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ABSTRACT

The surface properties of self-assembled monolayers (SAMs) are generally determined by the
terminal functional groups. However, variations in the chain flexibility or packing density of
SAMs significantly affect the surface properties as well. In this study, we investigated the effect
of the packing density on the surface hydrophobicity/hydrophilicity of w-functionalized (—CFs;,
—CH;,-OCHj;, and -OH) SAMs using molecular dynamics simulations. The surface roughness
and chain flexibility of these SAMs commonly increase with a decreasing packing density. The
increase in the chain flexibility caused an enhancement in the surface hydrophobicity,
regardless of the terminal groups. For SAMs with the CF; terminal, only the fluorocarbon
segments were exposed to the surface at any packing density; thus, the surface roughness and
chain flexibility were the only parameters that affected the surface hydrophobicity. Conversely,
the surface (exposed) segments of the other SAMs were alternating depending on the packing
density, altering the surface-water interfacial energies, which also contributed to a variation in
the surface hydrophobicities. Therefore, the variation in the surface hydrophobicity of the
SAMs due to the packing density was well characterized by considering the chain flexibility

and exposed surface segments.



1. INTRODUCTION

Understanding the mechanism of protein adsorption on solid surfaces is important for the
advancement of biotechnical and biomedical fields.! For example, biononfouling properties are
desired for the design of a medical device, while certain interactions between the surface and
specific biomolecules are required for bio-assay chips.>® Techniques that involve self-
assembled monolayers (SAMs) are employed to modify the functional groups at the surface
and alter the surface properties; thus, they have been widely used to investigate the mechanistic
aspects of the protein adsorption.®® Through the SAM techniques, the adsorption behavior has
been known to fundamentally related to the hydrophobic/hydrophilic characteristics of the
surface. For instance, albumin has a stronger affinity to be adsorbed on the hydrophobic alkyl-
terminated surface than on the hydrophilic hydroxyl- or carboxylate-terminated surfaces.5 8 1*-
13 The antifouling and nonthrombogenic surfaces formed by zwitterionic, polyethylene glycol,
and poly(2-methoxyethyl acrylate) based coatings are based on the low tendency of proteins to
be adsorbed on hydrophilic surfaces.- 416

The hydrophobic/hydrophilic characteristics of the surface originates from an interplay of
the surface with water; thus, the composition of the SAM controls the
hydrophobicity/hydrophilicity of the surface.® The surface roughness and lateral packing
density also influence the hydrophobicity and protein adsorption. For example, a loosely
packed alkyl-terminated SAM exhibited lower surface roughness and hydrophobicity, and
greater adsorption of human serum albumin than a densely packed SAM.!7-18 Low-density
carboxylate- and alcohol-terminated SAMs were more hydrophobic and adsorbed bovine
serum albumin more easily than their analogous dense SAMs."

Molecular dynamics simulations have been used to investigate the behavior of water at the
interface with SAMs!®% and the adsorption behavior of proteins on the surface of SAMs.26%

The structure and dynamics of interfacial water molecules change depending on the



hydrophobic/hydrophilic characteristics of SAMs.2-21-23 A hydrogen-bonding network between
the hydrophilic SAM and water may be the main factor that prevents protein from adsorbing
on the hydrophilic SAM."-?¢ In addition, the change in the packing density and chain flexibility
can alter the strength of interfacial water-binding on the SAM and influence the protein
adsorption.?® Although most simulation studies aim to investigate the behavior of interfacial
water and unravel the mechanism of protein adsorption on SAMs with highly smooth surfaces
(densely packed SAMs),?¢ several exceptions focus on the influence of the packing density and
chain flexibility of SAMs.?> 28 3031 Park et al. * simulated the behavior of water on a
fluoroalkane SAM at various packing densities. Protein adsorption onto oligo(ethylene glycol)
SAMs with different packing densities has also been reported by Beckner et al.® However, the
mechanism by which the packing density and chain flexibility of SAMs with various terminal
functional groups affect the behavior of the interfacial water has not yet been fully understood.

