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ABSTRACT

Many naturally occurring as well as functionalized interfaces are covered with protruding segments or side-chain moieties. These protruding segments influence
interfacial properties, and play an important role in diverse physical processes that are understood to be driven by water-mediated interactions, ranging from protein
folding, protein dimerization to nanoparticle self-assembly in aqueous media. We have studied the behavior of water confined between two planar hydrophobic
surfaces with grafted segments using molecular simulations. We show the presence of these segments makes the confined region significantly more hydrophobic. By
systematically varying the flexibility of these segments over a range spanning two orders of magnitude for two different grafting densities, we report that the
flexibility of the segments itself has no effect on the free energy profile of confined water. We also find that the evaporation free energy barrier increases and the
condensation free energy barrier decreases as the density of the grafted segment is increased.

1. Introduction

Water-mediated interactions are known to play an important role in
many processes, such as self-assembly of lipid bilayers [5,33,36], folding
of globular proteins [19,27] as well as in the manifestation of complex
rheology of suspensions [16]. The behavior of water near hydrophobic
solutes has an interesting length-scale dependence. Near small hydro-
phobic solutes (< 1 nm) that are incapable of forming hydrogen bonds,
water molecules retain their hydrogen bonds by forming a network
around them. This results in an entropic penalty associated with the
dissolution of small hydrophobic solutes in water [31]. Near a large
hydrophobic solute (> 1 nm), water molecules are unable to retain all
their hydrogen bonds, which leads to an enthalpic penalty for the
dissolution of large hydrophobic solutes in water [5,32]. Due to lack of
hydrogen bonding, the region close to a large hydrophobic solute is akin
to a vapor-liquid interface, which manifests large density fluctuations.
Thermodynamic considerations suggest that liquid water confined be-
tween two large hydrophobic surfaces becomes meta-stable with respect
to the vapor phase below some critical confinement gap [22,29]. This
critical gap for nanoscopic solutes is of O(nm) [4,12], but becomes as
much as O(um) for macroscopic solutes. Though thermodynamically the
vapor phase is more stable below the critical confinement gap, there is a
free energy barrier associated with the evaporation of confined liquid
water, which has been shown to increase remarkably with the confine-
ment gap [25,29]. Therefore, metastable liquid water may persist under
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hydrophobic confinement for long time durations [28].

So far, studies have mainly focused on investigating the behavior of
confined water between two smooth hydrophobic surfaces, with some
notable exceptions [9,10,26]. However, in many physical systems of
interest, confining surfaces have protruding segments, which may
significantly impact the behavior of confined water. For instance, in
a-helical secondary structures of proteins, the side chains protrude
outwards. During the packing of these a-helices in tertiary structures like
helix bundles, the effect of the protruding side chains is understood to be
important as the side chains influence the behavior of water in the
confined region between the helices [6]. Similarly, during the dimer-
ization of proteins, large (~ 1500-3000 A) and relatively flat protein
interfaces come in close proximity, and the exposed side chains of the
amino acids at the binding interface are likely to affect the stability of
water in the confined region [7,11]. Furthermore, adsorbed surfactant
molecules on metal nanoparticles result in nanoparticle surfaces with
protruding alkyl tails that have been shown to facilitate nanoparticle
self-assembly in ordered two- and three-dimensional structures, useful
for applications like nanofabrication [15,35]. Therefore, understanding
the effect of segments protruding out of surfaces on the stability of
confined water is quite important. Recently, Debenedetti and coworkers
have demonstrated, using theory and molecular simulations, that the
free energy barrier to evaporation decreases dramatically as the
confining surfaces become increasingly flexible due to the additional
contribution coming from the energy of deformation of the surfaces
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[1,2]. The dependence of the free energy barrier on the flexibility of
surfaces makes one contemplate if the presence of flexible segments
grafted onto the surfaces will have an analogous effect. In this work, we
explore this question by determining the free energy profiles of water
confined between two hydrophobic surfaces with grafted segments of
different flexibility.

