspective. Yet, linking this thermodynamic description to
molecular dynamics simulations is challenging due to
assumptions underlying these equations and its variables.
While some of these parameters (the grafting density,
saturation pressure, and vapor pressure) follow from the
input for the simulation or are easily assessed by comple-
mentary molecular dynamics simulations, a challenge rises
when mapping these simulations onto an interaction
parameter.

Figure 1. Schematic representation of the thermodynamic box model.
Vapor particles inside and outside the brush are at chemical
equilibrium (μi

out = μi
in). The chemical potential inside the brush is

influenced by mixing entropy, binary interactions, and chain
stretching. The chemical potential outside the brush follows from
the vapor pressure relative to the saturation vapor pressure.
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The interaction parameter between species α and β is
defined as an exchange energy by

χ = ϵ + ϵ − ϵ =αβ αα ββ αβ αβ
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where z is the coordination number of the Flory−Huggins
lattice, kBT is the thermal energy, ϵ is the interaction energy of
the particle pair in the subscript, and Wαβ is the exchange
energy between species α and β. Because Wαβ follows from the
simulation parameters, this expression maps the MD
simulations onto the interaction parameter with a scaling
factor that includes the temperature and the coordination
number.
Using a scaling factor to directly map interaction energies

onto interaction parameters oversimplifies the system since it
includes several assumptions. First, we assume a constant
coordination number for all systems, even though this number
may be influenced by system parameters such as interaction
strengthsthe liquid structure may change for different
systems. Second, these systems include a gas phase, whereas
the interaction parameter is based on a liquid phase exchange
energy, which may introduce a systematic error in the
mapping.
Keeping in mind these limitations, the mapping according to

eq 4 connects the model to the input and output of the
simulations directly. The simulations, however, do not directly
provide the coordination number. This parameter follows from
fitting the model to each simulation data point. In a first
approximation, we assume the coordination number to be
constant for all systems. However, this is not necessarily true
and a variation in this number is allowed if and only if this
variation can be supported by changes in the liquid structure in
the system.
Molecular Dynamics Setup. To investigate vapor

sorption, we performed molecular dynamics (MD) simulations
of brushes of Kremer−Grest chains34 in contact with a
Lennard-Jones gas mixture of vapors A and B, as depicted in
Figure 2. This gas mixture was kept at a constant chemical
potential by using a Monte Carlo approachvapor particles
were inserted or deleted according to the Metropolis criterion
on every 10000th time step during the MD time integration.
This time integration was performed by using the LAMMPS35

software package using the rRESPA integration scheme36 with
two hierarchical levels where each large time step contains two
small time steps of 0.0075τ.a Bonded interactions are
computed in the innermost loop, and pair forces are computed
in the outer loop.
To simulate brush solvation, a brush of monodisperse

Kremer−Grest chains consisting of 120 beads with a grafting
density of 0.133σ−2 (s = 7.52σ2) was used; these parameters
ensure a system in a brush regime even in its collapsed state
(see the Supporting Information). The chains were end-grafted
in a simulation box (30 × 30 × 130σ3) with fixed boundary
conditions on the upper and lower wall (parallel to the grafting
surface) and periodic boundary conditions in all other
directions (perpendicular to the grafting surface). The chain
anchors were excluded from time integration so that the chains
remain end-grafted during the simulation. The fixed boundary
condition was enforced by a “mathematical wall” with a
harmonic potential with a spring constant of 100ϵσ−2 and a
cutoff of 1σ to prevent particles leaving the simulation box. A
20σ region below the upper box wall was used for grand-

canonical particle insertion/deletion of the Lennard-Jones gas
with a set vapor pressure.37,38 This region was located below
the cutoff of the wall potential such that this potential does not
affect the GCMC procedure.
Particle interactions result from well-defined interaction

potentials. A potential shifted Lennard-Jones potential (ULJ,PS)
governs interactions between nonbonded particles as a
function of the distance between them (r), which is described
by
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where the nonshifted interaction strength (ϵ) at the
equilibrium distance rm is used to define the interaction
between particles. To reduce the computational load, a cutoff
distance rc at 2.5σ is used for the interaction potential. Note
that these potentials make that all pair interactions in this work
are attractive.
To investigate the effect of the relative interaction strength

of the different vapors, we varied the interaction energy of each
vapor−polymer pair between 0.2ϵ and 1.4ϵ with a constant
vapor and polymer self-interaction. The polymer self-
interaction (ϵPP) was set at 0.6; the vapor self-interaction
(ϵAA, ϵBB) (as well as the vapor cross-interaction ϵAB) was set at
1.0. Simulations were performed at a low and high vapor
pressure relative to the saturation pressure of each vapor
component (plow = 0.05psat; phigh = 0.34psat) with a one-to-one
ratio between both vapors. In another set of simulations, the
vapor ratio was varied, and several combinations of vapor−
polymer interactions were used, namely, ϵPA = 0.8ϵ and ϵPB =
[0.4, 0.6, 0.75]ϵ. Here, the combined vapor pressure of both
components was kept constant (i.e., pA + pB = constant).