Poly(2-methoxyethyl acrylate) (PMEA) 1is an antifouling polymer used as a
nonthrombogenic coating agent for artificial oxygenators. The water structure of hydrated
PMEA has been suggested to play a critical role in its antifouling property.> Understanding the
interplay between water and the surface of the PMEA analog will be useful for designing
PMEA-based antifouling coatings. Recently, in-plane microphase separation to the polymer-
rich and water-rich regions at the polymer/water interface has been found in PMEA-based
coatings.**33 The polymer-rich domains (diameter of 50-100 nm) have demonstrated the higher
tendency to adsorb the fibrinogen in comparison with the water-rich domains. The different
capacities of adsorbing the fibrinogen were ascribed to the different polymer densities probably
contributing to different hydrophobicities.’>* It is difficult not only to experimentally measure
the difference in the hydrophobicity between polymer-rich and water-rich regions but also to
directly simulate in-plane microphase separation at the polymer/water interface using

molecular dynamics simulation. However, through the simulation of grafted side chain SAMs



with different packing densities, the difference in the physical properties between polymer-rich
and water-rich regions can be qualitatively understood. Therefore, for understanding the
interplay between water and the surface of the PMEA analog, we constructed SAMs formed of
side chains of methacrylate-based polymers with four different terminal functional groups (as
shown in Fig. 1) and investigated the interfacial properties between the SAMs and water. SAMs
with these terminal groups present a wide variety of surface properties, ranging from
hydrophobic to hydrophilic. We analyzed the interfacial properties, such as the surface
hydrophobicity and hydrogen bonding between the water and SAM, as well as the structural
properties of the surface. We considered a range of packing densities in the simulations and
attempted to determine the effects of surface roughness and chain flexibility on the behavior of

interfacial water for these chemically distinct surfaces.
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Figure 1. Side chains of poly(n-fluorobutyl acrylate) (PFA), poly(n-butyl acrylate) (PBA),

poly(2-methoxyethyl acrylate) (PMEA), and poly(2-hydroxythyl acrylate) (PHEA).

2. METHODS

2.1. Computational details

To prepare the initial configurations of the SAMs, we first generated hexagonal close-packed
two-dimensional (2D) lattices of fixed sites in the xy plane with different lattice parameters,

a,. The side chains of the polymers were then grafted to the fixed sites with an initial tilt angle



of 28°to form a grafted self-assembled monolayer surface. The arrangement of the chains with
the initial tilt angle was based on alkanethiols adsorbed on the gold surface.’* The chemical
structures of the side chains are shown in Fig. 1. Three lattice parameters, 0.46, 0.50 and 0.59
nm, were chosen to control the packing densities of the SAMs. The choice of the lattice
parameters is in consideration of the fact that the lattice spacings of hydrocarbon and
fluorocarbon thiols chains on gold are 0.50 and 0.59 nm, respectively,?> and molecular packing
densities of oligoether-terminated SAMs on gold and silver are in the range from 2.7 to 5.0
molecule/nm?3> Moreover, the spacings of 0.42 and 0.5 nm for the side chain crystalline of
poly(n-alkylacrylate) and poly[(perfluoroalkyl)ethyl]acrylates, respectively, have been
reported.’*3® The lattice spacing of 0.46 nm is adopted to assume the formation of side chain
crystalline on the surface. The lattice constants, a,, and the corresponding packing densities,

dy,, of the side chains are summarized in Table 1.

Table 1. Packing density, d,,, of surfaces corresponding to a given lattice parameter, a,.

a, [nm] d, [chains/nm?]
0.46 5.46
0.50 4.62
0.59 332

The packing density corresponds to the total number of chains in a monolayer divided by the
surface area of the simulation box in xy-dimensions.

