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ABSTRACT: Despite the pronounced polarity of C—F bonds,
many fluorinated carbon compounds are hydrophobic: a
controversial phenomenon known as “polar hydrophobicity”.
Here, its underlying microscopic mechanisms are explored by ab
initio calculations of fluorinated and hydrogenated diamond
(111) surfaces interacting with single water molecules.
Gradient- and van der Waals-corrected density functional
theory simulations reveal that “polar hydrophobicity” of the
fully fluorinated surfaces is caused by a negligible surface/water
electrostatic interaction. The densely packed C—F surface
dipoles generate a short-range electric field that decays within
the core repulsion zone of the surface and hence vanishes in
regions accessible by adsorbates. As a result, water physisorption
on fully F-terminated surfaces is weak (adsorption energies E 4
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< 0.1 eV) and dominated by van der Waals interactions. Conversely, the near-surface electric field generated by loosely packed
dipoles on mixed F/H-terminated surfaces has a considerably longer range, resulting in a stronger water physisorption (E,q > 0.2
V) that is dominated by electrostatic interactions. The suppression of electrostatic interactions also holds for perfluorinated
molecular carbon compounds, thus explaining the prevalent hydrophobicity of fluorocarbons. In general, densely packed polar
terminations do not always lead to short-range electric fields. For example, surfaces with substantial electron density spill-out give
rise to electric fields with a much slower decay. However, electronic spill-out is limited in F/H-terminated carbon materials.
Therefore, our ab initio results can be reproduced and rationalized by a simple classical point-charge model. Consequently,
classical force fields can be used to study the wetting of F/H-terminated diamond, revealing a pronounced correlation between
adsorption energies of single H,O molecules and water contact angles.

B INTRODUCTION

Fluorination of carbon compounds is a key technique in
chemistry, especially in the fields of biochemistry, pharmaceut-
icals, and materials science.'~* The usefulness of incorporating
fluorine in organic molecules and carbon materials can, to a
large extent, be traced back to the special properties of the C—F
bond, which is highly polar and the strongest bond found in
organic chemistry.” Moreover, the small size of the fluorine
atom, whose 0.14 nm van der Waals radius is only slightly larger
than the 0.12 nm radius of H, is a good precondition for the
partial or complete substitution of C—H by C—F bonds.>® I

addition to the high stability and chemical inertness, ﬂuorlnated
compounds usually show pronounced hydrophobicity that is
exploited, for example, in medical applications and for the
The poor
interaction of many fluorinated carbon materials with polar
solvents is attributed to the C—F bond generally being a weak
hydrogen bond acceptor despite its polar character.””®

production of stain- and water-repellent surfaces.”
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Empirically, only very few exceptions of strong C—F--H
bonds have been found if the H:---F hydrogen bond length is
taken as a measure of the hydrogen bond strength.””'' In
general, hydrogen bonds are considered strong when their
binding energies exceed 0.2 eV, and the bond lengths are
considerably shorter than the sum of the van der Waals radii of
the involved elements.'> However, intra-'> and intermolecu-
lar®'™" electrostatic interactions can be of high relevance in
organofluorines. This apparent discrepancy between the
polarity of the C—F bond and the hydrophobicity of many
fluorinated carbon compounds has been termed as “polar
hydrophobicity”.° Hydrophobic behavior was not only found
for molecular fluorocarbons but also for fluorinated dia-
mond*®™*® and diamond-like carbon surfaces,”” as well as for
nanostructured carbon materials.”” Consistently, it was found
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Figure 1. Geometries of the investigated F/H-terminated C(111) surfaces. The composition of the different surface terminations is denoted by the
percentage of the surface covered by H and F atoms. Carbon atoms are depicted by gray, hydrogen by white and fluorine by green spheres. The
surface unit cells are highlighted by dashed rectangles. The top-left panel shows a side view of the H-terminated C(111) system. Top views onto the

(111) surface are shown in the other panels.

that self-assembled monolayers of fluorocarbons behave
hydrophobically and the polarity of C—F bonds does not
influence the interaction with water molecules in this case.”"*”
However, strong interactions between water and carbon
surfaces were observed in density functional theory (DFT)
and classical molecular dynamics (MD) simulations of partially
F-terminated graphene23 and diamond (111) surfaces”™
[C(111) surfaces] and of C(111) surfaces terminated by a
mixed monolayer of Na and F atoms.”

Meng et al.> attribute the strong binding of water on Na/F-
terminated diamond to a strong electrostatic bond between
single partially ionized Na atoms and H,O. However, the
proposed interaction mechanism does not yield a universal
description of the interaction of polar surfaces with water, since
it obviously fails to explain polar hydrophobicity of
perfluorinated carbon materials, where the surface polarity is
due to partially ionized F instead of Na atoms.