Figure 2. Graphical representation of the GCMC-MD simulation box.
The top part of the simulation box (indicated with solid borders) is in
equilibrium with an implicit atmosphere (indicated with dashed
borders). This equilibrium is maintained by a Metropolis algorithm
that determines the success of insertion/deletion of a particle from the
surrounding atmosphere into the simulation box as indicated by the
arrows. Only the contents of the simulation box are explicitly
simulated in the MD procedure between GCMC sweeps.
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The potential describing the interaction between bonded
particles (Ubond) is a combination of a finite extensible
nonlinear elastic (FENE) potential and a Weeks−Chandler−
Andersen (WCA) potential, such that

= − −
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where K is 30 ϵσ−2, R0 is 1.5σ, ϵ is 1, and σ is 1. This choice of
parameters prevents unphysical behavior and bond crossing.34

To ensure vapor−liquid coexistence, the simulations were
performed at a temperature of 0.85ϵkB. The value for kB is set
to 1the use of reduced LJ units allows us to scale energy and
temperature. We controlled the temperature using a chain of
three Nose−́Hoover thermostats with a damping constant of
0.15τ (where τ is the reduced unit of time), which allows a
proper sampling of the canonical ensemble.39

To reduce simulation artifacts due to nonrepresentative
starting configurations, we simulate vapor solvation using a
two-step process: equilibration and production. The equilibra-
tion consists of an energy minimization of a fully stretched
brush to a collapsed state. This collapsed state is then used in
the grand-canonical molecular dynamic simulationsa
Lennard-Jones vapor is introduced via the GCMC region by
1000 particle insertion/deletion attempts every 10000 time
steps in the MD simulation. The simulation is continued until
the brush composition stabilizes (typically after 104τ−105τ),
after which 500000 time steps are performed to capture the
statistics of the system.
During the data collection time steps, we collect density

profiles (see Figure 340) perpendicular to the grafting plane.
From these density profiles, we define the brush height as the
inflection point of this profile. Next, the brush profiles are
integrated over the height to calculate the composition of the
brush; the density profile corresponding to a particle type gives
the number of particles sorbed in the brush. By calculating the

height of the brush based on the inflection point, the vapor
particles that adsorb on top of the brush are not included in
the sorption. A selection of representative density profiles is
presented in the Supporting Information.

■ RESULTS AND DISCUSSION
The absorption of binary solvent vapors in polymer brushes is
investigated using grand-canonical molecular dynamics simu-
lations of Kremer−Grest brushes exposed to a binary Lennard-
Jones vapor consisting of components A and B. The absorption
of component A is evaluated with respect to the presence of
the second vapor B. For binary mixtures with a one-to-one
ratio of A and B, the interaction strength of both vapors with
the brush was varied to sample a variety of relative interactions.
We remind the reader that all pair interactions in this work are
attractive. This sampling is performed at high (p = 0.34psat)
and low (p = 0.05psat) relative vapor pressure for each
component. Finally, the absorption of vapor mixtures with
different ratios is investigated for a selection of relative
interactions.
Absorption is evaluated based on the density profiles of the

polymer and solvents. Figure 3 shows such a profile for a one-
to-one vapor mixture at high relative pressure with ϵPA = 1.0
and ϵPB = 1.4. This figure displays all typical features of vapor
swollen density profiles. The density inside the brush is
independent of the height coordinate, indicating that a box
model is a fair representation of the system. Moreover, the
relative number densities of vapors A and B follow logically
from their interactions; B has a stronger interaction with the
brush than A (ϵPB = 1.4 vs ϵPA = 1.0) and hence absorbs more.
Finally, we note that the density of vapor A displays a
maximum at the brush interface. This is the result of the
effective interaction between vapor A and the local brush/
vapor environment. At the interface, the density of the brush
decreases quickly, reducing its influence on the sorption of
vapors in the region. At the same point, the density of vapor B
is still significant, and B has a stronger interaction with A than
the brush, leading to a coadsorption of the vapors onto the
brush. We note that most of the adsorbed vapor is present at
heights above our definition of the brush height; hence, the
observed maximum will not significantly affect the accuracy of
the box model.

