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Structure and dynamics of water at
water—graphene and water—hexagonal
boron-nitride sheet interfaces revealed by

ab initio sum-frequency generation spectroscopyy

Tatsuhiko Ohto,*® Hirokazu Tada® and Yuki Nagata € *°

We simulate sum-frequency generation (SFG) spectra of isotopically diluted water at the water—graphene

and water—hexagonal boron-nitride (hBN) sheet interfaces, using ab initio molecular dynamics simulations.

A sharp ‘dangling’ O—D peak around ~2640 cm™ appearing in both simulated SFG spectra evidences that
both graphene and hBN are hydrophobic. The dangling O-D peak is 10 cm™* red-shifted at the water—hBN
interface relative to the peak at the water—graphene interface. This frequency difference gives a stronger
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O-D---N intermolecular interaction between water and hBN than the O-D---C interaction between water
and graphene. Accordingly, the anisotropy decay of such a dangling O—-D group slows down near hBN
compared with near graphene, illustrating that the dynamics of the dangling O—-D group are also affected by

the stronger O-D- - -N interaction than the O-D.--C interaction. We discuss molecular-level insights into the

rsc.li/pccp

|. Introduction

Graphene is a two-dimensional (2D) material with a single-atom
thickness. Since graphene is chemically stable, highly conductive,
and optically transparent, it has been used as a coating material
to endow the coated surfaces with hydrophobic and conductive
properties.' The wetting properties of graphene are typically
characterized by contact angle measurements. However, reported
values for the contact angle of a water droplet on graphene vary
dramatically from 20° to 127°,*> and have not been uniquely
determined.® The large range of reported contact angles has been
attributed to chemical doping”® of the graphene and the effects
of the substrate® supporting the graphene samples.

Effects due to such chemical doping and the substrate
supporting graphene are expected to affect not only the macro-
scopic wetting properties but also the microscopic interaction
between the water molecules and graphene. Interfacial water
molecules neighboring the graphene interface have been
probed by sum-frequency generation (SFG) spectroscopy.’
An SFG signal is generated from the interaction of infrared
and visible pulses with the interface, providing a second-order
nonlinear optical response. Since the second-order nonlinear
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structure and dynamics of interfacial water in the context of the friction of hBN and graphene.

susceptibility is zero for centrosymmetric media owing to the
selection rule of the even-order response, SFG can selectively
probe the molecular response of the interfacial molecules.'*"*
The SFG response of the water molecules’ O-H (O-D) stretch
mode at the water-air'®'? and water-oil'? interfaces commonly
shows a sharp ~3700 (2750) cm ™" peak. Since this peak arises
from the dangling, non-hydrogen-bonded, O-H group sticking
out of the water-air interface, it constitutes a microscopic
measure for the hydrophobicity of the materials."* In fact,
a recent SFG study at the water-graphene interface® reported
the absence of dangling O-H groups, suggesting that the
graphene surface is not so hydrophobic.

Interpreting SFG spectra of water near 2D materials is
however very challenging, as water can exist both above and
below the surface of 2D materials and SFG cannot distinguish
between the responses of such different water molecules,
which, in addition, may partially cancel out. Furthermore, the
effects of the substrate supporting graphene and the response
from the water interacting with the substrate may both
substantially affect the SFG signal. Therefore, simulating the
SFG spectra at 2D material/water interfaces and comparing the
simulated SFG data with experimental data would provide a good
starting point to examine the net contribution of 2D materials
to the conformation of the interfacial water neighboring 2D
materials.

In this study, we simulate the SFG spectra of water at
the water-graphene and water-hexagonal boron-nitride (hBN)
interfaces, with free-standing graphene and hBN films. We find
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that the SFG spectra at the water-graphene and water-hBN
interfaces closely resemble SFG spectrum at the water-air
interface, indicating that the graphene interface is hydrophobic.
We attribute the different conclusions of our simulation and
experimental SFG study’ to the presence of water in-between
the graphene and the substrate supporting graphene in the
experiments. Furthermore, we discuss the different peak position
and anisotropy decay of the dangling O-H stretch mode at the
water-graphene and water-hBN interfaces.