In this paper, the mechanisms that lead to polar hydro-
phobicity of fully fluorinated carbon compounds as well as the
hydrophilicity caused by a mixed F/H termination are worked
out. For this purpose, the interaction of single H,O molecules
with fully hydrogenated, fully fluorinated, and mixed F/H-
terminated C(111) surfaces is initially studied using ab initio
DFT calculations. We find that the H,O adsorption energy is
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dominated by electrostatic contributions and exceeds 0.2 eV for
the mixed F/H-terminated surfaces, while the adsorption is
much weaker and mainly due to dispersion forces in the fully
fluorinated and hydrogenated cases, which have adsorption
energies of 0.07 and 0.09 eV, respectively. Hence, a transition
from a weak to a strong hydrogen bond regime is observed.
The results of the DFT calculations are rationalized by a simple
model based on classical point charges, which is both able to
account for and explain the high variation in adsorption
energies and electrostatic contributions for the different surface
terminations. The classical point-charge model allows the
parametrization of a classical force field based on the optimized
potentials for liquid simulations (OPLS),*® which reproduces
the adsorption energies of the single water molecule on the F/
H-terminated C(111) surfaces and is used to simulate the
contact angle of a water droplet on the same surfaces. The
results of these MD simulations show a pronounced correlation
between single-molecule adsorption energy and contact angle.
Finally, we investigate the generality of the proposed model.
The findings obtained for the solid diamond surfaces are
transferable to molecular systems: partially fluorinated n-
dodecanethiol molecules also exhibit a strongly enhanced
electrostatic attraction to H,O compared to their fully
hydrogenated and perfluorinated counterparts. However, the
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Table 1. Adsorption Energies (E,q, in V) and Hydrogen-Bond Lengths [d(H,0-*HC) and d(HOH**FC), in A] for an Adsorbed
H,0 Molecule on the C(111) Surfaces with Various Terminations. Bader Atom Charges of the Terminating F and H Atoms (g
and gy, in le7l), and Bader Atom Charges of the H and O Atoms of the Adsorbed H,O Molecule (gy .0 and qo 1,0, in le71)*

(100H/0F) (7SH/2SF)
E,q 0.09 0.23
d(H,0--HC) 2.63 245
d(HOH---FC) 1.95
qr —0.63
qu —-0.01 0.07
qH,H,0 0.59 0.61
qoH,0 —1.19 -1.21

(S0H/S0F) (25H/7SF) (0H/100F)
023 0.23 0.07
229 2.16
224 236 2.44

—-0.62 —0.60 —0.59
0.13 0.19
0.60 0.60 0.59
-1.19 -117 117

“For comparison, the Bader atom charges on an isolated H,O molecule are —1.19 le”| and 0.59 le”| for the O and H atoms, respectively.

model cannot be used to describe all polar terminations and is
limited to systems where the electron charge is localized and
can be treated as a point charge, as shown by a comparison
between F- and Li-terminated C(111) surfaces.

B METHODS

DFT Simulations. The adsorption energies of single H,O
molecules on various F/H-terminated C(111) surfaces are determined
by DFT as implemented in the Vienna ab initio Simulation Package
(VASP).””~* Local and semilocal density functionals suffer from the
absence of long-range correlation effects. Hence, while they account
for correlation effects at short bonding distances rather well, they
cannot describe long-range dispersion interactions, which are of special
importance in otherwise weakly bound systems.>*' Therefore, in
order to describe such systems with chemical accuracy, local and
semilocal density functionals can only be employed if they are
corrected such that they explicitly include long-range dispersion
interactions. A convenient approach that is computationally efficient
and has nevertheless proven to yield good accuracy is the so-called
DFT-D method, where a classical semiempirical pair potential is added
to standard DFT calculations.>’ Here, we employ the semilocal
Perdew—Burke—Ernzerhof (PBE) exchange—correlation functional®”
as the DFT method in connection with Grimme’s PBE-D2%*
correction. Additionally, all single H,O adsorption energies were
calculated by using similar correction terms of Tkatchenko and
Scheffler’*** and without any dispersion correction for comparison
(see the Supporting Information). A plane wave energy cutoff of 400
eV, a k-point sampling of 4 in the lateral directions, and Gaussian
smearing with a width of 0.05 eV are applied. For relaxations a force
threshold of 0.01 eV/A is used. Adsorption energies are determined as
Eg = Egs + Epo — Epo@sus Where Ey o is the ground-state

energy of the surface with adsorbed water, while E, ¢ and Ey; g are the

ground-state energies of the isolated diamond surface and a water
molecule, respectively. With this definition, larger adsorption energies
mean stronger bonding. The (111) diamond surfaces are represented
by laterally repeated rectangular \/ 3 X 2 supercells (see Figure 1)
forming slabs with 6 atomic layers and hence containing 48 carbon
atoms. The lattice dimensions of 4.38 X 5.05 A were derived from the
lattice constant of the DFT-relaxed bulk diamond structure whose
value of 3.58 A is close to the experimental® lattice constant of 3.57 A.
Surface terminations and adsorbed water molecules are applied
symmetrically on both surfaces in order to suppress any errors arising
from the periodic boundary conditions along the surface normal. At
least 15 A of vacuum separate the surface atoms of two adjacent slabs.
Diamond surfaces with varying ratios of H and F terminations are
studied. They are labeled by their H and F content. For example, the
surface with 75% H and 25% F coverage is denoted by (7SH/2SE). In
total, surfaces with the compositions (100H/0F), (7SH/2SF), (S0H/
SOF), (25H/7SF), and (0OH/100F) are studied. The corresponding
surface unit cells are shown in Figure 1.

