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We have explored a model for adsorption of water into slit-like nanochannels with two walls chemically mod-
ified by grafted polymer layers forming brushes. A version of density functional method is used as theoretical
tools. The water-like fluid model adopted from the work of Clark et al. [Mol. Phys., 2006, 104, 3561] adequately
reproduces the bulk vapour-liquid coexistence envelope. The polymer layer consists of chain molecules in the
framework of pearl-necklace model. Each chain molecule is chemically bonded to the pore walls by a single
terminating segment. Our principal focus is in the study of the dependence of polymer layer height on graft-
ing density and in the microscopic structure of the interface between adsorbed fluid and brushes. Thermal
response of these properties upon adsorption is investigated in detail. The results are of importance to under-
stand shrinking and swelling of the molecular brushes in the nanochannels.
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1. Introduction

Thismanuscript has been prepared as a tribute to Prof. IhorMryglod, distinguishedUkrainian scientist
in the field of statistical physics, on behalf of his 60th birthday. Dr. Mryglod has made several important
contributions along different lines of research within the theory of liquids. Some of his works related
to our scientific interests are focused on the comprehension of the equilibrium and out-of-equilibrium
behaviour of water and other liquids as well as on the relation between the collective variables method
and the density functional approaches in the theory of inhomogeneous fluids, see e.g., [1–3].

Synthesis and design of smart interfaces is one of the important areas of applied research and a chal-
lenging subject for theoretical investigations. Grafted polymer brushes represent an essential ingredient
of this type of materials. Design of adaptive surfaces requires the use of malleable polymers whose prop-
erties change in response to environmental stimuli such as temperature, electric field, pH or light [4–13].
Profound comprehension of surface/interface properties is a prerequisite of developing rational synthetic
strategies and new structures with functionalities for novel applications [6, 7, 12, 13].

Conformational behaviour of grafted polymer layers is determined by the length of chain molecules,
grafting density, and the curvature of the supporting substrate. Usually, three regimes are distinguished
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in the brush formation, namely, mushroom type structure, crossover regime and highly stretched regime.
Specifically, at low grafting density and with poor solvent, the polymer chains prefer to be collapsed.With
an increasing grafting density, a semi-dilute polymer brush regime is realized, the configurational entropy
of chains becomes reduced compared to mushroom-like structures. At high grafting densities, polymer
chains become stretched due to an increased mutual confinement that creates a rather concentrated
polymer brush layer [10, 14].

From theoretical perspective, computer simulation methods, see e.g., [15–23] and [24] for a quite
recent review, and entirely theoretical approaches have been applied to describe systems involving
tethered brushes. The latter include the self-consistent field approaches [25–29], and density functional
(DF) theories [30]. TheDF approaches represent versatile tools to describe an ample variety of brush-fluid
models and have been applied in the studies of lipids, co-polymers, grafted polymers, polymer/colloid,
and polymer/nanoparticle systems [31–35]. In particular, Yu and Wu [36, 37] developed a successful
version of the DF theory to describe systems of nonuniform polymers.

In thiswork,we present a continuation of the project, see [38–42], focused on the study of the behaviour
of water in complex porous media. At the first stage, in [38], we studied thermodynamic properties of a set
of water-like models designed in [43] by applying the method similar to [44]. The principal idea behind
the modelling of [43] is to reproduce the liquid-vapour (LV) coexistence of water using square-well
attraction and site-site chemical association without resorting to electrostatic inter-particle interactions.
We incorporated this model into a DF approach to describe the behaviour of water-like models in slit-like
pores [39]. Our theoretical findings appeared to be in agreement with computer simulation results of
much more sophisticated water models in pores [45–47]. The most recent part of our studies along this
line of research is focused on the effects of chemical modification of slit-like pore walls by grafted
polymer layers [40–42]. Specifically, we studied the adsorption of water in slit-like pores with grafted
polymer layers on the walls resorting to a version of the DF theory. Shrinking or swelling of molecular
brushes induced by phase transitions in confined water [42] was explored.

In the present contribution we continue the investigation of the model from [40–42] concerned with
the properties of water in pores with chemically modified walls. However, the principal purpose of this
work is to describe the thermal response of grafted polymer layers to the conditions of adsorption. In
contrast to [40–42], we assume that there is an attractive interaction between segments of grafted chain
molecules. Therefore, the brushes are thermal on their own, not only due to the action of the adsorbed
fluid. This modelling is closer to the experimental setup [6] and permits to obtain additional insights into
the behaviour of this class of adsorption systems.

The manuscript is organized as follows. In sections 2 and 3, the setup is described as briefly as
possible, because a detailed description of the model and theory has been given elsewhere [42]. In
addition, a few essential equations are given in the supplementary material for the sake of convenience of
the reader. In section 4, the original results are discussed. Next, the conclusions and summary are given.

2. Model

We consider the fluid model as one-component fluid of associating molecules. Each fluid molecule
has four associative sites designated by A, B, C and D, inscribed into a spherical core [48–50]. The set
of all the sites is denoted by Γ. The pair inter-molecular potential between molecules 1 and 2 depends on
the center-to-center distance and orientations,

u(12) = uff(r12) +
∑
α∈Γ

∑
β∈Γ

uαβ(rαβ), (1)

where rαβ = r12 + dα(ω1) − dβ(ω2) is the vector that connects site α on molecule 1 with site β on
molecule 2, r12 = |r12 | is the distance between the centers of molecules 1 and 2, ωi is the orientation of
the molecules i, dα is the vector from the molecular center to site α, see also figure 1 of [49]. Each of the
off-center attraction sites is located at a distance ds from the particles’ center, ds = |dα | (α = A, B, C, D).
In the model in question, only the site-site association AC, BC, AD, and BD is allowed, all association
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energies are equal. Specifically, the interaction between sites is given as

uαβ(rαβ) =
{
− εas , if 0 < |rαβ | 6 rc ,
0, if |rαβ | > rc ,

(2)

where εas is the depth of the association energy well and rc is the cut-off range of the associative
interaction. Note that the same model was also used in several works.