The side chains of the polymer were modeled using the all-atom OPLS force field.* The
cross-dihedral interactions between hydrogenated and fluorinated segments of the PFA chain
were based on Padua’s research.* The SPC/E model was used for water molecules.*! All
simulations were performed in the canonical (NVT) ensemble at 300 K using the LAMMPS

MD package.*? The temperature was controlled using the Nosé-Hoover thermostat** with a time



constant of 1.0 ps, while the equations of atomic motion were integrated using the velocity
Verlet algorithm with a time step of 1.0 fs. Water molecules were treated as rigid bodies using
the SHAKE algorithm.** The short-range Lennard-Jones interaction was truncated at 1.0 nm,
while the particle-particle particle mesh (PPPM) algorithm was used to calculate the
electrostatic interactions.*® The Visual Molecular Dynamics package was used to visualize the
MD configurations.*’

The initial structure of each SAM surface was first equilibrated under vacuum for 30 ns.
During the calculation, an additional self-harmonic spring potential (4184 kJ-mol-!'nm~2) was
applied for the root carbon of each chain in the SAMs to fix them at equally spaced positions
on the same xy surface. To prevent the downward flipping of chains, which may happen
especially at a low packing density, we placed a harmonic wall (with a spring constant of 4184
kJ-mol-""'nm~2) beneath the SAMs. The wall exerted a force when an atom tried to cross the
position of the wall (z = 0); thus, it effectively worked as a repulsive solid substrate for the
SAMs. For the SAM-water simulations, we took the final structure of the SAMs equilibrated
under vacuum and placed a 3.5-nm thick water slab in the z-dimension of the SAM surfaces.
The merged structures were equilibrated for 10 ns. Then, the simulation trajectories were stored
at every picosecond over the next 20 ns and divided into 5 blocks to estimate statistical errors
in the detailed analyses. The statistical errors for all quantities were less than 1.0% as shown

in Fig. S3 of Supporting Information.

2.2. Simulation Analyses

A.Free Energy of Cavity Formation

The free energy of the cavity formation near the interface was calculated using the indirect

umbrella sampling method proposed by Patel and Garde.***’ The cavity was created by



applying a harmonic biasing potential of a coarse-grained particle number, N, , of water
molecules:

U(R) =%(N, - N;)’, (1
where £ is the spring constant and N,, defines the sampling window, i.e., the target number of
coarse-grained water molecules in the probe volume, v. N, is obtained using a truncated
Gaussian function.® A series of simulations with different N, were performed, and both the
Nv and the actual number of water molecules, NV, in the probe volume were monitored. Finally,
an unbiased joint distribution function, P,(N), which was the probability of observing N water
in the probe volume, was calculated using the unbinned weighted histogram analysis method>°
with samples from all simulations.

P,(N) = [ P(N,N,) dN,. ()
The free energy of cavity formation, 44, is obtained as
AA = —kgT InP,(0), (3)
where kj is the Boltzmann constant, and P, (0) is the probability of observing no water in the
probe volume, v.
The simulation was performed using LAMMPS with the PLUMED package.’! The spring
force constant in biasing potential was 0.98 kJ/mol. The sampling window was determined

49, 52-54 The detail was shown in

using a similar method reported in the previous study.
Supporting Information. For each window, N}, the umbrella sampling was performed for 6 ns,
in which we stored both N,,, and the actual number of water molecules, N, in the probe volume
at 1 ps increments. The unbiased joint distribution function, P,(N), was evaluated using the
sampling of the last 5 ns, which was used to calculate 44 (Eq. 3). 44 is affected by the size

and shape of the cavity together with the location from the surface. The cuboid cavity with 2.5

X 2.5 X 0.3 nm? was created at the half-density plane of water near the interface, as illustrated



in Fig. 2.4849.55 The thickness of 0.3 nm is allowed to accommodate a water molecule of which
diameter is around 0.28 nm, and large cross-sectional area is to obtain a large magnitude of the
cavity formation free energy.”® The cavity at the maximum density plane of water near the
interface was also adopted to analyze the A4 for comparison. The trends of A4 are consistent
with that analyzed by using cavity at the half-density plane of water near the interface as shown

in Supporting Information.
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Figure 2. Cavity formation near the interface; the cavity of dimension, v =2.5 X 2.5 X 0.3 nm?
was created at the half-density plane, i.e., the center of the cavity where the water density along

the surface normal was half of the bulk density, as shown by the blue dashed line.