Competitive and Collaborative Absorption. For a
single-component vapor, the absorption of a vapor depends on
the strength of the interaction between this vapor and the
brush.29 For a component in a binary vapor, this trend also
holds. Figure 4a shows the fraction of A in the brush as a
function of the interaction strength between the brush and A
(WPA) for a binary vapor with a 1:1 ratio between A and B at a
relative vapor pressure of 34%. We note that the curves of WPB
= 0.4 and WPB = 0.6 overlap. We observe that a stronger
interaction between the brush and A, which means a lower
value of WPA, results in a higher absorption of this component
for all interaction strengths of the vapor B with the brush
(WPB). Absorption is driven by the negative interaction energy
of solvent inclusion in the brush and opposed by interaction-
independent entropic effects (vapor localization and brush
stretching). Hence, a stronger interaction between a
component and brush leads to more absorption of this
component. Nevertheless, this increase is affected by the
absorption of the second component B forWPB < 0. This effect
is most pronounced forWPB = −0.2 andWPA = −0.2 where the
absorption is reduced by 26% with respect to WPB = 0.6 and

Figure 3. Representative density profile showing brush height (gray
vertical line), density of polymer (blue), density of vapors A and B
(red and yellow), and the total density inside the brush (purple). The
profile shown is for ϵPA = 1.0 and ϵPB = 1.4 at a relative vapor pressure
of 34% for each component.
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the same value for WPA (−0.2). For these conditions, the
interactions of both components with the brush are equal,
which leads to competitive absorption between vapors A and
B: the absorption of vapor B reduces the absorption of A.
Simultaneously, the absorption of component B is affected

by the absorption of component A. This effect is presented in
Figure 4b with the absorption of component B versus the
interaction strength between the brush and component A
(WPA). This figure reveals two regimes depending on the
interaction between B and the brush. For weak B−brush
interactions (WPB ≥ 0.2), the effect of component A on the
absorption of component B is negligible. However, if B
interacts significantly with the brush (WPB < 0.2), we observe a
strong effect on the absorption of this component when the
interaction between the brush and component A increases (i.e.,
when the interaction parameter between A and the brush
decreases). In other words, when component A interacts more
strongly with the brush than component B, the relative amount
of B in the brush decreases. This effect follows from both free
energy and volumetric constraints. Both vapors release energy
when they absorb, and thus both vapors “want” to absorb.
However, the entropic penalty due to chain stretching depends
not on the type of particle absorbed, but only on the number
of particles. This provides a limit to the number of absorbed
particles, and hence, components A and B compete for this
available space. However, note that this available space is a
function of the interaction strength between the vapor
components and the brush, and thus the total sorption can
vary.
Figure 4b also indicates that the absorption of B goes

through a maximum atWPA = 0 forWPB = 0 and atWPA = −0.2
for WPB = 0.2. Here absorption is collaborative in the sense
that the presence of A aids the absorption of B. This can be
understood considering the polymer−solvent interactions
relative to the interaction between A and B. In the vapor
phase, components A and B do not interact with other solvent
particles under ideal gas assumptions. In the brush, these vapor
particles do interact with each other and the polymer. Hence,
the energy that is released upon absorption is not only a result
of interaction with the brush but also a result of interaction
with other solvent particles. Considering that the solvent−
solvent interaction (ϵAB = 1.0) in our simulations is stronger
than the brush−solvent interaction for the selected points
([ϵPA = 0.8, ϵPB = 0.8], and [ϵPA = 1.0, ϵPB = 0.6]), the
absorption of vapor in the brush lowers the chemical potential
of the other component, resulting in a collaborative absorption.