The non-associative part of the pair potential, uff(r), is given as,

uff(r) = uhs,ff(r) + uatt,ff(r), (3)

where uhs,ff(r) and uatt,ff(r) are the hard-sphere (hs) and attractive (att) pair interaction potential, respec-
tively. The hs term is,

uhs,ff(r) =
{
∞, if r < σ,

0, if r > σ,
(4)

where σ is the hs diameter. The attractive interaction is described by the square-well (SW) potential,

uatt,ff(r) =


0, if r < σ,

− ε, if σ 6 r < λffσ,

0, if r > λffσ,
(5)

where ε and λff are the depth and the range of the potential, respectively.
The pore walls are located at z = −H/2 and z = H/2. The external potential, v(z), exerted on a fluid

particle inside the pore by the “bare” (non-modified) walls is,

vf(z) = vfw(H/2 + z) + vfw(H/2 − z) for − H/2 6 z 6 H/2. (6)

The function vfw(z) is given by the Steele’s 10-4-3 gas-solid potential [51, 52],

vfw(z) = εfw

[
2
5

(
σfw

z

)10
−

(
σfw

z

)4
−

σ4
fw

3∆(z + 0.61∆)3

]
, (7)

where εfw, σfw are the energy and the size parameters describing fluid-wall interaction (∆ is the solid
inter-layer spacing).

In order to describe the layer of tethered chain molecules at each wall we use the approach presented
already in [53–55]. The grafted layer at one wall is composed of chains of M1 tangentially jointed
segments, while each chain attached to the second wall comprises M2 segments. For simplicity, we
assume that the diameter of all the segments is the same and equal to σcc. Moreover, we restrict ourselves
to a symmetric case M1 = M2 = M .

The connectivity of segments in the chain I is provided by imposing the bonding potential, V (I )b ,
see [36, 37]

exp
[
− V (I )b (R)/kT

]
=

MI−1∏
i=1

δ(|ri+1 − ri | − σcc)/4π(σcc)
2, (8)

where I = 1, 2; Rk ≡ (r1, r2, . . . , rM ) is the vector that specifies the coordinates of all segments and δ(x)
the Dirac function.

The first segment of the chain I = 1 is bonded to the wall at z = −H/2, whereas the first segment of
the chain I = 2 is bonded to the wall at z = H/2. It means that these segments are fixed in the z plane at
the positions z = σcc/2 − H/2 and z = H/2 − σcc/2, respectively, or that the corresponding Boltzmann
factors associated with the external potential are as follows

exp
[
− v
(1)
s1 (z)/kT

]
= δ(z − (σcc/2 − H/2)), (9)

and
exp

[
− v
(2)
s1 (z)/kT

]
= δ(z − (H/2 − σcc/2)). (10)
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All the remaining segments of grafted chains are assumed to interact with the pore walls similarly to
fluid species, namely,

v
(I )
si (z) =

{
∞, z < −H/2 + σcc/2, z > H/2 − σcc/2,
vs(z), −H/2 + σcc/2 6 z 6 H/2 − σcc/2,

(11)

where the function vs(z) is given by equation (6), though with the parameters εbw, σbw, to abbreviate
brush-wall interaction. In the present contribution, we assume vs(z) = 0. This setup for segment-phobic
walls makes the model simpler and makes interpretation of the results more transparent. Possible effects
of attraction between segments and pore walls on the properties of the systems in question will be
considered elsewhere.

The inter-particle interaction between all segments as well as between adsorbate molecules and each
segment of the grafted chain is assumed in the form of the SW potential like it is given by equations (3)–
(5) with size and energy parameters equal to σcc, λbb and εbb, σbf, λbf and εbf, respectively. The presence
of attraction between segments makes the grafted polymer layers thermal on their own.

3. Theory

The system is studied using the version of the density functional theory (DF), described already in
detail in [36, 37, 53–55]. To avoid unnecessary repetition, we recall only the basic equations. A few
additional equations are given in the supplementary material section.

Let us introduce the following notation. The symbols ρ(cI )(R) and ρ(r) denote the local density of
the chains tethered at the wall (I = 1, 2) and of the fluid, respectively. We also define the local densities
of consecutive chains’ segments, ρ(I )sj (r), and the total segment density, ρs(r), as in [36],

ρ
(I )
s (r) =

M∑
j=1

ρ
(I )
sj (r) =

MI∑
j=1

∫
dR δ(r − rj)ρ(cI )(R) , (12)

where R ≡ (r1, r2, . . . , rM ) is a set of coordinates describing the positions of all segments of a given
chain molecule. In the model with the external potential dependent solely on the distance from the pore
walls and under the assumption of random distribution of tethered segments, the density profiles are
one-dimensional.

Before proceeding to the essence of the theory, it is worth to make the following comments. In
the experimental setup, the polymer brushes are prepared through two techniques referred to as as
“grafting-to” and “grafting-from”. The grafting-to method involves adsorption of pre-formed polymers
to a substrate. On the other hand, in the grafting-from method, the polymer chains grow from the
substrate modified by a certain initiator [6, 7]. In our gedankenexperiment mimicking grafting-from
setup, the grafted polymer layers are present in the pore prior to water adsorption. Thus, a combined
system, slit-like pore with tethered chains and with adsorbed fluid, is in equilibrium with the external
reservoir containing solely a fluid at a given chemical potential or equivalently at a certain external
pressure.

