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Distinct chemistries explain decoupling of slip and wettability in atomically
smooth aqueous interfaces

Anthony R. Poggioli1, 2 and David T. Limmer1, 2, 3, 4, a)
1)Department of Chemistry, University of California, Berkeley
2)Kavli Energy NanoScience Institute, Berkeley, California
3)Materials Science Division, Lawrence Berkeley National Laboratory
4)Chemical Science Division, Lawrence Berkeley National Laboratory

(Dated: 31 August 2021)

Despite essentially identical crystallography and equilibrium structuring of water, nanoscopic channels com-
posed of hexagonal boron nitride and graphite exhibit an order-of-magnitude difference in fluid slip. We
investigate this difference using molecular dynamics simulations, demonstrating that its origin is in the dis-
tinct chemistries of the two materials. In particular, the presence of polar bonds in hexagonal boron nitride,
absent in graphite, leads to Coulombic interactions between the polar water molecules and the wall. We
demonstrate that this interaction is manifested in a large typical lateral force experienced by a layer of ori-
ented hydrogen atoms in the vicinity of the wall, leading to the enhanced friction in hexagonal boron nitride.
The fluid adhesion to the wall is dominated by dispersive forces in both materials, leading to similar wetta-
bilities. Our results rationalize recent observations that the difference in frictional characteristics of graphite
and hexagonal boron nitride cannot be explained on the basis of the minor differences in their wettabilities.

Nanofluidics is the basis for emerging membrane-based
desalination and blue energy generation technologies.1–7

The viability of such technologies is limited by the attain-
able efficiency of flow generation and power conversion.7

The frictional dissipation, characterized by the degree
to which fluid slips past a solid-liquid interface, thus
enters as a fundamental parameter in need of molecu-
lar characterization.8 Two paradigmatic materials in this
context are hexagonal boron nitride (HBN) and layered
graphite (GR), which, while crystallographically identi-
cal, exhibit nearly an order-of-magnitude difference in
slip, independent of macroscopic geometry.9–15 In order
to rationalize this difference, we have employed molecu-
lar dynamics simulations of channels composed of HBN
and GR, finding that the origin of the difference is in
the distinct chemistries of the two materials. The polar
bonds of HBN, absent in GR, lead to a nearly order-of-
magnitude increase in the variance of the lateral force
experienced by the water from the wall. This difference
is not manifested in the vertical component of the elec-
trostatic wall force, leading to a dominance of disper-
sion forces in the attractive water-wall interaction, and
hence to similar wettabilities of the two materials. This
asymmetry explains the decoupling of wettability prop-
erties from frictional characteristics in HBN and other
heteroatomic materials containing polar bonds.13,15,16

The no-slip condition, ubiquitous in macroscopic fluid
mechanics,1,17,18 posits that the tangential velocity in the
vicinity of a wall exactly vanishes. However, in nanoflu-
idics, one must allow for the finite slip of fluid past a
solid boundary, reflecting a deviation of nanoscale fluid
transport from classical macroscopic hydrodynamic the-
ory due to the predominance of interfacial effects. This
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finite slip is characterized by the slip length b,19,20 which
relates the average fluid velocity 〈u(z)〉 in the vicinity of a
wall to the velocity gradient normal to the wall ∂z〈u〉|wall

via the partial-slip boundary condition

〈u〉|wall = b ∂z〈u〉|wall, (1)

where 〈u〉|wall is the fluid velocity at the wall. The slip
length is a coefficient of proportionality with the unit
of length and may be interpreted geometrically as the
distance beyond the wall at which the fluid velocity ex-
trapolates to zero.17

Understanding the molecular origins of slip in nano-
metric confinement has captured consistent attention
over the last few decades,10,19,21–24 yet there is no sat-
isfactory theoretical prediction for the slip length from
fundamental microscopic parameters of the fluid and ma-
terial. Much theoretical, numerical, and experimental
work has focused on the role of wettability as quanti-
fied by the contact angle in fluid slip.19,21,22,24–26 How-
ever, recent work has indicated that the differences in
wettability between GR and HBN are relatively mi-
nor and cannot explain the dramatic difference in solid-
liquid frictions.13,15,16,27–29 In addition to this fundamen-
tal theoretical challenge, the presence of large slip lengths
in certain materials, for example graphene and carbon
nanotubes,11,12,14 presents the promise of designing high
efficiency membranes for desalination and blue energy
generation. A greater degree of fluid slip translates to
diminished frictional energy dissipation and hence to
greatly enhanced flow generation or power conversion for
a given input of electrical or osmotic energy.2,7,8