Classical MD Simulations. We simulate the adsorption of water
on C(111) surfaces using an all-atom force field, which is based on the
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OPLS potential.*® The TIP3P model”’ is used to describe water. The
atomic interactions in bulk diamond are treated with the parameters
for hydrocarbons.®® The diamond C—C bond length is 1.526 A. The
bond-stretching and angle-bending parameters are modified in order
to closely reproduce the experimental values® of the diamond elastic
constants, yielding 15.110 eV for the bond-stretching parameter and
4.192 eV for the angle-bending parameter. A comparison between the
model and experimental elastic constants is presented in the
Supporting Information. The H-terminated diamond surface is treated
with the OPLS parameters for hydrocarbons,®® while the parameters
for perfluoroalkanes™ are used for the F terminations. However, the
electrostatic potential (ESP) atomic charges’' from our DFT
simulations instead of the original OPLS ones are used for H (0.09
le7l, ™ = electron charge) and F (—0.20 le”|). Moreover, the OPLS
Lennard-Jones parameters oy; and o are shortened by about 18% (o4
=2.05 A and o = 2.40 A) in order to obtain the DFT value for the
adsorption energy (i.e, 0.23 eV) for the single water molecule on the
(50H/S0F) surface. This force field is used to calculate the contact
angles for a 2000-molecule water droplet on a 11222 X 114.63 X
12.21 A3 C(111) slab where periodic boundary conditions are applied
along the two directions (x and y) parallel to the terminated surfaces.
We consider the five different F/H surface terminations used in the
DFT simulations. To measure the contact angle, we perform 2-ns-long
MD simulations with a Langevin thermostat to keep the system at 300
K, and we calculate the contact angle during the last 1 ns simulation
period with the method explained in the works of Werder et al.** and
Sedlmeier et al.*® For each surface termination, the geometry of the
water droplet is determined by averaging the position of the Gibbs
dividing surface over 100-ps-long periods, thus obtaining 10 values of
the contact angle for each surface termination.

B RESULTS AND DISCUSSION

DFT Calculations of H,0 Adsorption on F/H-Termi-
nated C(111) Surfaces. In this work, the C(111) surface is
used as a model system to explore the effect of fluorination on
the interaction between a carbon surface and individual H,O
molecules. Due to the good substitutability of C—H by C—F
bonds, surfaces with varying ratios of H and F coverage can be
examined. In more detail, we start with the fully hydrogenated
diamond surface and successively replace H by F until a fully
fluorinated surface is obtained. By doing so, we obtain the five
different F/H-terminated diamond surfaces, the unit cells of
which are shown in Figure 1.

For the fully fluorinated and fully hydrogenated surfaces,
maximal adsorption energies of 0.07 and 0.09 eV are found,
respectively (see Table 1 and Figure 2). This is in agreement
with the general expectation that the C—F bond has a very low
polarizability and hence is a very weak hydrogen-bond acceptor,
even if compared to the weak hydrogen-bond donor C—H.*
More unexpected is the water adsorption at the mixed F/H-
terminated surfaces. The interaction of these surfaces with H,O
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Figure 2. Adsorption energies (M) of a single H,O molecule on the
investigated C(111) surfaces with different F/H terminations as well as
the electrostatic (red) and dispersion force (blue) contributions to the
adsorption energies. Note that the sum of the attractive electrostatic
and dispersion force contributions reproduces the trend in the
adsorption energy, although the latter is smaller since it also includes
the core—core repulsion. Top views of the H,0O adsorption geometries
are shown at the bottom.

is much stronger than in the pure H and F termination cases,
resulting in an E_ 4 of 0.23 eV for all mixed surface terminations
(see Table 1 and Figure 2). The optimized geometries of the
adsorbed water molecules for the various surfaces are shown in
Figure 2 and Figure 3a. We observed a clear trend of decreasing
hydrogen bond length d(H,0--HC) between the O atom of
the water molecule and the closest H atom on the surface with
decreasing H content [ranging from 2.63 A for the (100H/OF)
surface to 2.16 A for the (25H/75F) surface]. Likewise, there is
a decrease of the bond length d(HOH:--FC) (between the H
atom of water and the closest F atom on the surface) with
decreasing F content [ranging from 2.44 A for the (0H/100F)
to 1.95 A for the (75H/25F) surface; see Table 1]. Hence, it
becomes apparent that decreasing the H content successively
converts the remaining surface H atoms into stronger
hydrogen-bond donors, and likewise, a decreasing F content
converts the remaining surface F atoms into better hydrogen-
bond acceptors. In order to elucidate the nature of the
considerably enhanced interaction between the surface and
H,O for the mixed F/H-termination cases, both the electro-
static and dispersion contributions to the adsorption energy are
extracted. The electrostatic contribution is determined as the
electrostatic energy of the H,O charge density immersed in the
Hartree potential generated by the functionalized diamond
surfaces (see the Supporting Information for more details). For
this purpose, separate DFT simulations of the H,O molecule
and the diamond surfaces with atom positions from the relaxed
adsorption geometries are carried out. The dispersion
contributions were directly extracted from the D2 correction
term. The results of this analysis are shown in Figure 2.
Interestingly, the electrostatic contribution dominates over
the dispersion interaction for the mixed F/H-terminated
surfaces, while there is only a very small electrostatic interaction
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Figure 3. (a) Near-surface electric field strength for the investigated F/
H-terminated C(111) surfaces. Here we show the electric field
strengths in two-dimensional cross sections through the center of the
O atom of the adsorbed H,O molecules, which are displayed in their
optimized adsorption positions. (b) Electric field strength averaged
over the lateral directions along the surface normal z of the various
investigated F/H-terminated C(111) surfaces. The highest surface
atom of each surface has been used to define z = 0. The positions of
the O atom from the adsorbed H,O molecules are indicated by vertical
dashed lines in order to indicate whether the H,O molecules adsorb in
regions of high or low fields. (c) Schematics showing the potential
energy (solid lines) for a H,O molecule approaching a surface with
electric fields that have a shorter (S) or longer (L) range than the
core—core repulsion. In the case of a long-range electric field there is a
region, indicated by the red color, where the electrostatic attraction
(dashed—dotted lines) outweighs the core—core repulsion (dashed
lines), leading to an effective bonding of H,0 molecules due to
electrostatics. In the case of short-range electric fields, bonding due to
electrostatics is absent. For simplicity, the effect of the attractive
dispersion interaction is neglected in the schematics. In parts a and b,
we indicated whether the investigated surfaces are of type L or S.