Consequently, in order to evaluate the density profiles we minimize the functional of the following
thermodynamic potential [54, 55],

Y = F[ρ(c1)(R), ρ(c2)(R), ρ(r)] + As

∫
dz ρ(z)[vf(z) − µ], (13)

where F[ρ(c1)(R), ρ(c2)(R), ρ(r)] is the Helmholtz free energy functional and µ is the chemical potential of
the fluid. The external field, vf(z), is given by equation (6) and µ is the chemical potential. Minimization
of the thermodynamic potential Y is performed under the constraint that the amount of tethered chains
at each wall is constant, ∫

dr ρ(I )s1 (z) = AsR
(I )
c , (14)
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where As is the surface area and R(I )c is the brush density at the wall (I = 1, 2). For simplicity, we restrict
ourselves to symmetric systems with Rc = R(1)c = R(2)c .

The free-energy functional consists of the ideal, Fid, and the excess, Fex, term. The excess free energy
is expressed as the sum of contributions arising from different kinds of interactions in the system [56–
58]. The definition of the free energy of the system is given in the supplementary material. We only
mention that the excess contribution due to chemical association is managed by using Wertheim’s theory
of association [59–62]. It involves the function χA(z), the density profile of the fraction of molecules
at the z position that are not bonded at the site A, which is a local analogue of the mass action law for
inhomogeneous chemically associating fluids.

The density profiles are obtained from minimization of the functionalY. Minimization is carried out
under the constraint given by equation (14).

δY

δρ(c1)(R)
=

δY

δρ(c2)(R)
= 0,

δY

δρ(z)
= 0. (15)

Final equations for the density profiles are given in the supplementary material.
The vapour-liquid coexistence for a fluid confined in slit-like pores is found from the condition of

equality of the thermodynamic potential Y for two different density profiles at a fixed temperature and
chemical potential (cf. [54, 55]). The average densities of the coexisting phases of the fluid confined in
a pore, 〈ρ〉, and the average fraction of non-bonded fluid particles, 〈χA〉, are calculated from the density
profiles as

〈ρ〉 =
1
H

H/2∫
−H/2

ρ(z)dz, 〈χA〉 =
1
H

H/2∫
−H/2

χA(z)dz, (16)

where H is the pore width. Moreover, we explore the brush height, 〈h∗b〉, defined as in [17, 63],

〈h∗b〉 = 2

∫
dz zρs(z)∫
dz ρs(z)

. (17)

4. Results and discussion

4.1. Parameters of the model

In this work, without loss of generality, we employ solely one water-like model designated as W1
in [43]. The model is characterized by the diameter of a particle, σ = 3.0342 Å, the depth and range of
the attractive potential, ε/k = 250 K and λff, the association energy, εas/k = 1400 K, and the cut-off
distance of the attractive site-site potential, rc = 2.10822 Å.

In order to avoid cumbersome notations, let us introduce the species subscripts i, j, referring to the
brushes grafted at twowalls, i, j = 1, 2, and to a fluid, if i, j = 3. Thus, according to the notation introduced
in the description of the model, we deal with: σ33 = σ, ε33 = ε, λ33 = λff = 1.7889 (for W1 model). As
concerns the brush and cross brush-fluid interactions, we choose σcc = σ, λi j = λbb = 1.4, εi j = εbb = ε
for i, j = 11, 12, 21 and 22. Next, σi3 = σ3i = σ, εi3 = ε3i = εbf = ε and λi3 = λ3i = λbf = 1.4 for i = 1
or 2.

The fluid parameters, σ and ε are chosen as the length and energy units, respectively. The dimen-
sionless quantities, such as diameters, pore width and energy of interactions, are marked by an asterisk.
The dimensionless temperature, T∗, is defined as common, T∗ = kT/ε.

In all figures, we used the reduced temperature, T∗r , T∗r = T∗/T∗cb, where T∗cb is the critical temperature
of the bulk water-like W1 fluid model (T∗cb = 2.72). The energy of interaction of water-like species with
the pore walls is denoted as ε∗fw. As it is mentioned above, the segments of chains are just confined in the
pore, but do not interact with the walls, i.e. ε∗bw = 0, throughout this study.
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Figure 1. (Colour online) Adsorption isotherms of the W1 water model in the slit-like pore of the width,
H∗ = 30, at temperature, T∗r = 0.85, upon changing the grafted polymer layer density, R∗c . Panels (a),
(b) and (c) refer to the projections, βµ–〈ρ∗〉, βµ–〈χA〉 and βµ–〈h∗b〉, respectively (M = 18). Dotted
line in panels (a), (b) and (c) corresponds to the chemical potential at VL coexistence for the bulk fluid
(βµ0 = −3.3208 at T∗r = 0.85). Panel (d): Change of the brush height upon VL transition at different R∗c .
In all panels: ε∗fw = 8.311, ε∗bb = ε

∗
bf = 1, λbb=λfb = 1.4.

4.2. Results

The solution of equations for the density profiles permits to construct the adsorption isotherms and
further discuss the phase diagrams. A set of results reported in figure 1 was obtained at different brush
density, R∗c , for chains with M = 18 in a quite wide pore H∗ = 30. The attraction strength between fluid
species and pore walls is at ε∗fw = 8.311, similar to the previous studies [42]. The pore walls are rather
strongly attractive with this ε∗fw. The adsorption isotherms of the W1 water model in terms of average
fluid density in the pore on chemical potential at a fixed T∗r = 0.85 are shown in panel (a) of figure 1.