We note that this effect differs from the cosolvency effect in
binary solvents with respect to two key aspects. First,
cosolvency41 is limited to mixtures of poor solvents, whereas
collaborative absorption is not. Second, cosolvency results
from entropic contributions of the liquid phase, and
collaborative absorption results from an effective enthalpic
interaction between the brush and the vapor.
The total absorption of vapor in the brush (so A and B)

increases when a single component has a stronger interaction
with the brush. Figure 4c shows the total absorption of vapor
(A + B) versus the interaction between the brush and
component A (WPA). For all WPB, a stronger interaction
between brush and component A results in a higher solvent
fraction in the brush. However, the increase in the solvent
fraction differs depending on the interaction of the brush and
component B. To illustrate, for WPB = 0.6 the solvent fraction
ranges from 0 to 0.56 whereas for WPB = −0.2 it only ranges
from 0.35 to 0.60. This effect results from the absorption of
component B, since a lower WPB indicates a stronger
interaction between the brush and B. For lower values of
WPB (<0.2), some B will absorb for all values of WPA,
introducing a background absorption that is relatively
unaffected by the value WPA, affecting the total absorption.
The aforementioned effects are also present at lower vapor

pressures. A stronger interaction between a vapor and the
brush results in a higher absorption of that vapor, even though
the amount of vapor absorbed is less than at higher vapor
pressures (Figure S2a). This lower absorption also affects the
competitive absorption. Though this effect remains present, its
magnitude is significantly reduced as a result of this overall
lower absorption (Figure S2b). Moreover, the total vapor
absorption increases with increasing interaction between brush
and vapor (Figure S2c). Hence, relative vapor pressure does
not qualitatively affect the absorption behavior; it merely has a
quantitative effect. For instance, for WPB = −0.2 and WPA = 0.0
the fraction of B in the brush is reduced from 0.33 at high
vapor pressures to 0.10 at low vapor pressures. Energetically
this results from the entropic loss when a vapor absorbs. This
loss is more significant for more dilute vapors, which have
more entropic freedom.

Preferential Absorption. The competitive character of
the absorption of binary vapors indicates a preference for the
absorption of the stronger interacting component. Such a
preference for the absorption of one component over the other
is called preferential absorption, and it results in a discrepancy
between the A−B ratio in the vapor (ΦA) and the brush phase

Figure 4. Component fractions of a Kremer−Grest brush in contact with a Lennard-Jones vapor consisting of two different particle types (A, B) in
a one-to-one ratio at a relative vapor pressure of 34 ± 1%. The dotted line are model values for the mapping χ = 9.51W (based on a fit over all data
points in this work). (a) Fraction of component A in the brush. (b) Fraction of component B in the brush. (c) Total solvent fraction (A + B) in the
brush.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c02228
Macromolecules 2020, 53, 10898−10906

10902

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02228/suppl_file/ma0c02228_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02228/suppl_file/ma0c02228_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c02228/suppl_file/ma0c02228_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02228?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02228?ref=pdf


(ϕA/ϕsolvent). Figure 5 shows this vapor versus brush phase
ratio at WPA = 0 and for WPB = 0.05, 0.2, and 0.4. In the

absence of preferential absorption, vapor and brush phase
ratios should be equal. However, the figure shows a
discrepancy from this ideality in the form of an excess of
component A, the component with the stronger absorption.
This effect increases for stronger differences between the
interaction of both vapors; however, even for small differences
(ΔW = 0.05) this effect is clearly observed. Thus, the
component with the stronger interaction with the brush
absorbs preferentially.
Comparison to the Thermodynamic Box Model.

Competitive, collaborative, and preferential absorption follow
not only from molecular dynamics simulations but also from
the thermodynamic box model. Even though the model
describes the system in a simplified manner, it shows a decent
fit to the data. In a first-order approximation, we retrieve the
proportionality factor between the exchange energy (Wαβ) and
the interaction parameter (χαβ) by fitting our model to all data
points. This fit gives χαβ = (9.51 ± 0.02) Wαβ [95% CI, N =
97].b Model values with this mapping are presented in Figures
4 and 5 and Figure S2 as dotted lines. In all figures, the model
describes the data fairly well, and competitive, collaborative
and preferential absorption also follow from the model.
Despite this qualitative agreement, we observe several

quantitative differences under significant preferential and
competitive absorption. For example, in Figure 4b, compare
the theoretical value (dotted line) with the simulation data
(markers) forWPB ≤ 0.0 andWPA ≤ −0.4. For these values, the
model overestimates the absorption of B. This discrepancy
follows from the assumption that the coordination number is
equal for all systems evaluated. To test this assumption, we
simulate solvent imbibed melts of Kremer−Grest polymer
chains with the same parameters as the chains in the brush.
The polymer and solvent fractions in the melt are chosen so
that they resemble the fractions observed in the brush for a
specific set of interaction parameters. This imbibed melt is
then simulated under constant pressure and temperature and