In order to study slip in HBN and GR, we use molec-
ular dynamics simulations. Figure 1A shows snapshots
of our systems. We consider HBN and GR channels of
L ≈ 6 nm in width, defined as the distance between
the center-of-mass location of the interior wall layers.
The channels are bounded by two fixed walls of area
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FIG. 1. Model configuration and equilibrium water density.
A) For both HBN (left) and GR (right), we consider chan-
nels composed of two walls separated by approximately 6 nm
and composed of three layers. The channels are filled with
TIP4P/2005 water. Red, white, orange, blue, and black
spheres represent, respectively, oxygen, hydrogen, boron, ni-
trogen, and carbon atoms. B) Lattices of single HBN and GR
layers. C) The equilibrium density of water confined in HBN
(blue) and GR (black). Blue and black curves will indicate
HBN and GR, respectively, throughout.

A ≈ 3×3 nm2, each composed of three atomic layers. The
channel widths are adjusted such that the bulk density
ρ̄ ≈ 1 g/cm3. Periodic boundary conditions are imposed
in all three directions, with a vacuum layer of roughly
1.5 nm beyond the walls to ensure that the periodic im-
ages of the channel do not interact with one another.
The channels are filled with N = 2000 TIP4P/2005 wa-
ter molecules30 with rigid geometries imposed by the
SHAKE algorithm.31 Lennard-Jones parameters for the
sp2 carbon in GR are taken from the Amber96 force
field,32 and those for boron and nitrogen in the HBN sim-
ulations are taken from Ref. 33. The Lennard-Jones pa-
rameters for carbon, boron, and nitrogen are very similar,
reflecting the similar corrugations in the short-range re-
pulsive wall interactions. Lennard-Jones parameters for
heteroatomic interactions are determined using Lorentz-
Berthelot mixing rules. Additionally, owing to the po-
lar bond present in HBN, the boron and nitrogen atoms
have formal charges of ±1.05e, respectively, which inter-
act Coulombically with the polar water molecules.33

Figure 1B shows a single layer of HBN and GR. Exper-
imentally, the interatomic spacings in the two lattices are
found to be essentially identical (1.42 Å in GR and 1.45 Å
in HBN) and are set to 1.42 Å in the simulations.34–36

The interlayer spacings are set to 3.38 Å, compared to
experimental values of 3.39 Å for GR and 3.33 Å for
HBN.34–36 The HBN and GR layers are arranged accord-
ing to their equilibrium stackings – AA’ stacking for HBN
and AB (Bernal) stacking for GR34–36 – and are held
rigid. All simulations were performed in LAMMPS in
the NVE ensemble after equilibrating for approximately
5 ns with a Langevin thermostat at T = 298 K.37 The to-
tal length of all simulations used is approximately 60 ns.

The identical crystal structures lead to similar equi-
librium water structures. We illustrate this with the
density profiles, shown in Fig. 1C. Both materials in-
duce a strong layering of water in the vicinity of the
solid-liquid interface,38,39 with a contact density that is
slightly higher for HBN than GR. This similarity in out-
of-plane structure suggests similar wettabilities, in con-
trast to the strong difference in frictional properties. The
orientational structure of water is also similar in the two
materials, with both showing a preferential orientation
of water in the vicinity of the interface such that O-H
bonds are orientated parallel to the wall. In HBN, there
is an additional tendency for some of the O-H bonds to
arrange themselves such that the H atoms are oriented
towards the positively charged nitrogen centers, leading
to a slightly enhanced hydrogen density and a net at-
tractive electrostatic interaction near the wall. These
aspects of the equilibrium water structure are also ob-
served in ab initio simulations, indicating that these force
field parameters accurately parameterize the solid-liquid
interaction.13,33

To characterize the flow properties in these channels,
we compute their permeability to water. We examine
two related quantities indicating the ease with which fluid
flow is generated by the application of a pressure gradient
∂xp: the mobility M(z) and hydraulic conductivity L.
The mobility encodes the shape of the average velocity
profile 〈u(z)〉 induced by an applied pressure gradient,
while the hydraulic conductivity indicates the magnitude
of the average velocity 〈U〉 = (1/L)

∫
dz 〈u(z)〉. The

definitions and corresponding Green-Kubo relations for
these two quantities are given by40

M(z) ≡ 〈u(z)〉
−∂xp

= βV

∫ tN

0

dt 〈u(z, t)U(0)〉 , (2)

and

L ≡ 〈U〉
−∂xp

=
1

L

∫ L

0

dzM(z) = βV

∫ tN

0

dt CUU (t). (3)