The isotherms describe the vapour-liquid phase transition of a fluid in the pore and all of them exhibit
hysteresis. However, only stable branches are plotted in the figure. The magnitude of the average density
jump decreases as the brush density, R∗c , increases. As was discussed in figure 1 (a) of [42], capillary
condensation, µ < µ0, in the pore is observed in the absence of grafted chains on the walls whereas the

23604-6



Water in pores with molecular brushes

capillary evaporation, µ > µ0, is induced by the presence of grafted chains (µ0 refers to the chemical
potential value at bulk coexistence). The vapour density remains almost constant with the augmenting
chemical potential up to the equilibrium phase transition point in the pore. On the other hand, trends of
the behaviour of liquid density after transition are determined by the brush density. If the brush density is
low, i.e., there is enough space in the pore for fluid adsorption, then the liquid density visibly grows upon
increasing the chemical potential. However, at a high brush density, e.g., R∗c = 0.35, the liquid density
branch is less affected by the changes of chemical potential. In other words, the inclination of the liquid
branch is determined by the R∗c value.

A set of projections of adsorption isotherms in terms of 〈χA〉–βµ is shown in figure 1 (b). Here,
the 〈χA〉 values corresponding to vapour remain almost constant and close to unity upon increasing the
chemical potential up to the phase transition point. Thus, the vapour phase at each R∗c is predominantly
composed of non-bonded molecules. The fraction of non-bonded particles in liquid phases is much lower.
The magnitude of the jump of 〈χA〉 at the transition decreases upon increasing R∗c , actually determined
by the jump of the adsorbed fluid density.

Changes of the height of the layer of tethered molecules upon the phase transition of the fluid in the
pore are shown in terms of the average brush height, 〈h∗b〉 on βµ in figure 1 (c). The brush height jump
is small upon the fluid phase transition. The 〈h∗b〉 is smaller in the liquid phase compared to the vapour
phase at each R∗c . In the liquid phase, the average brush height decreases upon increasing the adsorbed
fluid density. However, the inclination of the lines depends on R∗c . The polymer chains comprising the
brush are much more extended at high values of R∗c , in comparison with low R∗c . Thus, the conditions
of adsorption gedankenexperiment affect the brush stiffness. In order to appreciate the magnitude of the
jump of 〈h∗b〉 upon changing R∗c , we have constructed a plot shown in panel (d) of figure 1.

We observe that the change of the brush height upon VL transition (∆h∗vlb = 〈h
∗v
b 〉 − 〈h

∗l
b 〉) decreases

as the grafting density, R∗c , increases. A smaller jump of ∆h∗vlb at a high R∗c is due to a smaller available
volume for adsorption of fluid molecules and, consequently, to a weaker influence of fluid species on
the elongation of the chains in a dense brush. Changes of the brush height upon VLE transition in the
adsorbed fluid are most pronounced at quite low values of R∗c . One example concerns R∗c = 0.1. We
performed additional calculations for the same conditions (R∗c = 0.1, M = 18), but in a wider pore
H∗ = 40. Then, ∆h∗vlb changes from 0.2968 for H∗ = 30 to 0.1502 for H∗ = 40. On the other hand, if
we change the nominal change length from M = 18 to M = 22 at a fixed pore width, H∗ = 30 and at
R∗c = 0.1, then ∆h∗vlb changes from 0.2968 to 0.4034 (see the inset in panel (d) of figure 1). Consequently,
changes of brush elongation in terms of 〈h∗b〉 are sensitive to the pore width and to the length of the chains
at a fixed temperature. This observation can have implications for the setup of systems with controllable
thermodynamics of adsorption and fluid transport through nanochannels.

After evaluating various adsorption isotherms, we can construct the VL coexistence envelopes. In
figure 2 (a), the effect of R∗c on the 〈ρ∗〉−T∗r projection of the coexistence at two values of the pore
widths H = 20, and H = 30, is displayed. As concerns the effect of R∗c at constant H∗, we note that the
coexistence envelope shrinks with increasing R∗c . The liquid branch is much more affected by the value of
R∗c compared to the vapour branch density. The effect of H∗ at constant R∗c can be summarized as follows.
Upon increasing H∗, the phase diagram in the average density-temperature plane widens, principally
due to the augmenting liquid density at coexistence. In general, shrinking of the coexistence envelope is
observed upon the augmenting confinement due to a decreasing H∗ or increasing R∗c . In both cases, the
critical temperature decreases very slightly. Still, it is close to the bulk critical temperature. The critical
density decreases as well. Apparent difference of the critical density in the pores and in the bulk, as well
as of the densities along coexistence, can be attributed in part to the normalization of 〈ρ∗〉 using H∗, in
contrast to a common normalization of the adsorbed density through the available volume for adsorption
in the theory of fluids in disordered porous media, see e.g., [64, 65].

In order to explore the effect of R∗c and H∗ on the brush height, the 〈h∗b〉−T∗r projections of the
coexistence envelope are shown in figure 2 (b). At a fixed R∗c , either at 0.2 or 0.3, if the pore width, H∗,
increases from H∗ = 20 to H∗ = 30, the coexistence envelope changes from the thumb-like shape into
ice-pick-like shape. A higher value of 〈ρ∗〉 along the liquid brunch of the coexistence in a pore H∗ = 30
compared to H∗ = 20 (cf. panel a of this figure), means that the fluid particles are confined to a smaller
volume and, as a consequence, the 〈h∗b〉 value is higher in the pore H∗ = 30 compared to H∗ = 20. In
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Figure 2. (Colour online) Projections of the VL coexistence envelope for W1 water model upon changing
the tethered polymer layer density, R∗c and pore width, H∗. Panels (a), (b) and (c) refer to 〈ρ∗〉–T∗r ,
〈h∗b〉–T∗r and T∗r –βµ projections, respectively. The nomenclature of lines and symbols is given in the
figures. The bulk fluid coexistence is plotted as a thick green line in panel (c). All the parameters are as
in figure 1 [panels (a), (b) and (c)].

other words, the brush, in contact with the liquid, is more “compressed” in a narrower pore compared to
a wider pore. The effect of R∗c at constant H∗ can be easily interpreted as well. A denser brush in terms
of R∗c leads to a higher 〈h∗b〉 due to augmenting effects of excluded volume for the inner parts of chains
corresponding to the brush body.