The organization of this paper is as follows. Section II
describes the simulation protocols. In Section III, we describe
the SFG spectra of the O-D stretch modes of water at the
water-graphene and water-hBN sheet interfaces, and discuss
the structure and dynamics of water near the graphene and the
hBN. The conclusion is given in Section IV.

lI. Simulation protocols
II.LA. AIMD simulation

For AIMD simulations, we employed the QUICKSTEP method"’
implemented in the CP2K program.'® The Becke-Lee-Yang-
Parr (BLYP)"'® exchange-correlation functional was used.
We employed triple-zeta valence plus two polarization (TZV2P)
basis sets for water and double-zeta valence plus polarization
(DZVP) basis sets for graphene and hBN, respectively. The core
electrons were described by the Goedecker-Teter-Hutter pseudo-
potential.”” The real-space density cutoff was set to 320 Ry.
The van der Waals correction was included via Grimme’s D3
method.?® The simulation cell lengths in the x-, y-, and
z-directions were 25.56 A, 24.595 A, and 70 A for the graphene-
D,0 interface and 26.082 A, 25.097 A, and 70 A for the hBN-D,O
interfaces, respectively, where the z-direction was perpendicular
to the interface and the xy-plane was parallel to the interface.
The origin of the z-axis was set to the averaged position of
graphene or hBN. Both cells contain 400 D,O molecules below
graphene (in the negative z-direction). To study the effect of a
small number of water molecules above graphene (in the positive
z-direction), we added 27 D,O molecules on the other side of the
graphene-bulk water interface, while using the same cell size.
Periodic boundary conditions were used.

We carried out MD simulations in the NVT ensemble. We set
a target temperature of 320 K using the technique of canonical
sampling through velocity rescaling.*” The time step for
integrating the equation of motion was set to 0.5 fs.
We performed 40 ps AIMD runs to sample the AIMD trajectories
after the 5 ps equilibration runs, and a total of 40 ps x 2 = 80 ps
AIMD trajectories were used for analyzing the data and computing
the SFG spectra. 80 ps is a sufficient length of trajectory to obtain
the converged SFG spectra.”!

ILB. Simulation protocols for SFG spectra

The SFG spectra of the O-D stretch mode for HOD in H,O were
calculated via the surface-specific velocity-velocity autocorrelation
function (ssVVAF) formalism.>" The autocorrelation function
of the dipole moment and the polarizability of the O-H stretch
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chromophores in the ssVVAF approach neglect all the intra-/
intermolecular couplings, enabling us to access the spectra of
the isolated O-D stretch mode. Since this ssVVAF technique can
suppress the fluctuations due to the variation of the local environ-
ment through the induced dipole moment and the polarizability,
the time correlation function converges even with a limited length
of trajectory.” >

In the ssVVAF algorithm, the resonant part of the SFG

response function, ;{E(?;;R[w), can be written as:

12 () = LD ey

0

1

X?ZVAF(Q)) _ de[eiwt<zgds(zi(o))f?P(O)ij([) . FIOD([)>

zi(t) is the z-coordinate of the ith oxygen atom at time ¢, and
Zas(z;) is the function for the dividing surface to selectively
extract the vibrational responses of D,O molecules near the
interface (see the details of gy4(z;) in the ESIT). u'(w) and o' (w)
denote the frequency-dependent transition dipole moment and
polarizability, respectively, which are given in ref. 24 and 25.
Q(w) is the quantum correction factor given by:>®

Q(w) = ph(1—exp(—phw)) ®3)

where f = 1/kT is the inverse temperature. The details of the
calculation are given in the ESL{

I1l. Results

IIILA. SFG response of water at the water-graphene interface is
similar to that at the water-air interface