In these expressions, β ≡ 1/kBT is the inverse of the
temperature times Boltzmann’s constant, V = AL is the

channel volume, and u(z, t) = (L/N)
∑N
i=1 vi,x(t)δ[z −

zi(t)] is the instantaneous molecular velocity profile in z.
The function CUU (t) ≡ 〈U(t)U(0)〉 appearing in Eq. 3
is the average velocity autocorrelation, and the time tN
appearing in Eqs. 2 and 3 are taken long enough that
the integrated correlation functions have plateaued, but
not so long that they have begun to decay to zero. This
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decay at long times is a reflection of the finite lateral
extent of these systems, and evaluating the Green-Kubo
relation at the plateau time is the standard procedure in
such scenarios.16,19,41,42

Care must be taken in determining the fluid volume in
which to apply the above Green-Kubo relations. In par-
ticular, since we will ultimately connect these results to
a hydrodynamic model of the fluid flow, we must prop-
erly partition the fluid volume into three subregions: a
hydrodynamic region where the bulk viscosity applies43

and two contact regions in the vicinity of the walls. This
partitioning amounts to determining the location of the
hydrodynamic interface, the plane at which the bound-
ary condition given in Eq. 1 is applied.19 An analysis
by Chen et al.44 has shown that the hydrodynamic in-
terface coincides closely with the second density peak for
fluids in the vicinity of either hydrophobic or hydrophilic
walls, and we take this as our operational definition of
the hydrodynamic interface. In this case, defining the
distance of the hydrodynamic interface from the wall as
∆hyd ≈ 6Å, the system size appearing in Eqs. 2 and 3 is
properly taken to be Lhyd ≡ L−2∆hyd, corresponding to
a volume of Vhyd = ALhyd containing on average 〈Nhyd〉
particles. It has recently been shown that such a decom-
position is crucial to obtain the correct value of the bulk
viscosity from the mobility and velocity profiles.43

Figure 2A shows our estimates of the mobility profiles
according to Eq. 2. The profiles offer a striking demon-
stration of the difference in flow characteristics between
these otherwise quite similar materials. We see that,
while HBN does exhibit some degree of finite slip past
the solid boundaries, the slip in GR is much more pro-
nounced, resulting in an essentially flat profile compared
to the clearly quadratic profile observed in HBN. This is
an indication that the contribution of the boundary slip
to the mobility in GR greatly exceeds that of the viscous
response in the bulk region.

Figure 2B illustrates the average fluid velocity autocor-
relations CUU (t) for both materials. Since the variances
CUU (0) are set by equipartition and nearly identical for
the two materials, the differences in the conductivities
are due to the longer decay time observed for GR than
for HBN. The decay of CUU (t) is much longer than the
hydrodynamic relaxation time anticipated in the absence
of interfacial slip, ρL2

hyd/η ≈ 30 ps, where η is the bulk
viscosity. This slow relaxation is a reflection of the fi-
nite slip at the solid-liquid interface, associated with an
additional characteristic relaxation time scale, ρLhydb/η.
Using Eq. 3, we find that the conductivity in GR exceeds
that in HBN by roughly a factor of six (L = 0.762 and
0.123 nm5 mol kcal−1 ps−1). This difference is consistent
with experimental and computational results.9–13,15

The most straightforward comparison of our results to
those obtained in experiments and other computational
studies is in terms of the slip length. We can extract esti-
mates of the slip length from our data by connecting our
results to a hydrodynamic model of the pressure-induced
flow – namely, the Poiseuille solution to the Navier-Stokes
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FIG. 2. Estimates of slip length in HBN (blue) and GR
(black). A) The profiles of mobility M(z) obtained from Eq.
2, with fits to the Poiseuille solution (Eq. 4) indicated by the
dashed red lines. B) The average molecular velocity autocor-
relations CUU (t). C) The wall force autocorrelations CFF (t),
and their integrals τF (t) (inset). The shaded vertical regions
in panel A indicate the contact regions. The error bars indi-
cated here and in Fig. 3 are obtained by binning our data into
equal-length trajectories and calculating the standard error of
the means obtained for each bin.

equations subject to the partial-slip boundary condition
in Eq. 1 for the flow field generated by a uniform pressure
gradient.17 The Poiseuille solution gives for the mobility
and conductivity

MP (z) =
L2
hyd

2η

[(
b

Lhyd

)2

+
z

Lhyd
−
(

z

Lhyd

)2
]
, (4)

and

LP =
L2
hyd

12η

(
1 + 6

b

Lhyd

)
. (5)