Finally, we plotted theT∗r −βµ projection of the coexistence envelopes. The curves shown in figure 2 (c)
describe the capillary evaporation in the entire temperature interval. The chemical potential at transition
in the pore becomes closer to the bulk coexistence if the pore width increases. Moreover, in the wide
pore, H∗ = 30, the transformation of vapour into liquid occurs at a very similar value of the chemical
potential for two values of R∗c , namely at 0.2 and 0.3. In a narrower pore, H∗ = 20, though the difference
of the values of chemical potential at transition is substantial.

An overall thermodynamic picture described in the previous figures follows from the distribution of
species in the pore and in the resulting interface between brush and fluid. Therefore, it is of importance
to discuss the density profiles under different conditions. The density profiles of grafted polymer layers
and of a fluid, related to the present study, were reported previously in several works. It is well known
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from the self-consistent field theory that the system of grafted chains at moderate and high coverage is
characterized by the density profile of parabolic shape [25], in agreement with findings by other methods
and experimental observations. On the other hand, the density profiles for grafted species were obtained
using computer simulations (in the framework of molecular dynamics and dissipative particle dynamics
techniques) [15–18]. Specifically, the profiles reported from the laboratory of Binder refer to the model
with implicit solvent or to the model of a grafted layer in the presence of a hard sphere fluid only.
Moreover, the results concern either a single flat substrate or cylindrical pores of various diameters. The
slit-like pore setup was considered in [15]. We are not aware of simulations data for systems that involve
fluids with attractive interactions, either non-associative or with chemical association. Therefore, the
density profiles obtained by using DF methodology are discussed with respect to computer simulations
results at the level of trends observed within both methods.

Examples of the density profiles for fluid species and for the brush at vapour-liquid coexistence for
fluid species are presented in figure 3. The fluid density profile in the panels (a) and (b) of this plot
corresponds to a liquid state. Only one part of the profiles is shown due to the symmetry of distributions
w.r.t. pore center in panel (a). From figure 3 (a), we learn that the fluid density in the center of a wide pore
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Figure 3. (Colour online) Examples of the fluid density profiles and brush density profiles [panels (a) and
(b)], and the density profiles for the non-bonded fluid species [panel (c)] of thermal tethered polymer
layer and of W1 fluid model at VL coexistence for R∗c = 0.2 and 0.3. Panel (d): The density profiles of
selected segments i (marked in the figure) of grafted chains at fluid VL coexistence. The dashed lines in
panels (a) and (b) represent the brush profiles in contact with fluid vapour at VL coexistence. The pore
width and the number of segments in grafted chain molecules are H∗ = 20 and 30, M = 18, T∗r = 0.735.
All other parameters are as in figure 1 [panels (a)–(c)].
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(H∗ = 30) is practically constant and takes the value very close to the density of the bulkW1 water model
at coexistence for the temperature in question (ρ∗b = 0.7716). Upon increasing the surface coverage of
grafted chains, R∗c , from 0.2 to 0.3, the brush layer becomes wider, indicating the stretching of chains.
This behaviour is in accordance with what is observed from the analysis of computer simulation results,
see for example panels (c) and (e) of figure 5 from [18]. A similar trend of behaviour with increasing the
surface coverage is illustrated in figure 4 of [15]. Augmenting R∗c leads to a well packed structure of the
inner part of the grafted chains layer. A part of the density profile, ρ∗s (z), describing the external part of
the polymer layer exposed to the adsorbed liquid decays similarly for two values of the surface coverage
considered in figure 3 (a). Apparently, the stretching of chains is a quite strong effect, because the fluid
occupies less space in the central part of the pore at R∗c = 0.3 compared to R∗c = 0.2 [figure 3 (a)].
Consequently, the average fluid density in the pore is lower in the former case compared to the latter,
in accordance with the phase coexistence envelopes in figure 2 (a). Moreover, the profiles of brushes in
figure 3 (a) exhibit a collapse effect upon the fluid transition from vapour to liquid, cf. dashed (brush in
contact with vapour) and solid lines in figure 3 (a), in accordance with the corresponding phase diagrams.
This effect is intrinsically out of reach for the model considered in simulations in [16].

In general terms, the shape of the interface between brush and liquid in a pore with R∗c = 0.2 and
R∗c = 0.3, as well as its width are similar. The fluid species in fact permeate only a small outer part
of each brush. In contrast to this outer part, where the brush density profile decays, the inner part
exhibits oscillations that develop with increasing R∗c . These oscillations witness a dense packing of brush
segments. A small probability to find fluid particles very close to the pore wall is nevertheless observed
as a result of fluid-wall attraction.