between H,O and the fully hydrogenated and fluorinated
surfaces. Moreover, the dispersion interaction is almost
constant, while a pronounced variation in the electrostatic
energy for the different surface terminations can be observed.
The slightly enhanced dispersion contribution for the mixed
surfaces can be traced back to the smaller adsorption bond
lengths as a consequence of the increased electrostatic
interaction. It is important to note that the sums of the
attractive electrostatic and dispersion force contributions are
not equal to the adsorption energies, since the latter
additionally contain the core—core repulsion. Their strong
electrostatic interaction suggests that the surfaces with mixed
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terminations are highly polar. This conclusion is supported by
the Bader charge analysis, which yields negative partial charges
ranging between 0.60 and 0.63 electron charges (—le”l) on the
F surface atoms (Table 1). A slight increase of the partial F
charge with decreasing F coverage can be attributed to the H
surface atoms donating some electron density to F atoms. This
is consistent with the fact that the partial H atom charges
become slightly positive and increase from —0.01 le”| to +0.19 |
e”| with increasing F content. A similar behavior was
reported"* for the successive substitution of H in CH, by
F and for partially fluorinated diamond surfaces. Moreover, the
Bader charges on the adsorbed water molecules are almost
constant and coincide with the corresponding values of an
isolated H,O molecule, indicating that there is no charge
transfer between adsorbed water and the C(111) surfaces.
Although the high polarity of the mixed F/H-terminated
diamond surfaces is necessary for a strong electrostatic
interaction with H,O, it is not sufficient to explain the strong
H,O adsorption.

The almost complete absence of electrostatic interactions in
case of the (OH/100F) surface is puzzling, since also in this case
a Bader charge of —0.59 le”| is located on the F surface atoms,
again suggesting a highly polar surface. To resolve this seeming
contradiction the near-surface electric field (NSEF) is analyzed
for the various surfaces (Figure 3). Indeed, the NSEF exhibits a
qualitatively different behavior for the different cases. Figure 3a
displays the strength of the NSEF on vertical two-dimensional
cross sections through the O atom of the adsorbed H,O
molecule. Water adsorbs in a region of enhanced NSEF on top
of the mixed F/H-terminated surfaces only. This is in strong
contrast to the fully H- and F-terminated surfaces that exhibit a
fast decay of the NSEF. In this case, the field strengths averaged
over the lateral directions decay along the surface normal (z
direction) within 2 A from the surface to values below ~0.05
V/A, whereas the decay for the mixed F/H-terminated surfaces
is considerably slower (Figure 3b), resulting in a stronger
electrostatic interaction with water.

Dipole Lattice Model for the Electric Field. To elucidate
the origin of the different decay behaviors observed for pure
and mixed fluorination, it is beneficial to take a look at simple
lattice dipole models based on point charges. In the past, such
models were used*®*” to explain the interaction between polar
surfaces and the range of electrostatic interactions at the
surfaces of simple ionic crystals. Within these models, the
electric field E is proportional to the surface dipole density, but
most importantly, it decays exponentially along the z-direction.
In leading order, the corresponding decay length is propor-
tional to the lateral next-neighbor distance between the dipoles.
More precisely, the electric field above a lattice of vertical
dipoles formed by an upper plane of negative charges and a
lower plane of positive charges, or vice versa, can be described
by a rapidly converging series. Following the procedure of
Lennard-Jones and Dent"” and assuming that the point charges
are located directly at the lattice points,

E=2 ) &

280 | uto

—sin(Gy ,1)G .

=G, llz=z | _ e—lGIlelz—zlowl

G,,,|

x | —sin(G, ,r) Gy

+cos(G11mr)|Glym| (1)
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is obtained. Here, o is the average surface charge density of the
upper plane and Gy, = [b; + mb, is the linear combination of
the primitive reciprocal lattice vectors b, and b,. The integer
summation indices ! and m range from —oo to +o0 (excluding !
= m = 0, since we are dealing with overall charge neutral
systems). The positions of the upper and lower plane along the
z direction are given by z,, and z,, respectively. The behavior
of the electric field along the z-direction is determined by the
terms with the largest decay length, which is given by 4, =
1/1G .|, where |G| = min,,, G, is the length of the shortest
reciprocal lattice vector. In the case of a hexagonal lattice, the
relevant decay length is given by \/ 3d/4n =~ 0.14d, where d is
the nearest-neighbor distance between two lattice points.
Therefore, on a dense, homogeneous dipole lattice, a fast
exponential electric field decay can be expected, regardless of
the surface polarity (which just enters as a prefactor via o).