B. Structure Properties

To obtain proper insight into the variation in the hydrophobicity of the surface, we
investigated the structure of both water and SAMs using several metrics. The structural
arrangement of water near the interface and its protrusion level in the SAM were examined by

quantifying the mean density profile of atoms along the surface normal, z, as

pw(@) = —— (31, 8(z))), )



where A is the x-y surface area of the SAM, Az is the bin width, §(z;) is the Kronecker delta
function,’® and n is the total number of water molecules.

We also calculated the number of hydrogen bonds between the surface and water molecules.
A hydrogen bond is usually defined by the geometric criteria among all possible hydrogen
acceptors (A), hydrogen donors (D), and hydrogen atoms (H). Here, we used the distance- and
angle-based geometric criteria, i.e., the hydrogen bond was considered when the angle of the
H, D, and A was less than 30°, and the distance between D and A was less than 0.35 nm
simultaneously %’

The survival probability of water molecules near the surface was given by,

tmax
P(r) = 1 Z N(t,t+r), (5)

tmax Leap=y N

where t,,,4, is the maximum simulation time, 7 is the time step, and N(t, t + ) is the number
of water molecules in the probe region during the time interval from ¢ to t + 7, and N(t) is the
number of water molecules at time t. We computed P(7) in a 0.4 nm-thick water slab centered
at the half-density plane placed parallel to the interface. The 0.4 nm-thick water slab was
chosen following the previous works.?!>3° This quantity revealed how long water molecules
stayed near the interface; a slow decay of P(7) meant a long residence time, and a fast decay
suggested a short residence time of water molecules in the vicinity of a surface.

Furthermore, we computed the root mean square fluctuation (RMSF) of tail functional groups
and the standard deviation in the distribution of tail functional groups along the surface normal.
The former represented the chain flexibility, and the latter represented the root mean square

roughness.®

3. RESULTS AND DISCUSSION

3.1. Free Energy of Cavity Formation
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We evaluated the free energy of cavity formation, 44, to measure the hydrophobicity of the
SAM surface constructed by grafted polymer side chains with different chemical functional
groups and with different packing densities, d,,. The calculated A4 values are plotted in Fig. 3.
The order of 44 for these SAMs was PFA and PBA <PMEA <PHEA at all packing densities.
The AA near the SAM surface provides a measure of the hydrophobicity of the surface; namely,
lower AA is expected for more hydrophobic surfaces. Thus, the results corroborated the higher
hydrophobicity of the —CF3 and —CH3 surfaces, and the hydrophilicity of the -OH surface. The
hydrophobicity of the surface with the -OCH3 group was between those of the -CH3 and —-OH
surfaces. The hydrophobicity trend is consistent with experimental observation.® The 44 of the
PFA and PHEA SAM surfaces decreased with a decreasing packing density, while those of the
PBA and PMEA SAM surfaces increased (Fig. 3). This behavior indicated that the surface
hydrophobicity of the PFA and PHEA SAM surfaces increased, and that of the PBA and PMEA
surfaces decreased as the packing density decreased. The hydrophobicity trend of the —CF3 and
—OH SAM surfaces with the packing density are in agreement with the previous studies.!3: 3%-
3! The results demonstrated that the packing density had different effects on the hydrophobicity
of SAM surfaces, depending on the functional groups. We further analyzed the surface-water
interaction and surface structure of the SAMs to understand how the packing density affects
the hydrophobicity of the SAM surface with various functional groups. The details are

discussed in the following section.
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Figure 3. Free energy of cavity formation, 44, of SAM surfaces constructed by grafted

polymer side chains with different functional groups and packing densities, d,, .