1.1. Simulation system and methods

The simulation system comprises of two parallel hydrophobic sur-
faces submerged in water. Each surface is made up of 896 atoms ar-
ranged in a hexagonal lattice with a lattice constant of 1.4 A. Lateral
dimensions of the surfaces are 37.584 x 38.5 A% Fig. 1 shows set-up of
the simulation system. Flexible segments are grafted on the face of the
surfaces that are toward the confined region. Each segment is made up of
three atoms connected to each other via harmonic bonds of equilibrium
length of 1.4 A Adjacent bonds within the segments have a harmonic
angular potential with the equilibrium angle of 180° between them. In
addition, the flexible segments are kept perpendicular to the surfaces via
two harmonic angular potentials with the equilibrium angle of 90°.
These two angular potentials are between the bond joining the lower-
most atom of the segment to the surface atom at the point of attachment,
and the bond between the atom of attachment and an adjacent atom on
the surface. We have studied two different grafting densities: 0.0387
segments/A% and 0.1548 segments/A% as shown in Fig. 2, henceforth
referred to as low-density and high-density respectively. Grafting den-
sity is defined as the number of segments per unit area of the surface.

Distance between the surfaces, d is kept fixed at 25 A and conse-
quently the center-to-center distance between the terminal atoms of the
segments on opposite surfaces is nominally 16.6 A. Distance between the
surfaces is defined as the center-to-center distance between the lattice
planes of the atoms that comprise the two surfaces. The simulation box
size is 70 x 70 x 70 A3, The simulation system contains 11,325 water
molecules. Water molecules are modeled as simple point charge
enhanced (SPC/E, a three-site, rigid water model) [3]. The interactions
between the surfaces and the segment atoms are set to zero. Interactions
between the segment atoms are also set to zero. The surface and the
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segment atoms interact with the oxygen of water molecules via Lennard-
Jones potential with parameters of ¢ = 0.0289 kcal/mol and ¢ = 3.28 f\,
as in our previous studies [29]. The k-space part of Coulombic in-
teractions is calculated via Particle-Particle Particle-Mesh Ewald. Flex-
ibility of the segments is changed by modifying the angle and bond force
constants, kg and k;, associated with the harmonic potentials. Free en-
ergy profiles of confined water are calculated by implementing indirect
umbrella sampling (INDUS) in molecular dynamics (MD) [23,24,34].
INDUS is an umbrella sampling methodology wherein the bias potential
is a harmonic function of the number of molecules inside a probe vol-
ume. The bias potential is given by Upijss = k(N — No)?, where N is the
number of molecules in the probe volume; Nj is the set-value of N for a
sampling window; and « is the pre-factor of the biased harmonic po-
tential. By systematically varying No from 0 to Nj;; (Njq is the equilib-
rium number of water molecules in the confined region in the liquid
state) all intermediate values of N are sampled. In the INDUS imple-
mentation, the density of particles is smeared in space by modeling it as
a truncated Gaussian distribution centered at the location of each par-
ticle [23,24]. The cutoff length and the standard deviation of the
Gaussian function are set to 0.3 A and 0.1 A respectively while the «
value is set to 0.1 kcal/mol. From the umbrella sampling windows thus
generated, unbiased free energy profiles are obtained by applying the
Weighted Histogram Analysis Method (WHAM) [13,18,21,30].

We have performed INDUS [23,24] simulations in the isothermal-
isobaric (NPT) ensemble at the pressure and temperature of 1 bar and
298 K. In the simulations, the initial configuration is equilibrated for 1
ns , which is followed by a production run of 15 ns for the low-density
and 23 ns for the high-density system. The time step used in the simu-
lations is 1 femtosecond (fs). To study the effect of flexibility of the
segments, free energy profiles of confined water are calculated by
varying the values of the bond and the angular harmonic potential co-
efficients, kg and k, from 50 to 1000 Kcal/mole-A? and 50 to 1000 Kcal/
mole — rad? respectively. For each estimate of the free energy profile, No
is varied from O to 650 in increments of 5, which results in 131 INDUS
windows. We have employed two independent Nose’-Hoover thermo-
stats, one for the flexible segments and one for the water molecules to
prevent unequal distribution of kinetic energies between the degrees of

(b)

Fig. 1. Snapshots of the simulation system: (a) The entire system. The surfaces are not visible because they are surrounded by water molecules (white and red
represent hydrogen and oxygen atoms of water respectively). (b) The two hydrophobic surfaces with grafted segments. Most water molecules have been removed for
the purpose of showing the surfaces and the segments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 2. Hydrophobic surfaces with grafted flexible segments at two different grafting densities: (a) 0.0387 segment/A2, and (b) 0.1548 segment/A2.

freedom of the flexible segments and the solvent, which is referred to as
the flying ice-cube problem [14].