Fig. 1 displays the O-D stretch SFG response at the isotopically
diluted water (HOD in H,0)-graphene interface together with
the spectrum at the isotopically diluted water-air interface. The
SFG response at the water-graphene interface is very similar
to that at the water-air interface. Although a whole O-H
stretch SFG spectrum of isotopically diluted water with non-
contaminated reference signal>’ >’ has not been reported to
our best knowledge and thus we cannot compare our simulated
spectrum with experimental data, the AIMD simulated SFG
spectrum is in good agreement with the accurate force field
MD data of isotopically diluted water,>® and captures the most
of the important signature of experimental SFG data of neat
H,0.”72%1 The dangling O-D stretch peak of the water-air SFG
spectrum is red-shifted by 38 cm ™' for the water-graphene
system. This 38 cm ™' red-shift of the dangling O-D stretch
frequency (corresponding to a ~50 cm ™' shift of the dangling
O-H stretch frequency) at the water-graphene interface is
larger than the shift of 7-22 ecm ™" of the O-D stretch frequency
(a 10-30 cm™* shift of the O-H stretch frequency>®?") typically
observed at water-alkane interfaces. Since this 7-22 cm™*
shift stems from van der Waals interactions at the water and
hydrophobic medium interface, the red-shift of 38 cm™" at the
water-graphene interface indicates that the water-graphene

This journal is © the Owner Societies 2018
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Fig. 1

highlight dangling O-D groups.

interface is governed not only by van der Waals interactions but
also by the interaction of the deuterium atom of water with the
n-electrons of graphene.

The presence of the dangling O-D peak in the simulated
spectrum of the water-graphene interface is consistent with the
hydrophobic graphene interfaces concluded by previous force
field and AIMD simulations,**® whereas it differs significantly
from the reported experimental data. Singla et al. have reported
the absence of the dangling O-D stretch SFG feature, based on
which they concluded that the orientation of water next to the
graphene is parallel to the graphene surface.’ In contrast to this
picture, the MD snapshot of the water next to the graphene
(Fig. 1b) shows a non-planar orientation of the dangling O-D
groups. The possible reason for the absence of the dangling
O-D peak in the experimental spectrum is discussed in the next
section.

We then turn our focus to the negative SFG feature in
the 2100-2550 cm ™' region. This response corresponds to the
hydrogen-bonded O-D stretch. The data show that the O-D
stretch frequency at the D,O-graphene interface is red-shifted
by ~70 cm ™' compared with the data at the D,O-air interface.
This red-shift indicates that the hydrogen-bond of the inter-
facial water is stronger at the water-graphene interface than at
the water-air interface. This is consistent with the experimental
results reported in ref. 9.

IIL.B. Presence of water on two sides of graphene reduces the
dangling O-D feature

As mentioned in the Introduction, water can penetrate into the
free space between the graphene and the substrate material
supporting the graphene. This free space could be generated by
the mismatch of the lattice constants of the substrate and the
graphene sheet, making the graphene structure corrugated.>”*!
Experimentally, it is highly challenging to avoid or remove such
penetrated water molecules and thus obtain the net contribution
of the bulk water interacting with one side of the graphene.*>*?
Furthermore, such defects have been known to be mobile,**

This journal is © the Owner Societies 2018

(a) SFG response at the isotopically diluted water—graphene and water—air interfaces. (b) Snapshot of the water—graphene interface. Blue arrows

helping water to make a thin layer over the space between the
graphene and the substrate. Thus, it would be useful to explore
the effects of penetrated water attached on the other side of the
graphene on the SFG spectra of water theoretically.

The blue and orange lines in Fig. 2(a) show the simulated
contributions of the water molecules below and above the
graphene to the SFG spectra, respectively. The contribution of
water below the graphene (bulk water) perfectly reproduces the
SFG spectrum of the water-graphene interface. Similarly,
the water molecules above the graphene (penetrated water)
contribute to the SFG spectra, but with opposite signs. One
can see that this penetrated water provides a relatively large
SFG amplitude in the dangling O-D stretch (2550-2700 cm™ )
frequency region compared to the hydrogen bonded O-D
stretch frequency (2100-2550 cm ™) region. As such, the overall
SFG response originating from both the bulk and penetrated
water shows a substantial reduction of the dangling O-D peak.
Fig. 2(b) shows that the spectral area of the positive peak for the
dangling O-D stretch reduces by 31%, while that for the negative
peak for the hydrogen bonded O-D stretch reduces by 15%.