3.2. Surface Interaction and Morphology

Figure 4 plots the surface-water interaction energy, USY, at different packing densities.
UZY is simply calculated by the sum of the total van der Waals and electrostatic interaction
between the grafted chains on the SAM and “all” water molecules.”” U decreased for the
PFA and PHEA surfaces and increased for the PBA and PMEA surfaces with a decreasing
packing density. The variations in U for these SAMs as a function of the packing density
were consistent with those of the AA. This result implied that the surface hydrophobicity of
these SAMs at different packing densities was directly related to the interaction of the surface

with water.
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Figure 4. Surface-water interaction energy, Upp;, of SAMs at different packing densities, d,,.
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Figure 5. Z-density profiles of bulk water (black line), oxygen (red line), and carbon (black
dashed line) atoms of side chains along the z-direction. (Left) d,, = 5.46 chains/nm?, and (right)
dp, = 3.32 chains/nm?. OE: ester oxygen; OS: ether oxygen; OH: hydroxyl oxygen. The units

of p is 10°nm.
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The variation in the surface-water interaction energy may be ascribed to the fact that the
interfacial composition could be effectively changed by changing the packing density.
Therefore, we calculated the density profiles of bulk water p(z) and heavy atoms of the side
chains, and analyzed the hydrogen bonds between the surface oxygen and water molecules, as
shown in Fig. 5 and 6, respectively. A slight overlap between the density profiles of water and
ester oxygen was found for the PBA, PMEA and PHEA SAMs at d,, = 3.32 chains/nm* (Fig.
5). An increase in the hydrogen bonds between the ester oxygen and water molecules was also
observed with a decrease in the packing density (Fig. 6a). This behavior indicated that a
decrease in the packing density caused the water molecules to gradually penetrate the SAMs
and directly associate with the ester groups. No hydrogen bonds were formed between the
surface ester oxygen and water molecules when using the PFA SAMs. This behavior might
appear because the fluorine atom possessed lower water affinity and more steric obstruction

than the hydrogen atom. Thus, water molecules penetrated PFA SAMs with less ease than they

do other SAMs.
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Figure 6. Average number of hydrogen bonds (a) between the ester oxygen and water
molecules and (b) between the surface oxygen and water molecules. No hydrogen bonds were

detected between the surface oxygen and water molecules on the PFA SAMs.
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For the PFA SAMs, only fluorocarbon segments were exposed to the surface to interact with
water at any packing density (Fig. 5). The interfacial component does not change with a change
in the packing density. Thus, the variation in the surface-water interaction energy is not
pronounced (less than 3kzT/nm?, Fig. 4) even if the packing density is decreased from 5.46
chains/nm? to 3.32 chains/nm?. However, the free energy of the cavity formation significantly
decreased (Fig. 3), indicating an increase in surface hydrophobicity. This result implied that
the other properties dominated the variation in surface hydrophobicity with the packing density
for the PFA SAMs. In our previous study,! we performed a series of MD simulations to
examine the surface hydrophobicity of PFA SAMs with different side-chain lengths; the results
demonstrated that the surface roughness and chain flexibility affected the surface
hydrophobicity of PFA SAM.! Specifically, the surface hydrophobicity increased with
increasing surface roughness, while the increase in chain flexibility further enhanced the

surface hydrophobicity by preventing water from staying near the interface.
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Figure 7. (a) Surface roughness and (b) root mean square fluctuation (RMSF) of tail atoms for

SAMS at different dp.

In the case of the PBA SAM, only hydrocarbon segments were exposed to the interface to

contact water at d,, = 5.46 chains/nm?. With a decreasing packing density, the bulk water could
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gradually penetrate to z = 0.4 nm and form hydrogen bonds with the ester oxygen of the side
chain. These hydrogen bonds contributed to the attractive interactions between the surface and
water, reducing the surface hydrophobicity. We also calculated the surface roughness and
RMSF of the tail atoms, which represent the chain flexibility, as shown in Fig. 7. When the
packing density decreased, both the surface roughness and RMSF of the PBA SAM increased.
This behavior should contribute to the enhancement of the surface hydrophobicity according
to our previous study on the PFA SAMs.3!' However, the hydrophobicity of the PBA SAM
decreased with a decreasing packing density (Fig. 3). These results demonstrated that the
enhanced attractive interaction between the surface and water exceeded the effect of surface
roughness and chain flexibility on the surface hydrophobicity of PBA SAMs.