Similar trends of behaviour of the profiles can be seen in figure 3 (b) for the case of a narrower
pore, H∗ = 20. Apparently, the interface width is smaller. The inner parts of the brush profiles become
flatter compared to panel (a), indicating a higher compression of the brushes in this pore (H∗ = 20) in
comparison with H∗ = 30. This behaviour has its origin in the strong collapse of the brush layers at
two walls upon the fluid transition from vapour to liquid. The brushes in contact with vapour [dashed
lines in figure 3 (b)] exhibit a high degree of interdigitation, see [42] for a detailed description of this
phenomenon within DF approach. By contrast, the liquid phase is dense and vigorously separates brushes
from two walls. The magnitude of the observed changes depends on the pore width and grafted layer
density. As concerns this kind of trends described by computer simulations, we refer to figure 4 of [15],
where the interdigitation of brushes is the result of augmenting density of grafted chains.

The effect of H∗ on the density profile of fluid species non-bonded at a site, χA(z), is shown in
figure 3 (c). The fraction of non-bonded particles, χA(z), is low in the central part of the pore due to a
high fluid density there. The density profile, χA(z), shrinks as the pore becomes narrower. The width of
interface in terms of χA(z) follows the trends of the fluid density in this part of the pore.

An additional insight into the mechanism of “compression” of the brush upon changing the pore
width is given in figure 3 (d). We show the changes of the density profiles of selected segments, ρ∗si(z),
of chain molecules comprising the brush. The inner segments, i < 9, behave similarly in both cases,
H∗ = 20 and H∗ = 30. The density profile of a middle segment, i = 9, exhibits a shift to the wall for
H∗ = 20 compared to H∗ = 30, still the height of the maximum is almost equal in both cases. More
pronounced changes occur for the density profiles of segments exposed to the liquid phase. In particular,
the density profile of the terminating segment, i = 18, is much closer to the pore wall in the case H∗ = 20
in comparison with H∗ = 30. Moreover, the maximum of this profile is much higher for H∗ = 20, if we
compare with H∗ = 30.

Our discussion of the density profiles of species with respect to the conclusions reached by computer
simulations of similar class of models would be incomplete without describing the changes of the
profiles on the number of segments of grafted chains. Some insights into this issue are provided in
figure 4. Namely, one can observe that the height of the brush layer increases with increasing the chain
length, provided the grafting density is kept constant, figure 4 (a). This behaviour from the DF theory
is in agreement with the trends coming from computer simulations with implicit solvent, cf. figure 5 of
[18]. Again, shrinking of the grafted polymer layers can be observed for models with different M upon
fluid phase transition from vapour to liquid, figure 4 (a). Stretching of chains, at constant R∗c , is more
pronounced with an increasing number of segments, cf. the density profiles of the last segments for the
models with M = 14 and M = 22, figure 4 (b). A similar conclusion follows from simulations, see panels
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Figure 4. (Colour online) Effect of grafted chains length: examples of the brush density profiles and of the
fluid distribution (for the model with M = 22) in the pore [panel (a)], and the density profiles of selected
segments i (marked in the figure) of grafted chains at fluid VL coexistence. The dashed lines in panel (a)
represent the brush profiles in contact with fluid vapour at VL coexistence. The segments in contact with
fluid vapour or liquid in panel (b) are marked as ivap and iliq, respectively. The pore width is H∗ = 30
and the grafting density is at R∗c = 0.3, T∗r = 0.735. The number of segments in grafted chain is given in
the figure. All other parameters are as in figure 1 [panels (a)–(c)].

(b), (d) and (f) of figure 5 from [18]. Moreover, essential changes of the profile describing the last, most
exposed to the fluid body, segments, occur upon condensation in the pore, figure 4 (b).

All previous observations concerning the thermal response of brushes are concerned in one way or
another with the vapour-liquid coexistence of the water-like fluid in the pores of different width and with
different density of grafted polymer chains. In the last part of this communication, we would like to use
a slightly different setup. Namely, we assume that the bulk fluid density is fixed at ρ∗b = 0.8. Then, one
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for W1 water model in a pore H∗ = 30 (M = 18). Panels (a) and (b) refer to 〈ρ∗〉–T∗r and 〈h∗b〉–T∗r
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is able to follow the temperature trends of behaviour of the systems in question in an ample interval of
temperatures starting for example from supercritical conditions down to T∗r ≈ 0.65 remaining in the bulk
liquid phase. We restrict ourselves to the pore with the width H∗ = 30 only in this part of the work.

Evolution of the average fluid density in the pore with temperature, at a fixed bulk fluid density,
is shown in panel (a) of figure 5 for two systems with R∗c = 0.2 and with R∗c = 0.3. In both cases,
〈ρ∗〉 monotonously decreases with a decreasing temperature. This behaviour is most pronounced at
low temperatures. Apparently, trends of behaviour of both curves in the figure are determined by the
augmenting effects of attractive interactions while temperature goes down. The effect of R∗c reduces
only to the shift along the 〈ρ∗〉 axis. The average brush height, 〈h∗b〉, depends on temperature as well
[figure 5 (b)]. Namely, it increases with a decreasing temperature. This behaviour is straightforwardly
correlated with the dependence of 〈ρ∗〉(T∗r ). When the averaged adsorbed density decreases, the average
brush height increases. Two curves describing 〈h∗b〉(T

∗
r ) at different R∗c behave similarly. Just in the case

R∗c = 0.3, a lower average density of adsorbed fluid (in comparison with R∗c = 0.2) leads to higher values
of the average brush height.
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It is of interest to find interpretation of this behaviour in terms of the microscopic structure of the
fluid and brush in the pore and the interface between them. One set of examples is presented in figure 6.
From figure 6 (a) we learn that the brush density profile is essentially affected by temperature. It is stiffer
at high temperature and much more diffused at a low temperature. However, the fluid permeates the brush
body better at a high temperature. Apparently, the liquid slab at e.g., T∗ = 2.75 exerts a higher pressure
over the brush due to a higher 〈ρ∗〉, cf. figure 5 (a), in comparison with e.g., T∗ = 1.85. Better insights
into the changes of the brush height can be obtained from the analysis of the segment density profiles,
figure 6 (b), the inner part of the brush, i.e., for the segments number i < 9 does not change much upon
a decreasing temperature. This is well seen for example from the profile describing the segment i = 4.
The outer part of the brush described in terms of the distribution of segments with i > 9 is much more
affected by the temperature changes. The most pronounced effect is seen for the segment i = 18 dangling
quite freely in the fluid.