As we have an independent method of estimating Lhyd

from the density profile and η for the water model is
known, the only unknown in both of these equations is
the slip length b. We obtain two estimates of the slip from
the measured value of the conductivity and a fit of the
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slip length (nm) HBN GR
conductivity 5.71± 0.18 39.9± 2.13

mobility 5.95± 0.16 41.7± 2.13
force 6.81± 0.10 40.4± 0.54

TABLE I. Slip length estimated in HBN and GR using each of
the three methods discussed in the text. Error bars indicate
the standard error of the mean.

mobility profile to Eq. 4. We give the results of these es-
timates in Table I. The values obtained from the two esti-
mation methods are consistent for both materials, giving
a slip length of∼ 6 nm in HBN and∼ 40 nm in GR. These
values agree quantitatively with previous experimental
and computational results9–13,15,16,20,22–24,26,45 and illus-
trate the approximately order-of-magnitude difference in
slip characteristics between the two materials.

When fitting our mobility profiles to Eq. 4, we as-
sume the known bulk viscosity of TIP4P/2005 water at
298 K, η = 0.855 mPa s−1. This assumption is appropri-
ate because we have partitioned the channel volume into
regions dominated by the wall interaction and by the vis-
cous fluid-fluid interaction, and the bulk viscosity holds
in the latter region.43 The validity of this approach is
confirmed by our results for the mobility in HBN (Fig.
2A), where we see that the curvature of our fit deter-
mined by the bulk viscosity (Eq. 4) matches the curva-
ture measured in our simulations within the statistical
uncertainty. The profile obtained in GR appears to be
essentially flat because the high degree of slip in GR leads
to large equilibrium fluctuations in the velocity, making
it difficult to converge the mobility profile.

We may measure the slip directly, rather than ex-
tracting it as a fit parameter when comparing our data
to a hydrodynamic model of the flow. To do so, we
must consider the interfacial friction coefficient λ, de-
fined by 〈Fwall〉 /A = −λ 〈u〉|wall, where Fwall is the to-
tal force of the wall on the fluid. This parameter may
be related to the slip length through a force balance
−〈Fwall〉 /A = η∂z 〈u〉|wall. This gives λ = η/b, relat-
ing the slip length to the ratio of interfacial and bulk
dissipation. The Green-Kubo relationship for λ is19

λ =
β

A

∫ tN

0

dt CFF (t) ≡ β

A

〈
F 2
wall

〉
τF (tN), (6)

where we have introduced the wall-force autocorrelation
CFF (t) ≡ 〈Fwall(t)Fwall(0)〉. As in the Green-Kubo rela-
tions for the mobility and conductivity, it is necessary
to evaluate the integral of CFF (t) at a plateau time
tN. We observe from Eq. 6 that the interfacial fric-
tion coefficient may be decomposed into a static con-
tribution

〈
F 2
wall

〉
and a dynamic contribution τF (tN) ≡∫

dt CFF (t)/CFF (0).15,16,21

We show the results for CFF (t) for water on HBN
and GR in Fig. 2C. The estimates of the slip length
are obtained from the wall-force variances and the nor-
malized integrated autocorrelations τF (tN), and our re-

sults are reported in Table I. The estimates are consis-
tent with those obtained from the conductivity and mo-
bility, demonstrating that we are accurately quantifying
the fundamental difference in frictional characteristics
between these materials. We note that, when normalized
by the static contribution, the two curves very nearly
collapse, indicating that the primary contribution to the
difference in frictions is due to the wall-force variance,
consistent with previous results.15,16,21,41,45 There is also
an apparent secondary dynamic contribution, revealed by
the distinct relaxations of the autocorrelation curves for
times less than roughly 1 ps. This dynamic contribution
is more clearly illustrated by examining the normalized
integrated autocorrelations. The dynamic contribution
is then obtained as the difference in the plateau values of
these two curves, corresponding to a relaxation time τF
that is about 20% smaller in HBN than in GR, compen-
sating some of the static difference.

Several previous studies have connected variations in
slip length to variations in contact angle.21,22,26,46 Huang
et al.26 suggest a quasi-universal scaling relationship re-
lating slip length to contact angle θ of the form b ∝
(1 + cosθ)

−2
. This relationship was derived for the case

that the difference in solid-liquid interaction strength
may be characterized by the difference in magnitude of a
single Hamaker constant. This assumes that the magni-
tude of the in-plane and out-of-plane solid-liquid interac-
tion scale with the same parameter. This is appropriate
for spherically symmetric liquid particles interacting with
the wall via a central potential, but it is not necessarily
the case for polar molecules like water that interact both
electrostatically and dispersively, and whose lateral and
out-of-plane interactions with the wall may be dominated
by different forces.