The balance between surface-water interaction and surface structure is crucial for
determining the overall hydrophobicity. Indeed, the difference in the surface-water interaction
between the PBA and PFA SAM was minor (~1.5 kgT) at d,, = 5.46 chains/nm?, whereas the
surface roughness and chain flexibility of the PBA SAM were significantly higher than those
of the PFA SAM; this might cause the higher hydrophobicity on the PBA surface than on the
PFA surface at d,= 5.46 chains/nm?.

For the PMEA SAM at d,, = 5.46 chain/nm?, there is an overlap between the density profiles
of bulk water and terminal —CH; groups but not between the density profiles of water and ether
oxygen (Fig. 5(c)). Contrarily, a decreased packing density (3.32 chain/nm?) (Fig. 5(c’)) caused
the distribution of ether oxygen to full overlap with that of water, illustrating that the ether
oxygen was exposed to water. Although the methylene segments in between the ester oxygen
and ether oxygen also gradually increased the amount exposed to the SAM surface, the
interaction between hydrophobic methylene segment and water was expected to be similar to
that between terminal methyl group and water. Thus, the ether oxygen exposed to water (Fig.

6) is the main source of the attractive interaction between the surface and water.
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The z-density profile of the PHEA SAMs displayed that only the hydroxyl groups were
exposed to the interface between the SAM surface and water at the highest packing density
(5.46 chain/nm?), while the other residue segments, such as the methylene segments, gradually
increased the amount exposed to the interface between the SAM surface and water as the
packing density decreased to 3.32 chain/nm? (Fig. 5 (d and d’)). The increase in the content of
the hydrophobic segments at the interface reduced the surface-water interaction energy.

The surface roughness of all SAMs increased with a decreasing packing density, as shown
in Fig. 7. The increase in the surface roughness would increase the interfacial area and expose
atoms from the middle of the side chains to the interface between the SAM surface and water.

This behavior also reflected the variation in the interfacial composition, as discussed above.
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Figure 8. Cavity formation free energy of flexible and frozen surfaces: (a) d,=5.46 and (b)

dp:3.32 chains/nm?.
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Figure 9. Analysis of the survival probability (or residence time) of water near the flexible and

frozen surfaces at dp:3.32 chains/nm?.

To understand how chain flexibility affects the surface hydrophobicity of the PMEA and
PHEA SAMs which possess hydrophilic groups, we restrained the positional fluctuations of
chains on the surfaces (called frozen surfaces) by excluding the MD time integration of the
SAM and estimated their hydrophobicity. Figure 8 shows 44 of the SAMs with flexible
(original) and frozen surfaces at d, = 5.46 chains/nm? and 3.32 chains/nm?. The 44 of the
flexible surfaces were lower than those of the frozen surfaces, indicating that flexible chains
can enhance the hydrophobicity. To unravel the origin of the phenomenon, we analyzed the
survival probability (or residence time) of water near the SAM surface (Fig. 9) and found that
all flexible surfaces showed lower survival probability than the corresponding frozen surfaces.
This behavior indicated that the mobile chains, regardless of the functional groups, enhanced
water dynamics near the surface, and thus the flexible SAMs exhibited greater hydrophobicity.