If this decay occurs within a distance from the surface that is
smaller than the range of the core—core repulsion between the
surface and the adsorbate atoms, any electrostatic interaction is
suppressed (see the schematics in Figure 3c). We propose and
substantiate below that this picture can be applied to the pure
H- and F-terminated diamond surfaces, where uniform lattices
of vertical dipoles | and 1 are formed by highly polar C—F or
less polar C—H bonds, respectively. For the mixed F/H-
terminated surfaces, inhomogeneities in the form of 1-dipoles
({-dipoles) that point into the opposite direction of the C—F |
-dipoles (C—H ?-dipoles) on the dense homogeneous lattice
are introduced. Within this simple picture, the point-charge
lattices for the mixed surfaces can be represented by a
superposition of the lattice of the fully fluorinated surface and a
different lattice representing the inhomogeneities (Figure 4). In

® ar |b1/2| = |b1+bz|:i3”/d |b1| —1'[2/d
o qy b',| =—mn/d
& [b'5] 7 /
Qa4 A="d/n X =d/n
° ° ° ° °
° ° ° dL ° ° °
° o o ° o () () )
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °
° ° ° - 0 o o + ° °
° ° ° ° ° o .
° o ° o, ° ° 1
° ° ° 1 ° °
Tt e le —0 ©
° o H e a, ° ° a,
F

Figure 4. Scheme showing how the point-charge lattice representing
the (25H/75F) C(111) surface (left) can be represented as the point-
charge lattice of the purely F-terminated (0H/100F) surface (middle)
and the lattice representing the difference between the (25H/75F) and
the (OH/100F) point-charge lattices (right). Negative charges are
shown as blue spheres; positive charges are shown as red spheres. The
shortest reciprocal lattice vectors Gy, = +b;, +b,, £(b; + b,) of the
dense hexagonal (OH/100F) lattice are much longer than the shortest
reciprocal lattice vector G'y;, = +b’; of the orthogonal right lattice,
which describes the spatial distribution of the inhomogeneity
introduced by the hydrogen atoms into the (25H/7SF) lattice.
Therefore, the inhomogeneity lattice at the very right side has a
considerably larger electric field decay length A" = 1/IG’ ;.| compared
to the hexagonal (OH/100F) lattice and hence will govern the electric
field behavior at the mixed (25H/75F) surface. We note that the point
charges of the inhomogeneity lattice are given by gy — gg. Therefore,
in this simple picture the near-surface electric field depends on the
charge difference gy — gg and not on the absolute values of gy and g.
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theorem (dotted). The insets show the unit cells of the surface model systems. For the (100H/OF) and (0H/100F) surfaces the near-surface electric
field decays are mainly determined by the delocalized spill-out of electron density. Top right: E,, E,, and E, components of the electric field in the x—
y plane with a distance of z = 2.2 A from the highest surface atom for the (SOH/SOF) surface. The electric field components as obtained from the
DFT calculations are compared with the electric field components determined by the PtCM. The H and F atoms terminating the (SOH/SOF) surface
are indicated. The plots of the averaged electric field strengths and of the E,, E, and E, components for the (75H/25F) and (25H/75F) cases can be

found in the Supporting Information.

the mixed surface termination cases considered here, the
lattices of the inhomogeneities are less dense than the original
lattice, leading to considerably smaller minimal reciprocal lattice
vectors |G, and hence, according to eq 1, to longer decay
lengths of the electric field. Applying this simple model to the
investigated surfaces, a decay length of ;.4 = d/7 = 0.32d is
obtained for the mixed F/H-terminated surfaces in comparison
to a much shorter decay length Agy g o iy = \/ 3d/4r ~ 0.14d for
the fully hydrogenated and fluorinated surfaces.

This estimate already suggests that for the mixed F/H-
terminated diamond surfaces, the range of the electrostatic
interactions can exceed the core—core repulsion range.
Therefore, polar interactions can become relevant and even
dominating. Thus, the electrostatic interaction between the
surface and the H,O molecule is not determined by the mere
properties of single C—F or C—H bonds, but it is rather of
nonlocal nature due to the superposition of C—F and C—H
dipoles. As explained in Figure 4, the point charges assigned to
the lattices representing the inhomogeneities are given by +(qy
— gp). Therefore, in the lattice model the near-surface electric
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field mainly depends on the charge difference gy — gy and not
on the absolute values of g and gg. This indicates that charge
fluctuations relative to the charge on the F atoms cause the
enhanced polarization of water at mixed F-terminated surfaces
and nzo_t the absolute charge of the surface counterions (such as
Na*).”

Point-Charge Model versus Density Functional
Theory. In order to check the applicability and the limits of
the lattice model based on point charges in describing the near-
surface electrostatic environment as determined by ab initio
DFT calculations, we explicitly assign point charges gy and gg
to the adsorbed H and F surface atoms and point charges gc)
and gcg) to the underlying next-neighbor C atoms. All charges
are extracted from the best fit of this simple point-charge model
(PtCM) to the NSEF from the DFT calculations. This is in the
spirit of the electrostatic potential (ESP) charges often used in
classical force fields.""** The fitting is performed in a height
range between 2 and S A from the surface. Hereby the surface is
defined as the z-coordinate of the highest surface atom. For
simplicity, the constraint q¢(,) = —¢, (x = H, F) is introduced to
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ensure overall charge neutrality. This assumption is verified by
the Bader charge analysis, which gave negligible charges on the
C atoms not directly bonded to F. The fitting procedure is
applied to the NSEF of the (SOH/SOF) surface and the validity
of the resulting PtCM is checked for the other investigated
surfaces. We find that the electric field from the PtCM is rather
insensitive to the absolute values of gy and gg but is mainly
determined by the difference gqy; — gy, as predicted by the lattice
models for the mixed F/H surface terminations (Figure 4). For
this reason, gg is fixed such that gy remains the only free
parameter to be fitted. We choose g = —0.2 le”| as this value is
within the range of partial charges used in well-established
classical force fields that model fluorocarbons®* or hydro-
fluorocarbons.”” The best fit is obtained for g;; = 0.09 le”l. This
is a typical value for the hydrogen charge in classical force fields
for hydrocarbons.”**’ Furthermore, the difference qy — gy =
0.29 le7l is in good agreement with the classical force field
model of Paulechka et al.*’ As shown in Figure 5 for the (50H/
SOF) surface [plots for the (7SH/2SF) and (25H/7SF) cases
are provided in the Supporting Information], in the mixed-
termination cases both the decay of the averaged electric field
strength along z as well as the spatial distribution of the single
components of the electric field from the PtCM agree on a
quantitative level with the corresponding DFT result for the
mixed F/H terminated surfaces. In case of the pure (0H/100F)
and (100H/OF) surfaces, the PtCM predicts an even faster
NSEF decay than the DFT calculations.