In order to test this scaling, we must evaluate the wet-
tability of the materials. We probe the out-of-plane,
adhesive solid-liquid interactions by examining the re-
versible work necessary to dewet water from the inter-
face. This calculation is done by placing a thin probe
volume v of large cross-sectional area in the vicinity of
the interface and calculating the probability Pv(N) of
observing N particles in this volume.47–50 The reversible
work wrev associated with fully evacuating the probe vol-
ume is then obtained as βwrev = −lnPv(N = 0).47 In the
limit of large v, this reversible work reports directly on
the liquid-solid surface tension and is thus a direct indi-
cation of the effective strength of solid-liquid adhesion.

We consider a probe volume v = 2×2×0.3 nm3 placed
at the solid-liquid interfaces in the two channels and com-
pute Pv(N) via the indirect umbrella sampling and the
weighted histogram analysis method.47,51 The results are
indicated in Fig. 3A. We observe that density fluctua-
tions in both materials exhibit Gaussian statistics in the
vicinity of the mean particle number. Such fluctuations
are characteristic of the bulk fluid.48 Far from the mean,
the distributions exhibit fat tails, deviating from bulk
statistics and from each other. Quantitatively, we find
that a change in free energy of 32.1 kBT/nm2 in HBN
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FIG. 3. Lateral and adhesive liquid-solid interaction in HBN
(blue) and GR (black). A) The probability Pv(N) of ob-
serving N particles in a volume v placed at the solid-liquid
interface (inset). The dashed red line indicates a Gaussian fit
in the vicinity of the mean particle number. B) The square
of the x-component of the water-wall force in HBN (blue)
and GR (black), including Lennard-Jones contributions (solid
lines) and the contributions from the electrostatic interaction
of HBN with hydrogen (dashed line) and oxygen (dot-dashed
line), as a function of out-of-plane coordinate z. C) The cor-
responding plot for the square of the z-components of the
water-wall forces. The error bars corresponding to the curves
in panels B and C are narrower than the line width and are
left out for clarity.

and 26.9 kBT/nm2 in GR is needed to dewet the interface,
indicating that the free energy of adhesion is stronger in
HBN than in GR. If the line tension is negligible,52 the
reversible work corresponds to the free energy of inter-
face formation, wrev/A = γLV(1 + cosθ), where θ is the
contact angle and γLV is the liquid-vapor surface ten-
sion. Assuming the bulk value of γLV ≈ 17.5 kBT/nm2,
this gives θ ≈ 30◦ in HBN and 60◦ in GR, qualita-
tively consistent with recent experimental results indicat-
ing contact angles smaller than 90◦ in both materials.53,54

We may use these values to evaluate the scaling pro-

posed by Huang et al.,26 b ∝ (1 + cosθ)−2. Such
a comparison gives an anticipated ratio bGR/bHBN =

[(1 + cosθHBN) / (1 + cosθGR)]
2

=
(
wHBN

rev /wGR
rev

)2 ≈ 1.6,
far smaller than the ratio of ∼ 6− 7 observed here. This
suggests that the relatively small difference in wettabil-
ity of the materials cannot explain the difference in slip
lengths. We note that this estimate of the ratio of slip
lengths depends only on the ratio of observed reversible
works and is thus independent of γLV.

In order to understand the difference between the
lateral and adhesive water-wall interaction, we exam-
ine the profile of the square of the water-wall force〈
f2(z)

〉
≡
〈∑N

i=1 f
2
i δ [z − zi(t)]