From this observation, we can learn two lessons. Firstly, the
SFG response contributed by the bulk water below graphene is
insensitive to the presence - or absence - of water above the
graphene; this implies that the presence of the penetrated
water may not affect the microscopic structure of the interfacial
water molecules. In other words, the structure of interfacial
water near graphene is governed solely by the water-graphene
interactions. The substrate supporting the graphene sheet
would have a very limited effect on the SFG response of the
O-D (O-H) stretch mode. Secondly, the presence of the water
between the graphene and the substrate could be a major
reason for the dangling O-H (O-D) SFG feature not appearing
in the experimental spectra.” Our simulation results indicate
that special attention has to be paid to the penetration of water
through 2D materials such as graphene, before attributing
the presence or absence of dangling O-H (O-D) groups to the
hydrophobicity/hydrophilicity of the materials.

Phys. Chem. Chem. Phys., 2018, 20, 12979-12985 | 12981
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Fig. 2 (a) SFG spectra of the isotopically diluted water molecules below (blue) and above (yellow) the graphene, representing the bulk water and

penetrated water, respectively. (b) SFG spectra of the isotopically diluted water—graphene interface with water penetrated between the graphene and the

substrate as well as without penetrated water.

III.C. hBN shifts and suppresses the dangling O-D SFG
feature

We now consider the O-D stretch SFG response at the isotopically
diluted water-hBN interface. Fig. 3 shows this response, together
with that of the water-graphene interface. The hydrogen-bonded
O-D stretch mode features (2100-2550 cm ™ ') are almost identical
for the hBN and graphene interfaces. In contrast, the dangling
O-D stretch peak is different between these interfaces; the
dangling O-D peak at the hBN interface is broader than that at
the graphene interface, and the dangling O-D peak is red-shifted
at the hBN interface. Since the dangling O-D peak is governed by
the interaction between the graphene/hBN and the deuterium
atom of water, the broader O-D peak for the hBN interface
indicates that the water-hBN interaction is more heterogeneous
than the water-graphene interaction.

To elucidate the origin of the heterogeneity of the water—
hBN interactions, we decompose the dangling O-D stretch SFG
spectrum into the contributions of the dangling O-D groups
near B and N atoms. We used the dangling O-D definition
given in ref. 45 (see also ESIt). Surprisingly, the spectral area of

the dangling O-D peak near the N atom is ~ 3 times larger than
that near the B atom. This can be rationalized by the negative
partial charge of the N atom, which serves to attract the D atom
of D,0, enriching the dangling O-D group density near the N
atoms. In contrast, the positive partial charge on the B atom is
repulsive towards the D atom of D,O, suppressing the dangling
O-D groups near the B atom.

A more favorable O-D---N interaction compared to the
O-D---B interaction is also apparent from the dangling O-D
stretch frequency. The O-D stretch mode near a N atom has a
peak frequency of 2630 cm ™', while that near a B atom has
a peak frequency of 2642 cm™*. The O-D stretch frequency is
red-shifted due to the attractive intermolecular interactions.
As such, the red-shift of the O-D group near an N atom
illustrates that the O-D---N interaction is stronger than the
O-D---B interaction. This O-D---N stretch peak is further
red-shifted compared with the O-D---C stretch peak. This
makes the whole dangling O-D peak near the hBN red-shifted
from that near the graphene. The typical conformation of water
near the hBN is presented in Fig. 3(b).

|— 2645 cm
. ‘ ———2634cm?
(a) 1+ Water-hBN sheet - (b)
——  Free O-D near B r 2630 cm?
05 —— Free O-D near N L2642 cmL Q‘ ‘Q
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8 o0 v@_ _@‘v
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05 | ] ! :
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Fig. 3
(b) Schematic of water orientation near the hBN.
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(a) SFG spectrum at the isotopically diluted water—hBN interface as well as the contributions of the dangling O—-D groups near B and N atoms.
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Fig. 4 Simulated anisotropy decays of the dangling O-D bonds near
graphene and hBN. Schematics of the water near hBN and graphene are
also presented.