the radial distribution function within these melts is retrieved.
This method attempts to recreate the bulk of the brush phase
in the brush simulations (see the Supporting Information for
simulation details).
Figure 6 shows the radial distribution functions of selected

melt compositions. Under the assumption of a constant

coordination number, the radial distribution function should
remain unchanged for different compositions. However, in the
figure one can observe significant changes in the region
between 0.5σ and 3σ. The maximum of the first peak increases
when the particle at the highest concentration interacts more
strongly. To illustrate, the first maximum of the distribution
function increases from 1.97 in Figure 6c for a theta and good
solvent mixture to 2.48 in Figure 6e for a good and very good
solvent mixturean increase of 26%. This increase indicates
that particles with a stronger interaction pack more efficiently
around other particles, leading to a higher coordination
number. When we increase the coordination number by a
similar factor, we find a proportionality constant of 11.97 and
an improved match between the model and simulations for the
individual solvent components (Figure S3). Despite the
improved fit for the individual components, the model still
overestimates the solvent content in the brush. Hence, the
change in liquid structure can only partially account for the
discrepancy between the methods. The overestimation at
strong interactions results from the assumption of a Gaussian
brush. For these strong interactions the brush swells to up to
40% of the contour length of an individual chain; at such
extensions the Gaussian model underestimates the entropic
loss of the brush, leading to an overestimation of the amount of
sorbed solvent.
The discrepancy between the model and molecular

dynamics simulations does not invalidate the model as both

Figure 5. Fraction of solvent A in the brush (ϕA/ϕsolvent) as a function
of the fraction of solvent A in the vapor phase (ΦA) forWPA = 0.0 and
WPB = 0.05, 0.20, and 0.40. The dotted line are model values for the
mapping χ = 9.51W (based on a fit over all data points in this work).
The component with the stronger interaction with the polymer
(solvent A here) absorbs more than the weaker component (solvent
B). This effect is stronger with a larger difference in affinity.

Figure 6. Radial distribution functions of Lennard-Jones solvent
imbibed Kremer−Grest melts. From top to bottom, the average
interaction strength between the polymer and the solvent mixture
increases. (a) WPA = 0.6, WPB = 0.6. (b) WPA = −0.2, WPB = 0.6. (c)
WPA = −0.2,WPB = 0.0. (d)WPA = −0.2,WPB = −0.2. (e)WPA = −0.2,
WPB = −0.6.
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represent a simplified representation of “real” experimental
systems. Both methods include assumptions about the nature
of interactions and ideal behavior of vapors. Even though the
methods model “real” systems in their own way, both point to
similar behavior: competitive, collaborative, and preferential
absorption. This is a strong indication that these effects are not
merely an artifact of the methods used.

■ DISCUSSION
Preferential, collaborative, and competitive absorption appear
to be enthalpy-driven phenomena. The free energy released
upon absorption needs to counteract the entropic phenomena
that disfavor absorption. As a result, at low vapor
concentrations (the vapor is in a high entropy state), more
interaction energy is required for absorption. Similarly, at high
vapor concentrations, the vapor absorbs more readily. When
two vapors are exposed to a polymer brush, these
considerations hold. The vapor that best counteracts the
entropic desorption force will absorb more. This leads to
preferential absorption of this component. Additionally, the
entropic desorption force limits the space available for
absorption, and this space has to be shared between all
absorbing components, which leads to competitive absorption.
We have performed simulations at a grafting density of

0.133σ−2, which is well within the brush regime for the chain
length used. For these conditions, we observe a good
qualitative match between our model and simulations; both
methods show collaborative, competitive, and preferential
absorption. If we vary the grafting density in our model, we do
not observe large qualitative differences in competitive (Figure
S4) and preferential (Figure S5) absorption. However, a
qualitative difference is observed for collaborative absorption.
A higher grafting density leads to less collaborative absorption:
from an increase due to collaborative absorption of over 17%
for a grafting density of 0.1σ−2 to only 2% for 0.5σ−2 compared
to a noninteracting second vapor component. This is the result
of the entropic stretching penalty due to chain stretching; for
higher grafting densities, less solvent absorbs since the polymer
chains are more strongly stretched in the dry state compared to
a brush with a lower grafting density. Hence, the entropic
penalty of stretching due to absorption is increased, leading to
a lower absorption in general. Additionally, the higher volume
fraction of polymer limits the number of solvent−solvent
contacts in the swollen brush, reducing the driving force
behind collaborative absorption. In short, this means that at
low grafting densities (but still in the brush regime)
collaborative, competitive, and preferential absorption are
observed; at higher grafting densities, competitive and
preferential absorption remain, but collaborative absorption
is reduced or even absent.
Preferential absorption of binary mixtures has previously