〉
, where fi is the to-

tal force from the wall acting on particle i of the liquid,
and f2

i ≡
(
f2i,x, f

2
i,y, f

2
i,z

)
is shorthand for the vector of

squared-components of the force. We plot in Figs. 3B
and C the x- and z-components of the squared-force pro-
file, respectively. Whereas the only interaction present
between the wall and water in GR is the Lennard-Jones
interaction with the oxygen, in HBN we discriminate
between three different contributions: the electrostatic
forces on hydrogen and oxygen, and the Lennard-Jones
force on the oxygen. We see in Fig. 3B that the lateral
electrostatic force on the first layer of hydrogens located a
distance ∼ σ/2 ≈ 1.58 Å, σ the Lennard-Jones diameter
of oxygen, from the wall greatly exceeds the Lennard-
Jones contribution in HBN, as well as the electrostatic
force on the first layer of oxygen atoms located at z ≈ σ.
This is the layer of hydrogens preferentially oriented to-
wards the nitrogen centers in HBN, as confirmed by the
net attraction in the out-of-plane direction experienced
by this layer. The typical electrostatic force on hydrogen
is nonzero, though much smaller than its peak, up to val-
ues of z ≈ σ, indicating a secondary role played by the
interaction of the hydrogen atoms oriented such that the
O-H bonds in which they participate are parallel to the
wall. Figure 3B also indicates that the electrostatic force
on the first layer of oxygen, while significantly smaller
than that on hydrogen, is comparable to the Lennard-
Jones force in both materials. However, our simulations
indicate that the frictional response in HBN is set only
by the electrostatic interaction of the wall with the first
layer of oriented hydrogens. The contribution of the au-
tocorrelation of the Lennard-Jones interaction in HBN to
the friction coefficient (Eq. 6) is almost exactly compen-
sated by the negative cross-correlation of the forces on
the hydrogen and oxygen atoms.

The strong confinement of the electrostatic interaction
to the first layer of hydrogen atoms (with secondary con-
tributions from the first oxygen layer and the second hy-
drogen layer) is due to the electroneutrality of the wall,
resulting in a strongly spatially confined electric field.
The results plotted in Fig. 3B suggest that the enhance-
ment of the friction is due almost entirely to the strong
lateral force variance experienced by the layer of hydro-
gen atoms oriented towards the nitrogen centers. These
atoms feel strong local variations in the electrostatic force
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they experience from the wall owing to their proximity
to the wall and the divergent nature of the Coulombic in-
teraction. These variations greatly exceed those induced
by the Lennard-Jones corrugation of the wall, and they
result in the enhanced friction in HBN.

Figure 3C shows the z-component of the squared-force,
and it indicates that, in contrast to the lateral case, the
Lennard-Jones interactions in the out-of-plane direction
dominate the water-wall adhesion, to the point that the
out-of-plane electrostatic interaction is entirely negligi-
ble. This is again because of the strongly confined na-
ture of the electric field due to the net electroneutral-
ity of the wall, compared to the long-range nature of
the attractive portion of the Lennard-Jones force. The
dominance of the Lennard-Jones interaction in the solid-
liquid adhesion indicates that it is dispersive forces alone
that control wettability of both materials in our simu-
lations. This potentially explains the discrepancy re-
cently noted between the pronounced difference in slip
characteristics between HBN and GR and the minor dif-
ferences in wettability.13,15,16,27–29 Figure 3C further in-
dicates that the Lennard-Jones interaction is enhanced
in HBN, consistent with the smaller contact angle and
greater reversible work needed to dewet the interface.

Finally, we evaluate in more detail the relative contri-
butions of static and dynamic effects to the friction coef-
ficients by applying a scaling relationship commonly en-
countered in the literature.13,21,45 This scaling relation-
ship is obtained by treating the force on the fluid from
the fixed walls as an external potential.21 In this case, we
may rewrite CFF (t) in terms of the instantaneous density

of species α, ρα(r, t) =
∑Nα

i=1 δ[r− ri(t)], as

CFF (t) =
∑
αβ

∫
drdr′ Fα,x (r)Fβ,x (r′) 〈ρα(r, t)ρβ(r′, 0)〉 ,

(7)
where Fα,x (r) is the x-component of the force field char-
acterizing the interaction of an isolated atom of species
α with the wall, and the sum runs over all the atomic
species present in the liquid (hydrogen and oxygen in this
case).15,21 In general, Eq. 7 would contain four terms,
proportional to the H-H, O-O and H-O density correla-
tions. However, the only water-wall interaction present
in GR is the Lennard-Jones interaction with the oxygen
FLJ,x (r), reducing this to one term proportional to the
O-O density correlation. Furthermore, as noted above,
only the electrostatic force on hydrogen FeH,x (r) con-
tributes to the friction in HBN, likewise reducing the ex-
pression for CFF (t) in HBN to one term proportional to
the H-H density correlation. By decomposing Eq. 7 into
Fourier components on the reciprocal lattice and insert-
ing the result into Eq. 6, we obtain

λ = β

∫
dz ρα(z)

∑
k

|Fx (k|z)|2
∫ tN

0

dt Sα (k, t|z) , (8)

where neglecting correlations among different z values21

allows us to rewrite the Fourier decomposition of the

density correlation for species α as Aρα(z)Sα(k, t|z) =〈∑Nα

i,j=1 exp[−ik[xi(t)− xj(0)]]δ[z − zi(t)]
〉

, where

Sα(k, t|z) is a two-dimensional time-dependent structure
factor conditioned on a value of z. We have exploited the
isotropy of the contact-layer, observed previously41,45

and confirmed in our own simulations, to identify a
dependence in the structure factor on the magnitude of
k parallel to the wall.