This discrepancy can be traced back to the short-range spill-
out of the DFT surface electron density in the vacuum. Due to
this spill-out, close to the surface the overall system appears as
effectively positively charged. According to Gauss’s theorem,
this leads to the generation of an additional electric field that is
not included in the classical PtCM. In order to approximate the
influence of the finite surface density, we first determine the
electron density spill-out above a certain height z,

Q(z,) = ffA dA f dz p(x)y,2),

where p is the DFT electron density, A is the area of the surface
unit cell, and z; denotes the top of the simulation box. Gauss’s
theorem is employed to estimate the averaged electric field
upshift Eg,..(2) = —Q(z)/€,A due to the delocalized DFT
surface electron density. Since the electric field decay as
determined by DFT is practically identical to the Gauss’s law
estimate (see Figure 5), it can be concluded that the NSEF of
fully H- and F-terminated surfaces is governed by the
delocalized electron density spill-out, in contrast to the mixed
F/H-terminated surfaces. In the latter case, Eq,,,.(z) can be
safely neglected for z > 2 A, since in this region it is by far
smaller than the slowly decaying field from the point charges
(Figure S). However, for all the considered surfaces, the NSEF
behavior obtained by DFT is very similar to the PtCM
prediction for z > 2 A. In the Supporting Information, we
provide a more detailed analysis of the electric field due to the
electron spill-out at the (0H/100F) surface for the interested
reader.

Molecular Dynamics Simulations of Water Droplets
on F/H-Terminated C(111) Surfaces. The good agreement
between the PtCM and DFT simulations on the electric field
behavior suggests the parametrization of a classical force field,
where the electrostatics is described by point charges, in order
to study the relevance of the single-molecule adsorption
energies on the wetting behavior of the surfaces. Previous
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studies****" showed that the adsorption energy of a single

water molecule is highly correlated with the water contact angle
on a specific surface. The TIP3P and an OPLS-based force field
are used to describe water and F/H-terminated surfaces,
respectively. In order to extend the DFT single-molecule
results, we modify the original OPLS atomic charges and
Lennard-Jones parameters of the H and F terminations so that
the OPLS value of the adsorption energy for the single water
molecule on the (SOH/SOF) surface matches the DFT value.
These parameters are then used to calculate the adsorption
energy for the other F/H-terminations (100H/0F), (75H/
25F), (75H/2SF), (OH/100F). The OPLS adsorption and
Coulomb energies are reported in Table 2. Next, we calculate

Table 2. DFT and OPLS Adsorption Energies [E,4(DFT)
and E_4(OPLS), in eV] and the Electrostatic Contributions
[E.(OPLS), in eV] to E 4(OPLS) for the Adsorption of a
Single H,O Molecule at the Differently Terminated C(111)
Surfaces

termination E,4(DFT) E,4(OPLS) E,(OPLS)
(100H/0F) 0.09 0.08 0.01
(75H/25F) 023 0.24 0.21
(50H/SOF) 023 023 0.19
(25H/75F) 023 0.20 0.14
(0H/100F) 0.07 0.06 0.00

the contact angles for a 2000-molecule water droplet on a
112.22 X 114.63 x 12.21 A*> C(111) slab (the details about the
simulations and the choice of parameters are provided in the
Methods section).

Figure 6 shows the contact angles as well as the adsorption
energies for the different F/H-terminations. We note that

0.35 T T T 120
BB Adsorption energy OPLS
0.30! O O Adsorption energy DFT
’ @ @ Contact angle OPLS 1100
0'257 .
% B - o % 80
—0.20} . ’ —
) ¢ " 160 —
o N S @
Lo.asf %
] .
e {40
o0.10} o - s
] E
0.05} 120
0.00 ‘ ‘ . 0
(100H/OF)  (75H/25F)  (50H/50F)  (25H/75F)

(OH/100F)

Figure 6. Adsorption energies of a single H,O molecule determined
by OPLS (filled squares) and DFT (open squares) and the contact
angle (red circles) determined by OPLS MD simulations for the
C(111) surfaces with different F/H terminations. The insets show
snapshots taken from MD trajectories of water droplets on the (SOH/
SOF) and (OH/100F) surfaces.