been observed in polymer brushes exposed to binary liquids.
For instance, theoretical work indicates that brushes exposed
to a binary mixture of good and bad solvents preferentially
absorb the good solvent.42 Neutron scattering experiments
demonstrated this effect in poly(dimethylsiloxane) (PDMS)
brushes with the preferential solvation of dicholoromethane
(good solvent for PDMS) over methanol (poor solvent).43 In a
similar experiment on poly(styrene) brushes, preferential
solvation was observed in solvent mixtures of two poor
solvents, a good and poor solvent, and two good solvents.44

Despite the similarities between preferential absorption in
liquid and vapor solvated brushes, there is an important

difference between both systems. Liquid solvated brushes are
exposed to a mixture of solvents, whereas vapor solvated
brushes are exposed to a gaseous medium. As a result, vapor
solvated brushes are exposed to a mostly “poor solvent”
medium, even when high concentrations of good solvent vapor
are present. This effect results in a relatively sharp interface
between the brush and vapor phase compared to a similar
interface between a brush and liquid phase.28 This has
important implications for the behavior of these brushes,
since this collapsed ground state will require more energy to
swell than a brush exposed to a good solvent.
A similar phenomenon, preferential adsorption (note the “d”

instead of “b” in adsorption), has been associated with co-
nonsolvency45−47 in mixtures of good solvents. The prefer-
ential adsorption of one component onto the polymer can
result in the formation of a “bridge” between two chainsthey
are connected via one solvent particle adsorbed on both chains,
leading to a collapse of the brush (or reduction of the radius of
gyration for a polymer in solution). A key difference between
co-nonsolvency in mixtures of good solvents and (possible) co-
nonsolvency in mixtures of solvent vapors is the surrounding
medium. In good solvents, the polymer brush will be in a
swollen state in either of the pure solvents. In good vapors,
however, the polymer brush might swell but will still be
collapsed compared to the good solvent case (compare the
parabolic profiles in good solvents vs the step profiles in this
work). Therefore, it is possible that “bridge” formation due to
the adsorption of a better solvent vapor no longer leads to a
further collapse of the brush. In fact, this better solvent might
swell the brush even more and expel the poorer solvent by
competitive absorption. We intend to explore the possibility of
co-nonsolvation by vapors in future work.
Absorption effects are important to consider when designing

sensors15 based on polymer brushes. For instance, preferential
absorption due to differences in interaction strength makes
that the “vapor” composition inside the brush is not identical
with that outside of the brush. This is an important effect to
take into account if one wants to sample the surrounding
atmosphere. Note, however, that this effect is not limited to
vapor sensing. Preferential absorption also exists in brush−
liquid mixtures48 (see also the discussion before) which may
be an important consideration for surface-focused measure-
ment techniques (for instance, attenuated total reflection
infrared spectroscopy) in lab-on-a-chip applications.
The preferential effect is not perfectly selective and can thus

be used to absorb a certain type of molecule from the
surrounding atmosphere. One might even be able to tune the
interaction such that only a specific subset of molecules
absorbs. This customization and flexibility are promising in
developing novel sensing technology based on nonspecific
interactions. This nonspecificity shows promise for applica-
tions in gas-separation membranes49 where preferential,
collaborative, and competitive effects can tune the relative
permeability of the membrane for different gases.

■ CONCLUSIONS
To conclude, we have shown with a thermodynamic box model
and with grand-canonical molecular dynamics simulations how
vapor mixtures of binary solvents behave in contact with
polymer brushes. The enthalpic interactions between the vapor
components and the brush dominate the absorption. The
component with the strongest interaction with the brush
absorbs preferentially. This preferential absorption of the
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strongest interacting component leads to competitive
absorption if multiple components absorb into the brush
close to brush saturation. In contrast, the presence of primary
solvent in the brush can also aid the absorption of the
secondary solvent in the brush, resulting in collaborative
absorption. This occurs when the interaction between the two
solvents is stronger than the interaction between the secondary
solvent and the brush. All these effects provide both challenges
and opportunities in the design of new, nonspecific sensing and
separation technologies.
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