The results plotted in Fig. 3B indicate that the convo-
lution contained in Eq. 8 is sharply peaked and nonzero
only within the contact-layer. We therefore approximate
the time-dependent scattering function by its average
over the contact-layer and the Fourier amplitude by its
value at the peak of the corresponding curve in Fig. 3B.
This gives

λHBN ≈
β

A

〈
NH
c

〉 ∣∣F ceH,x (a)
∣∣2 ScH (a) τ cH (a, tN ) , (9)

for HBN, and

λGR ≈
β

A

〈
NO
c

〉 ∣∣F cLJ,x (a)
∣∣2 ScO (a) τ cO (a, tN ) . (10)

where, consistent with previous results,45 we observe in
our simulations that the only relevant component of the
Fourier decomposition is that obtained for the shortest
vector of the reciprocal lattice, a, and truncate the series
accordingly. In the above expressions, 〈Nα

c 〉 indicates
the average number of atoms of species α in the contact-

layer, and τ cα (a, tN) ≡
∫ tN
0

dt Scα (a, t) /Scα (a, 0) indicates
the decay time of the density field of species α.

The estimates for each of the terms appearing in Eqs.
9 and 10 are given in Table II. Note that we have di-
vided

〈
NH
c

〉
by two in recognition of the fact that only

one of the two hydrogen atoms in the first layer of waters
participates significantly in the electrostatic interaction
with the wall. Altogether, this gives for the ratio of slip
lengths bGR/bHBN ≈ 6.1, in very close agreement with
the observed ratio. This indicates that the above scaling
correctly describes the slip in these systems, and that the
friction in HBN is indeed dominated by the electrostatic
interaction of the wall with the first, oriented layer of
hydrogen atoms. We further learn that the primary con-
tribution to the enhanced friction in HBN is a variance
in the lateral force that is an order-of-magnitude larger
than that in GR. This is mitigated by reduced structur-
ing of the hydrogen, and by the more rapid relaxation of
the hydrogen layer than of the oxygen layer, which are
both heavier and experience a Lennard-Jones force that
is much weaker than the electrostatic forces experienced
by the hydrogen layer.16

Our results indicate the crucial importance that mate-
rial chemistry is expected to exert on flow properties in
nanoconfinement, and they suggest that relatively mod-
erate changes in chemistry can have profound implica-
tions for the slip length even within crystallographically
similar materials. In this study, we have investigated
atomically smooth channels and illustrated the particu-
lar role of Coulombic interactions in increasing the scale



7

〈Nc〉 |Fx (a) |2 /(kcal/mol Å)−2 S (a) τ (a, tN) / ps
HBN 147.8 0.928 0.880 0.338
GR 155.4 0.0981 1.215 0.364

TABLE II. Estimates of terms contributing to scaling of fric-
tion coefficients in HBN and GR.

of lateral interactions between water and HBN over that
of water and GR without significantly modifying the wet-
tability. These findings suggest that surface charge ad-
sorption on chemically activated crystals should likewise
have a dramatic effect on fluid slip. This influence is
in addition to the key role surface charge plays in the
generation of boundary-driven flow and conversion of os-
motic energy into useful electrical or mechanical work.2,7

This is particularly relevant in light of recent results high-
lighting the difference in charge adsorption mechanisms
in GR and HBN and the large surface charges obtainable
in activated HBN.55,56 Accordingly, investigating the in-
terplay between defects, surface charge, and fluid slip is
a key next step in the design of ideal materials for blue
energy generation.
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and its voltage control in ågnström-scale channels,” Nature 567,
87–90 (2019).

12B. Radha, A. Esfandiar, F. C. Wang, A. P. Rooney, K. Gopinad-
han, A. Keerthi, A. Mishchenko, A. Janardanan, P. Blake, L. Fu-
magalli, M. Lozada-Hidalgo, S. Garaj, S. J. Haigh, I. V. Grig-
orieva, H. A. Wu, and A. K. Geim, “Molecular transport through
capillaries made with atomic-scale precision,” Nature 538, 222–
225 (2016).

13G. Tocci, L. Joly, and A. Michaelides, “Friction of water on
graphene and hexagonal boron nitride from ab initio methods:
Very different slippage despite very similar interface structures,”
Nano Letters 14, 6872–6877 (2014).