The structure of the liquid slab in the pore center can be analyzed in terms of the fluid density profiles
shown in panel (a) and in terms of the degree of bonding between water-like particles. The liquid situated
in the pore center is predominantly composed of fluid particles participating in bonds whereas water-like
particles permeating the brush do not form bonds between them, figure 6 (c). How this distribution is
manifested in the interface tension is an open question at the moment. However, it is worth mentioning
that the width of the interface in terms of χA(z) is sensitive to temperature as well.

5. Summary and conclusions

In this short report, we presented theoretical results from a version of the DF theory concerning
adsorption of water into slit-like pores in which the walls are chemically modified by grafted chain
molecules that form molecular brushes. The fluid model was taken from [43] and was incorporated into
the DF approach. The model for the entire system involves the non-electrostatic interactions solely.

In contrast to our previous research [40–42], we included segment-segment attractive interaction in
the form of a square well. This modification makes the brushes thermal on their own which leads to
thermal responses due to fluid species and to the grafted chains. Apparently, the theory formulated in the
spirit of semi-grand ensemble corresponds to the grafting from the procedure in the experiments because
the bulk reservoir contains solely the fluid species.

The first setup employed here comprises the calculation of the thermodynamic potential at a given
external chemical potential and external field, and its minimization to obtain the density profiles for
adsorbed fluid and for grafted chains subsystem. We analysed and discussed a few examples of adsorp-
tion isotherms and of vapour-liquid coexistence envelopes for a confined fluid using average density-
temperature, chemical potential-temperature, chemical potential-brush height. On the other hand, we
explored the microscopic structure of the interface between the brush and adsorbed fluid.

Capillary evaporation of water-like fluid model is observed at a high density of tethered chains, R∗c
in contrast to condensation in the absence of brushes in the pore. Upon fluid vapour-liquid transition,
the brush height decreases via the jump. If the parameter R∗c that describes the brush density is high, the
grafted polymer chains attain an extended configuration leading to a high 〈h∗b〉 for the fluid in the vapour
phase and a slightly smaller brush height. Under such a condition, the fluid weakly permeates the brush.
A stronger brush collapse is expected at a lower tethered chains density.

The brush density profiles at high values of R∗c have the shape that can be interpreted as a well
structured, dense inner part and a more flexible outer part with dangling ends exposed to vapour or liquid.
Upon vapour-liquid phase transition, this outer part suffers most pronounced changes. In addition, it is
important to note that the predictions concerned with the behaviour of the density profiles from the DF
methodology are in agreement with the trends observed by using computer simulations as tools [15–18].
Complementary comparisons of the profiles from the DF approach for fluid-grafted layer of short chains
with Monte Carlo simulations were also presented (though for different models of interactions) in [66].

On the other hand, we were interested in the exploration of temperature trends of behaviour of
the system that are not related to the VL phase transition. With this purpose, we explored a setup at a
constant bulk fluid density that permits to follow the thermal response of the system from the supercritical
temperature down to T∗r ≈ 0.65.
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A decreasing temperature leads to a lower averaged density of adsorbed species. Consequently, the
average brush height monotonously increases. Swelling of the brush is due to the change of distribution
of segments of grafted chains of the outer part of the brush.

Finally, possible extensions or improvements of the model and method should be attempted. As
concerns the model, it would be of interest to investigate the effect of the block structure of grafted
polymers that would interact differently with water-like particles. Furthermore, the adsorption of mixtures
is worth to explore, evidently the condensation and mixing properties would change due to the presence
of brushes [67]. In particular, if the demixing line is present in the phase diagram of the binary mixture,
it would shift and possibly change its inclination due to the presence of brushes on the walls. In order
to reach novel findings, however, one inevitably needs to employ a more sophisticated modelling of the
system of grafted polymer molecules. Research along these lines is currently in progress in our laboratory
and will be reported elsewhere.

A. Helmholtz free energy functional

The Helmholtz free energy is the sum of ideal and excess terms, F = Fid + Fex, where the excess term
is expressed as the sum of the contributions arising from different kinds of interactions in the system,
Fex = Fhs + Fc + Fas + Fatt, namely due to the volume exclusion, Fhs, the connectivity of chains, Fc, due
to association of fluid molecules, Fas and due to attractive van der Waals interactions, Fatt. For the sake
of brevity, we omitted the functional dependencies of all free energy terms.

The ideal part, Fid, is given by an exact expression [36]

Fid
kT
=

∫
dRρ(c1)(R)V (1)b (R)/kT +

∫
dRρ(c2)(R)V (2)b (R)/kT +

∫
dRρ(c1)(R){ln[ρ(c1)(R)] − 1}

+

∫
dRρ(c2)(R){ln[ρ(c2)(R)] − 1} +

∫
drρ(r){ln[ρ(r)Λ3] − 1} , (18)

where Λ is thermal wavelength of fluid molecules.
The free energy due to hard-sphere interactions, Fhs, is evaluated in the framework of the White

Bear version of the fundamental measure theory [37, 57]. This approach requires introduction of four
scalar, and two vector averaged densities. For the sake of brevity, the definitions of averaged densities
are omitted, they are given by equations (3)–(6) of [37]. Since the fundamental measures theory is well-
known, we do not repeat it here. The definition for the hard-sphere contribution to the free energy is given
by equations (1), (9), (10) and (11) of [37]. Similarly, the connectivity contribution to the Helmholtz free
energy, Fc, was reported in several works, see, e.g., equations (13) and (14) of [58].