II.D. Water orientation dynamics are slower near the hBN
than near the graphene

Above, the static SFG spectra show that the dangling O-D
stretch peak at the water-graphene interface is red-shifted at
the water-hBN interface, because of the stronger O-D---N
interactions compared to the O-D---C interactions. Here, we
examine how the variation in interaction strength of the
dangling O-D groups with graphene or hBN affects the
dynamics of the interfacial water, by calculating the anisotropy
decay of the O-D groups. The anisotropy decay due to the
rotational motion is typically represented by the function:

:§<P2<VOD(I)‘VOD(O))0(0)> (4)
[rop (1) lron (0)]

where rop(t) is the O-D vector of the D,O molecule at time ¢,
and P, is the second Legendre polynomial. 0(0) is a step
function with value 1 when the O-D group satisfies the dangling
O-D definition.*” Note that this anisotropy decay can be accessed
experimentally by performing a polarization-dependent pump-
probe SFG measurement exciting and probing the dangling O-D
stretch mode. This type of measurement has been performed.*®*®

The resulting anisotropy decays of the dangling O-D group
near the graphene and the hBN are displayed in Fig. 4. These
reveal that the orientational motion of the dangling O-D
groups at the hBN interface slows down by ~30% compared
with that at the graphene interface. This slowing-down of
the anisotropy decay of the dangling O-D groups stems from
the stronger O-D---N interaction compared to the O-D---C
interaction, characterized by only an ~11 cm™ " shift of the
dangling O-D peak. This finding indicates the possibility of
tuning the mobility of water in contact with the 2D materials
by controlling the doping of graphene. Furthermore, such a
change in the anisotropy decay of the dangling O-D stretch
between graphene and hBN should experimentally be accessible.
Such measurement are highly desirable to obtain microscopic
insight into interfacial water near 2D materials.

This accelerated orientational motion of the dangling O-D
groups at the graphene interface can reduce the friction of the
water on the graphene. In fact, Michealides and co-workers
have previously reported that the microscopic friction of water
on graphene is smaller than that on hBN.*> Our observation of

Cy(1)
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the difference between the water dynamics at the two different
interfaces is consistent with their conclusion. Such a relation of
the dangling O-D groups’ rotation and friction further supports
the notion that the reduced friction of graphene compared to
hBN can be related to the distinct dynamics of the dangling
O-D groups at these interfaces.

IV. Concluding remarks

We have presented the SFG response of isotopically diluted
water at the graphene and hBN interfaces with AIMD simulation.
The presence of a sharp peak at ~2640 cm™ ' near graphene and
hBN indicates that both graphene and hBN are hydrophobic. The
~2640 cm ™" O-D stretch SFG sharp peak at the graphene and
hBN interfaces is red-shifted compared with the dangling O-D
peak at 2683 cm ™' at the water-air interface. Our analyses indicate
that the frequencies of the dangling O-D stretch peak increase
in the order of O-D---N, O-D---C, O-D---B, indicating that the
O-D---N interaction is stronger than the O-D---B interaction.
This suggests that the dangling O-D groups appear in a very
heterogeneous manner near hBN, whereas they appear homoge-
neous at the graphene interface.

Exploring the dynamics of dangling O-D groups near these
interfaces, we find that the reorientational motion of the
dangling O-D groups slows down near the hBN compared to
graphene. This is consistent with the previous report on the
microscopic friction of water on these interfaces. The slowing
down of the dangling O-D groups at the hBN interface is
attributed to the high activation barrier due to the stronger
O-D---N interactions compared to the O-D- - -C interactions.
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