The difference in 44 between the frozen PMEA surfaces at d,, = 3.32 chains/nm? and 5.46
chains/nm? was approximately +48 kzT, which was higher than the —25 kzT and —6 kT
values caused by the chain flexibility, which reduced water dynamics near the surface at d,, =
3.32 chains/nm? and 5.46 chains/nm?, respectively. This behavior implied that the variation in
the surface-water interaction due to the change in the packing density influenced the surface

hydrophobicity more than the chain flexibility, reducing the surface hydrophobicity. The
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differences in 44 between the frozen PHEA SAM surfaces at d;, = 3.32 chains/nm? and 5.46
chains/nm? were approximately —20 kgT, which was smaller than —38 kgT and —24 kT
contributed by the chain flexibility at d,, = 3.32 chains/nm* and 5.46 chains/nm?, respectively.
This demonstrated that the influence of chain flexibility was more essential than that of the
surface-water interaction energy. Figure 8 shows that the difference in 44 between the frozen
and flexible surfaces roughly increased with the decreasing hydrophobicity of the surfaces.
This increase was ascribed to the fact that the energy variation for water leaving the hydrophilic
surface was higher than that for water leaving the hydrophobic surface. Thus, the side chain
with more hydrophilic properties contributed to the more pronounced chain flexibility effect;
this may be the reason why the chain flexibility effect was more pronounced than that of the
surface-water interaction energy on the PHEA SAM surface.

In summary, the packing density shows different effects on the surface hydrophobicity of
SAMs with different functional groups. The surface roughness and chain flexibility increased
with a decreasing packing density. The increase in the chain flexibility effectively enhanced
the surface hydrophobicity regardless of the SAMs with hydrophobic or hydrophilic terminated
groups. In addition, the increase in the surface roughness was expected to increase the
probability of atoms in the middle of the side chains exposed to the interface between the SAM
surface and water, possibly altering the interfacial composition depending on the functional
groups on the SAM surfaces. Water could not penetrate the PFA SAMs to interact with ester
oxygen and only interacted with the fluorocarbon segments at the interface; thus, the variation
in the surface-water interaction with the change in the packing density was limited.
Consequently, the surface roughness and chain flexibility are key factors that alter the surface
hydrophobicity by adjusting the packing density. Water could penetrate the other SAMs and
associate with ester oxygen at a lower packing density, changing the interfacial composition.

The variation in the interfacial composition with the packing density substantially changed the
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surface-water interaction. In conclusion, contrary to the PFA SAMs, the balance of the
contributions from interfacial composition and chain flexibility controlled the surface

hydrophobicity of the SAMs.

4. CONCLUSIONS

In this study, we investigated the surface hydrophobicity of four different SAMs at three
different packing densities to identify the origin of the hydrophobicity of the SAM surfaces
with hydrophobic and hydrophilic functional groups. The SAMs were constructed by grafting
polymer side chains of PFA, PBA, PMEA, and PHEA. The surface hydrophobicity was
characterized by examining the free energy of cavity formation and surface structure of the
SAMs. The surface roughness and chain flexibility of all SAMs increased with a decreasing
packing density. The former may change the interfacial composition depending on the
functional groups of the SAM surfaces, and the latter can effectively enhance the surface
hydrophobicity regardless of the hydrophobic or hydrophilic chains. In addition, the chain
flexibility effect is more pronounced on the SAM surface constructed with hydrophilic chains.
For the PFA SAMs, only fluorocarbon segments were exposed to the surface to contact with
bulk water; thus, only the surface roughness and chain flexibility influenced the surface
hydrophobicity. The other SAMs allowed water to penetrate them and associate with ester
oxygens at low packing densities, changing the interfacial interaction. With a decreasing
packing density, the increase in the probability of exposed oxygen atoms on the PBA and
PMEA SAM surfaces increased the surface-water interaction energy. The effect of the
interfacial composition overwhelms the effect of chain flexibility on the increase in water
dynamics, causing a reduction in the surface hydrophobicity. Conversely, the increase in the
probability of exposed ethylene groups on the PHEA SAM surface lowered the surface-water

interaction energy. Both the interfacial composition and chain flexibility effects enhanced the
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surface hydrophobicity and reduced the surface hydrophilicity of the PHEA SAM. In summary,
this study explored the effect of the packing density on the surface hydrophobicity of the SAMs.
The contribution balance among the surface roughness, interfacial composition and chain
flexibility is crucial for determining the overall variation in the surface hydrophobicity relative

to the packing density.
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