2. Results and discussion

Fig. 3 shows density profiles of water in the presence and absence of
grafted segments. In the absence of the flexible segments, the confined
region shows layering of water molecules parallel to the surfaces.
Whereas, in the presence of the flexible segments, the layering disap-
pears for both the segment densities. It is understood that the presence of
flexible segments makes the surfaces more hydrophobic, and therefore
one would expect to see the layering of water in the confined region to
become less prominent as compared to the system without the segments
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Fig. 3. Density profile of water confined between two hydrophobic surfaces in
the presence and absence of grafted flexible segments. The black and the red
circles represent the surfaces and the flexible segments respectively. The legend
shows the values of the ky and the k,. High values of ky and k; correspond to low
flexibility of the segments. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

[20]. Even for the smaller grafting density of 0.0387 chain/A%, water
molecules are unable to enter the inter-segment region, as the distance
between the segments within a surface is from 2.4 — 2.8 A. Furthermore,
it is observed that the density profiles of confined water do not depend
on the flexibility of the segments. Kanduc et al. [17] have studied the
effect of flexibility of the molecules of self-assembled monolayers
(SAMs) on confined water and have shown that increasing the flexibility
decreases the layering of confined water, which is related to significant
changes in the pressure of the system. In our study, the surfaces are of
finite size and the pressure is kept constant. Dallin and Van Lehn [8]
have shown that disordered SAM configurations permit penetration of
water molecules into the alkanethiol SAM that decreases the surface
hydrophobicity. In our system, we did not observe any significant
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Fig. 4. Free energy profiles, AQ(N), of confined water as a function of the
flexibility of grafted segments with the grafted density of 0.0387 chain/A2.
Error bars are standard deviations obtained from four independent simulations.
The numbers in the legend show the values of ky and k,. AQ(N) are found to be
invariant of the flexibility of the segments.
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changes in the penetration of the water molecules between the segments
as a function of the flexibility of the segments. Fig. 4 shows free energy
profiles, AQ(N), of water confined between the surfaces with flexible
segments as a function of their flexibility, for the case of low grafting
density. Flexibility of the segments is varied by changing the values of kg
and k, from 50 to 1000 Kcal/mole-A% and 50 to 1000 Kcal/mole — rad®
respectively. We find that the free energy barrier to evaporation of water
is =~ 6KpT. As expected, this free energy barrier is much smaller than the
barrier of 23 KpT that is obtained when the surfaces do not have any
grafted flexible segments [25]. Interestingly, the AQ(N) obtained for the
different segment flexibilities overlap, which implies that the flexibility
of the segments does not impact the free energy behavior of water. Fig. 5
shows the AQ(N) for the grafting density of 0.1548 segment/A2, that is,
the high-density case. Even with an increase in the segment density by a
factor of almost 3, the liquid phase is still found to be meta-stable with
respect to the vapor phase. The free energy barrier to evaporation is ~
14kpT. Interestingly, for the higher-density case as well, we find the
AQ(N) of water to be independent on the flexibility of the segments. This
result confirms the conclusion that the flexibility of the grafted segments
does not affect the free energy behavior of confined water, even though
the flexibilities are varied by two orders of magnitude. To confirm that
the invariance of the AQ(N) is not an artifact of the projection of the free
energy on the order parameter, N, we have calculated the free energy
profiles along a second order parameter, the radius of the vapor tube, R.
Since it has been established that the evaporation of water occurs via
formation of a vapor tube in the confined region, the R is a logical order
parameter [25,28,29]. The probability of finding a configuration with R

= R, is given by: P(R,) = [ HP(KI)h(RO\KI) dN. In this expression, N

represents the number of water molecules in the confined region when
the density is considered smeared in space via Gaussian distributions.