although the values of the contact angle are qualitative, the
model clearly shows that the same trend followed by the
adsorption energies as a function of the F/H coverage is also
followed by the contact angle and, hence, emphasizes the
importance of electrostatically dominated single-molecule
adsorption energies for the macroscopic wetting behavior of
the considered surfaces.
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Generalization and Limits: Molecular Carbon Com-
pounds and the Lithiated C(111) Surface. An interesting
question for future studies is whether the fast decay of the
electric field on fluorinated carbon surfaces and the enhanced
electrostatic interaction for mixed F/H functionalizations can
only be observed for extended planar dipole lattices as
represented by the investigated fluorinated and hydrogenated
C(111) surface or also holds for topologically distinct carbon
structures, such as molecular carbon compounds. In order to
explore this possibility, the adsorption energies of a H,O
molecule at the CH; and CF; terminations of n-dodecanethiol
(C;,HysSH) and  n-perfluorododecanethiol (C;,F,sSH) are
studied, respectively. These groups were used by Dalvi and
Rossky”” for their study of water adsorption on self-assembled
monolayers. Additionally, one of the fluorine atoms of the CF;
termination of the perfluorocarbon is replaced by a hydrogen
atom (obtaining the stoichiometry C,,F,,HSH) introducing a
perturbation into the regular dipole arrangement of the C—F
bonds (in analogy to the approach used for the diamond
surface). Likewise, one of the hydrogen atoms at the n-
dodecanethiol CH; head is substituted by F (obtaining
C,,H,,FSH).

The adsorption energies show the same trend as for the
functionalized diamond surface. In the case of the fully
fluorinated and hydrogenated molecules, relatively small
adsorption energies of 0.05 and 0.06 eV are found, whereas
the mixed cases show again strongly enhanced adsorption
energies of 0.18 eV (C,F,,HSH) and 0.21 eV (C,,H,,FSH),
respectively. Again, the electrostatic and dispersion contribu-
tions to E 4 reveal that electrostatic contributions are reduced
for the fully fluorinated and hydrogenated thiols, while they
dominate water adsorption on C,,F,,HSH and C,,H,,FSH
(see Table 3).

Table 3. Adsorption Energies (E,;) and Dispersive as well as
Electrostatic Contributions (Eg, and Ej) to the
Adsorption Energy for the Adsorption of a Single H,O
Molecule at the Head Group of n-Dodecanethiol C,H,SH
and the Therefrom Derived Partially Fluorinated or
Perfluorinated Molecules C,,H,,FSH, C,,F,,HSH, and
C,F,sSH

CIZHZSSH C12H24FSH CIZF24HSH CIZFZSSH
A L A | A
" H H F
:
H——n e F F F F
v o e B (s A i
I I e i e =
SH SH SH SH
Eua 0.06 eV 021eV 0.18 eV 0.05 eV
Egsp | 0.0S eV 0.05eV 0.07 eV 0.05eV
Ease | 0.05eV 0.26 eV 0.25eV 0.03eV

Finally, we address the question whether electrostatic
interactions are generally suppressed at surfaces that are
homogeneously and densely terminated by polar functionalities.
To do this, we consider the Li-terminated C(111) surface,
where lithium has a positive partial atomic charge due to its
very low electronegativity. This system is most likely prone to
hydrolysis, but it can serve as a model system to illustrate the

4025

limits of simple classical force fields based on point charges in
describing water at polar surfaces. In contrast to H and F, Li
adsorbs at a hollow-type position on top of the second highest
C atoms, as shown in Figure 7a. The DFT adsorption energy
E,4 of H,O on the fully Li-terminated surface is 0.52 eV,
considerably larger than E 4 on the F/H-terminated surfaces. In
contrast to the fully fluorinated and hydrogenated surfaces, the
electrostatic contribution of 2.09 eV to E 4 dominates over the
dispersion force contribution of 0.32 eV. This is consistent with
the NSEF that decays much more slowly than for the F/H
surface terminations (see Figure 7b) such that water adsorbs in
a region of high electric field, as shown in Figure 7a.

In order to understand the origin of the long-range NSEF,
the PtCM contribution to the electric field (see the Supporting
Information for details) is compared to the contribution from
electron spill-out (estimated by Gauss’s theorem and the DFT
electron density). Figure 7b shows that the PtCM electric field
decays significantly faster than the DFT electric field, while the
NSEF determined from Gauss’s theorem reproduces the DFT
result very well. As a result, the slow NSEF decay can be
attributed to the spill-out of surface electron-density. In
comparison with the fully fluorinated and hydrogenated
surfaces, the electron density of the fully lithiated surface
extends much further into the vacuum (Figure 7c). Therefore,
the Gauss field due to the electron density spill-out decays
much more slowly than in the F/H-terminated cases. This
results in a strong electric field for distances >2 A from the
surface (Figure 7b). Consequently, the adsorbed water
experiences a sizable NSEF (Figure 7a). In summary, Li- and
F-terminated C(111) surfaces exhibit very different electron
spill-outs due to different adsorption configurations (see the
Supporting Information). Despite F’s strong electronegativity,
the charge remains strongly localized on the C—F bonds, while
it is delocalized on Li-terminated C(111) surfaces. In the latter
case, point-charge models are not suitable to properly describe
the electrostatic environment near the surface.

B CONCLUSIONS AND OUTLOOK

The interaction between a diamond surface and a water
molecule leads to strong hydrogen bonding for mixed F/H
terminations, whereas for fully hydrogenated or fluorinated
surfaces, the surface water interaction is considerably reduced.
The reason for the qualitatively different behaviors is related to
the near-surface electric field that decays extremely fast for the
fully hydrogenated surface and even for the highly polar fully
fluorinated surface. Surprisingly, the field decay is much slower
for the mixed F/H terminations.