The term arising from associative interactions between fluid molecules, Fas, results from the theory
outlined in [38, 39, 56]

Fass/kT = 4
∫

dr n0(z)ζ(z)
{
ln χA(z) −

1
2
[χA(z) − 1]

}
, (19)

where χA(z) is the density profile of the fraction of molecules at position z that are not bonded at the
site A,

χA(z) =

[
1 + n0(z)ζ(z)

∑
α∈Γ

χα(z)∆(z)

]−1

, (20)

and where ∆(z) describes the intermolecular site-site bonding, ∆(z) = 4πKFghs(σ, ni(z)), where F =
exp(εas/kT)−1. The parameters of themodel determine the expression for site-site bonding volume,K [49,
50],

K =
σ2

72d2
s

{
ln [(rc + 2ds)/σ]

(
6r3

c + 18r2
c ds − 24d3

s

)
+ (rc + 2ds − σ)

(
22d2

s − 5rcds − 7dsσ − 8r2
c + rcσ + σ2

)}
. (21)
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The contact value of the pair distribution function of hard spheres, ghs(σ, ni(r)), is calculated by using
the equation given by Yu and Wu [56].

The attractive interactions between all spherical species are described in the framework of the mean
field approximation. Assuming that interactions of fluid molecules with all the segments of chains 1 and
2 are identical, we have,

Fatt =
1
2

∫
dr1dr2ρ(z1)ρ(z2)uatt,ff(r12) +

∫
dr1dr2ρ

(1)
s (z1)ρ(z2)uatt,fc(r12)

+

∫
dr1dr2ρ

(2)
s (z1)ρ(z2)uatt,fc(r12), (22)

where uatt,ff(r) and uatt,fc(r) are the attractive parts of the fluid-fluid and fluid-segment potentials, respec-
tively.

B. Density profile equations

Density profile equations are obtained from equation (15). For fluid molecules, we obtain

ρ(z) = exp
[
µ − λ(z)

kT

]
, (23)

where λ(z) = δFex/δρ(z)+ v(z). However, the segment density profiles are evaluated taking into account
the constraint imposed by equation (14) of the present work. We have

ρ
(I )
sj (z) = RcI exp[−λ(cI )j (z)/kT]G(LI )j (z)G

(RI )
M+1−j(z)

×

{ H/2∫
−H/2

dz exp[−λ(cI )j (z)/kT]G(LI )j (z)G
(RI )
M+1−j(z)

}−1

, (24)

where λ(cI )j (z) = δFex/δρ
(I )
s (z)+ v

(I )
sj (z) and where the functions G(PI )

j (z), P = L, R are determined from
the recurrence relations [54],

G(LI )j (z) =
∫

dz′ exp[−λ(cI )
j−1(z)/kT]

θ(σc − |z − z′ |)
2σc

G(LI )
j−1 (z

′), (25)

and
G(RI )j (z) =

∫
dz′ exp[−λ(cI )

M−j+2(z)/kT]
θ(σc − |z − z′ |)

2σc
G(RI )

j−1 (z
′), (26)

for i = 2, 3, . . . , M and with G(LI )1 (z) = G(RI )1 (z) ≡ 1.
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Опис адсорбцiї води у щiлиноподiбних наноканалах з

прищепленими молекулярними щiтками. Теорiя

функцiоналу густини

В.М. Трехос1, M. Агiлар2, С. Соколовськi3, O. Пiзiо4
1 Iнститут фундаментальних наук та iнженерiї, Автономний унiверситет штату Гiдальго, Гiдальго,Мексика
2 Iнститут хiмiї, Нацiональний автономний унiверситет м.Мехiко,Мехiко,Мексика
3 Вiддiл моделювання фiзико-хiмiчних процесiв, унiверситет Марiї Склодовської-Кюрi,
Люблiн 20-031, Польща

4 Iнститут хiмiї, Нацiональний автономний унiверситет м.Мехiко,Мехiко,Мексика
Ми дослiдили модель адсорбцiї води у щiлиноподiбнi наноканали з звома стiнками, хiмiчно модифiкова-
ними за допомогою прищеплених полiмерних шарiв, що формують щiтки. В якостi теоретичних iнстру-
ментiв використано один з варiантiв методу функцiоналу густини. Модель водоподiбного плину, запози-
чена з роботи Кларка та iн. [Mol. Phys., 2006, 104, 3561] адекватно вiдтворює спiвiснування пара-рiдина
в об’ємi. Полiмерний шар складається з ланцюжкових молекул в рамках моделi намиста (pearl-necklace
model). Кожна ланцюжкова молекула хiмiчно зв’язана зi стiнками пор одним завершальним сегментом.
Основною метою даного дослiдження є вивчення залежностi висоти полiмерного шару вiд густини при-
щеплення та мiкроскопiчної структури iнтерфейсу мiж адсорбованим плином i щiтками. Детально дослi-
джено термiчний вiдгук цих властивостей на адсорбцiю.Отриманi результати є важливими для розумiння
стягування i набрякання молекулярних щiток у наноканалах.
Ключовi слова: асоцiйованi плини, теорiя функцiоналу густини, адсорбцiя, молекулярнiщiтки, модель

води
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