That is, N € IR. h(Ra\IV) is the probability of finding a value of R, for a

given N. The radius of the vapor tube in a configuration, R is calculated
by projecting all the confined water molecules on to the x-y plane of the
surface. The plane is divided into square grids of size 0.2 x 0.2 A% Each
cell is then labeled as “occupied” or “vacant” depending on whether the
center of the cell is within a distance of 1.583 A from the projection of
any water molecule. Largest 2D cluster of vacant cells is then identified
by performing a cluster analysis on the vacant cells. R is estimated by
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Fig. 5. Free energy profiles, AQ(N), of confined water as a function of number
of the confined water molecules at different flexibilities of grafted segments
with the grafted density of 0.1548 chain/AZ. Error bars are standard deviations
obtained from three independent simulations. The numbers in the legend show
the values of ky and k;.
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assuming the largest cluster to be a circle. This procedure of finding R
has been employed in a previous publication [29]. The free energy
profile as a function of R is obtained by AQ(R) = — kgT In (P(R)). The
value of R for different configurations as a function of N is shown in the
fig. S1 (Supporting Information). The free energy profile as a function of
R is plotted in the Fig. 6 for systems with flexible segments of varying
flexibilities for both the low- and high-density cases. Comparison of the
free energy of confined water for the two segment densities shows that
increasing the segment density decreases the condensation free energy
barrier and increases the evaporation free energy barrier. Also, the free
energy profiles, AQ(R) are found to be invariant of the segment flexi-
bility. This result corroborates with the finding that the free energy
profiles of confined water are unaffected by the flexibility of grafted
segments. The AQ(R) show a broad peak, which implies that the con-
figurations with a range of R values form the maximum in the free en-
ergy profiles. In order to understand the lack of dependence of the free
energy profiles on the flexibility of the segments, we have plotted
ensemble-averaged total harmonic potential, Uy + U, of all the segments
as a function of N for the two grafted densities in the Figs. 7 and 8. The
figures show that there is no systematic change in the Uy + U, as a
function of N for both the grafting densities. This result shows that the
elastic energy of the segments does not change as the N changes, and
therefore verifies the conclusion that the flexibility of the segments does
not affect the free energy profiles of confined water. Finally, we have
calculated the AQ(N) of confined water in a system devoid of any flex-
ible segments (Figs. S2 and S3, Supporting Information). In this system,
two surfaces are placed parallel to each other and at a d of 16.6 A. On
these surfaces, the atoms on which the flexible segments were attached
in the case of high grafting density (Fig. 2(b)) interact with water-oxy-
gen via the LJ potential with the parameters same as for the segments.
The other atoms on these surfaces interact with water-oxygen with the
purely repulsive Week-Chandler-Andersen (WCA) potential. Therefore,
these surfaces that are decorated with LJ atoms mimic the kind of in-
teractions that an interface with flexible segments will present. In
addition, we place another set of surfaces parallel to each other and to
the above surfaces, at a distance of d of 25 A. Kindly see the Fig. 2
(Supporting Information) for the system configuration. These outer
surfaces interact with water-oxygen via the LJ potential with the same
parameters as the case with the flexible segments. So, in this system, we

AQ(R)/KRT

R(A)

Fig. 6. Free energy profiles, AQ(R) of confined water as a function of radius of
the vapor tube, AQ(R) for different flexibilities of grafted segments. The solid
lines represent the low grafting density of 0.0387 chain/A? and the dashed lines
represent the high grafting density of 0.1548 chain/A2. Error bars are standard
deviations obtained from independent simulations. The numbers in the legend
show the values of ky and k.
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Fig. 7. Ensemble-averaged total harmonic potential as a function of N for
different segments’ flexibilities at low grafted density.The numbers in legend
show the value of the ky and k, and the error bars are standard deviation
calculated from four different simulations.
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Fig. 8. Ensemble-averaged total harmonic potential as function of N for
different segments’ flexibilities at high grafted density. The numbers in legend
show the value of the ky and k, and the error bars are standard deviation
calculated from four different simulations.

have attempted to closely mimic the system with high density of grafted
segments, but in the absence of the segments. The AQ(N) for this system
is shown in Fig. S3 (Supporting Information). The AQ(N) of this system
is remarkably different from the case with the flexible segments. First,
there is no free energy barrier to evaporation, implying that the liquid-
water is no longer meta-stable, but is unstable. In addition, the free
energy barrier to condensation in this case is ~170kgT, whereas it is
~60kpT for the case of flexible segments. This result shows that the
behavior of water when confined between two surfaces with grafted
flexible segments cannot simply be explained by the loss of attractive
interactions of water-oxygen with the surface atoms. An explanation of
the difference between the profiles with and without the segments will
be that due to the presence of WCA atoms, the confinement effect is
enhanced.
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3. Conclusions

We have studied the effect of the presence of grafted flexible seg-
ments at two different grafted densities and for a range of segments’
flexibilities on the free energy profiles of confined water. We find that
the surfaces with grafted flexible segments are highly hydrophobic, thus
rendering liquid water in the confined region to be meta-stable with
respect to the vapor phase. Furthermore, we show that the flexibility of
the segments has no perceivable effect on the free energy profiles of
confined water. The invariance of the free energy profiles as a function
of segment flexibility eliminates a large parameter space that otherwise
would need to be explored in order to understand the behavior of the
water confined between two surfaces with grafted flexible segments.
This result is in contrast to the previous observations that the flexibility
of the confining surfaces has a significant effect on the free energy
profile of confined water [1,2]. Unlike in the case of flexible surfaces, no
change is observed in the elastic potential energy of the flexible seg-
ments as a function of the number of confined water molecules.
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