A simple point-charge model is able to reproduce the
electrostatic trends obtained by the DFT calculations. Within
this model the varying decay lengths for the different surface
terminations result from the superposition of surface dipoles
residing on 2D lattices with different densities. A dense and
homogeneous dipole lattice (representative for fully hydro-
genated or fluorinated surfaces) results in a very fast decay of
the near-surface electric field and a strongly reduced electro-
static interaction with water, irrespective of the surface polarity.
Thus, the fully fluorinated C(111) surface represents an
example where the origin of polar hydrophobicity can be
understood. On the other hand, the mixed F/H-terminated
surfaces are represented by a superposition of the dense and
homogeneous dipole lattice of a fully F- or H-terminated
system and a dilute lattice with opposite dipoles for the
introduced inhomogeneities. Due to the slow electric field

DOI: 10.1021/jacs.5b04073
J. Am. Chem. Soc. 2016, 138, 4018—4028


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04073/suppl_file/ja5b04073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04073/suppl_file/ja5b04073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04073/suppl_file/ja5b04073_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b04073

Journal of the American Chemical Society

‘ 0.05 ‘
b) 100% H DFT c) — 100% Li
— 100% F DFT -- 100%F
0.6 — 100% Li DFT ooal NV e 100% H |]
-- 100% Li PtCM -
e e A R S N 100% Li Gauss <
g B
> = 0.03f
o 0.4} y
(] ‘@
o S
1}
5 2 0.02f
ks £
w (9]
0.2 =
0.01f
Electric field ~< L I T =
- | — 0.0 P S e 0.00 ‘ ‘ ‘
0 0.250.50.75 >1 0 1 5 0 1 2 3 4 5
[V/A] z [A] z[A]

Figure 7. (a) Structure of the fully Li-terminated C(111) surface with an adsorbed water molecule. The near-surface electric field strength is shown
in a plane through the O atom of the H,O molecule. (b) Averaged electric field strength along the surface normal z of the purely Li-terminated (solid
black), F-terminated (solid gray), and H-terminated (solid light gray) surfaces. For comparison, the electric field strength from the PtCM for the
fully lithiated surface with a point charge of 1.0 le”| (see the Supporting Information) on the Li ions (dashed) and the electric field strength due to
the finite surface electron density according to Gauss’s theorem (dotted) are shown. (c) Averaged surface electron density along the surface normal
for the fully Li-terminated (solid), F-terminated (dashed), and H-terminated (dotted) diamond surfaces. For parts b and c, the z-coordinate of the

highest atom of each surface has been used to define z = 0.

decay of the dilute lattice, the range of the surface electric field
exceeds the range of the core—core repulsion between surface
atoms and the adsorbed water molecule. Therefore, electro-
static interactions become strong enough to induce pronounced
hydrogen bonding between mixed F/H-terminated surfaces and
water molecules.

The good agreement between DFT calculations and a simple
point-charge model on the behavior of the near-surface electric
field enables the use of classical force fields to extend the single-
molecule results to MD simulations where water droplets on
surfaces are considered. MD simulations performed with a
reparametrized OPLS potential and 2000-molecule water
droplets show that the increased interaction between the
mixed F/H-terminated surfaces and water on a molecular level
is also effective in this more macroscopic scenario and leads to
considerably decreased contact angles with respect to the
completely hydrogenated and fluorinated cases. The latter
surface is the most hydrophobic one, as already expected from
the single-molecule results.

Additional DFT calculations of H,O adsorption on partially
fluorinated and perfluorinated n-dodecanethiols show that
suppression and enhancement of electrostatic interactions at
perfluorinated and partially fluorinated carbon structures are
not restricted to planar, infinite, solid surfaces but can already
be of relevance for smaller, finite accumulations of dipoles, such
as in molecular compounds. This finding can, for example,
explain the absence of any effect due to the golarity of C-H
and C—F bonds in the works of Mezger et al.” and Dalvi and
Rossky”” on the interaction of water with fully fluorinated and
hydrogenated SAMs. Future investigations that apply a
combination of ab initio methods and dipole and point-charge
models to molecular perfluorinated or partially fluorinated
hydrocarbons will be fruitful to gain a deeper understanding of
polar hydrophobicity.

Our results show that the decay behavior of the near-surface
electric field is a crucial quantity to understand and describe the
electrostatic interaction between polar substrates and polar
molecules. In certain cases, such as the fluorinated and
hydrogenated diamond surfaces, classical force fields that
incorporate electrostatic interactions via point charges can be
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successfully applied to qualitatively and, with some limitations,
also quantitatively predict the behavior of polar surfaces.
However, point-charge models can fail when surface charge
density spills out toward the water adsorption site, as we have
shown for the Li-terminated C(111) surface. Hence, in general,
care must be taken when modeling polar surfaces using classical
point-charge models and the near-surface electric field should
be compared with ab initio electronic structure calculations for
suited test systems beforehand.

In order to verify the theoretical predictions, direct
experimental measurements of near-surface electric fields or
potentials would be desirable. Possible experimental techniques
that might be appropriate to tackle this task in the future are
electron holographic tomography”>*® or the recently devel-
oped” scanning quantum dot microscopy. On the theoretical
side, first preliminary results indicate that the influence of near-
surface electric fields on the contact angles can be reliably
predicted by combining the Young—Lippmann equation” with
ab initio calculations of the near-surface electric fields and with
adequate polarizable continuum models™ for water. With this
method, a fast prediction of the role of electrostatic interactions
on polar surfaces might become possible. An interesting
application could be, for example, the investigation of OH-
terminated surfaces.*””’
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