14E. Secchi, S. Marbach, A. Niguès, D. Stein, A. Siria, and L. Boc-
quet, “Massive radius-dependent flow slippage in carbon nan-
otubes,” Nature 537, 210–213 (2016).

15G. Tocci, M. Bilichenko, L. Joly, and M. Iannuzzi, “Ab initio
nanofluidics: disentangling the role of the energy landscape and
of density correlations on liquid/solid friction,” Nanoscale 12,
10994–11000 (2020).

16A. Govind Rajan, M. S. Strano, and D. Blankschtein, “Liquids
with lower wettability can exhibit higher friction on hexagonal
boron nitride: The intriguing role of solid–liquid electrostatic
interactions,” Nano Letters 19, 1539–1551 (2019).

17B. J. Kirby, Micro- and Nanoscale Fluid Mechanics, 1st ed.
(Cambridge, 2010) p. 512.

18L. D. Landau and E. M. Lifshitz, Volume 9 of Course of The-
oretical Physics: Fluid Mechanics, 2nd ed. (Pergamon, 1987) p.
539.

19L. Bocquet and J.-L. Barrat, “Hydrodynamic boundary condi-
tions, correlation functions, and kubo relations for confined flu-
ids,” Phys. Rev. E 49, 3079–3092 (1994).

20L. Bocquet and J.-L. Barrat, “Flow boundary conditions from
nano- to micro-scales,” Soft Matter 3, 685–693 (2007).

21J.-L. Barrat and L. Bocquet, “Influence of wetting properties on
hydrodynamic boundary conditions at a fluid/solid interface,”
Faraday Discuss. 112, 119–128 (1999).

22C. Cottin-Bizonne, B. Cross, A. Steinberger, and E. Charlaix,
“Boundary slip on smooth hydrophobic surfaces: Intrinsic effects
and possible artifacts,” Phys. Rev. Lett. 94, 056102 (2005).

23B. Ramos-Alvarado, S. Kumar, and G. P. Peterson, “Hydrody-
namic slip length as a surface property,” Phys. Rev. E 93, 023101
(2016).

24F. Xu, Y. Song, M. Wei, and Y. Wang, “Water flow through
interlayer channels of two-dimensional materials with various hy-
drophilicities,” The Journal of Physical Chemistry C 122, 15772–
15779 (2018).

25C. Bakli and S. Chakraborty, “Anomalous interplay of slip, shear
and wettability in nanoconfined water,” Nanoscale 11, 11254–
11261 (2019).

26D. M. Huang, C. Sendner, D. Horinek, R. R. Netz, and L. Boc-
quet, “Water slippage versus contact angle: A quasiuniversal re-
lationship,” Phys. Rev. Lett. 101, 226101 (2008).

27X. Wei and T. Luo, “Effects of electrostatic interaction and chi-
rality on the friction coefficient of water flow inside single-walled
carbon nanotubes and boron nitride nanotubes,” The Journal of
Physical Chemistry C 122, 5131–5140 (2018).

28H. Li and X. C. Zeng, “Wetting and interfacial properties of
water nanodroplets in contact with graphene and monolayer
boron–nitride sheets,” ACS Nano 6, 2401–2409 (2012).

29T. A. Ho, D. V. Papavassiliou, L. L. Lee, and A. Striolo, “Liq-
uid water can slip on a hydrophilic surface,” Proceedings of the
National Academy of Sciences 108, 16170–16175 (2011).

http://dx.doi.org/10.1039/B909366B
http://dx.doi.org/10.1038/s41563-020-0625-8
http://dx.doi.org/10.1038/s41563-020-0625-8
http://dx.doi.org/10.1103/PhysRevLett.111.244501
http://dx.doi.org/10.1021/acsnano.8b01266
http://dx.doi.org/10.1021/acsnano.8b01266
http://dx.doi.org/ 10.1021/jacs.5b09918
http://dx.doi.org/ 10.1021/jacs.5b09918
http://dx.doi.org/10.1021/acsami.0c05102
http://dx.doi.org/10.1021/acsami.0c05102
http://dx.doi.org/ 10.1038/s41570-017-0091
http://dx.doi.org/ 10.1038/s41570-017-0091
http://dx.doi.org/10.1021/acs.langmuir.6b00433
http://dx.doi.org/10.1063/1.5037992
http://dx.doi.org/10.1063/1.5037992
http://dx.doi.org/10.1063/1.3675904
http://dx.doi.org/10.1063/1.3675904
http://dx.doi.org/10.1038/s41586-019-0961-5
http://dx.doi.org/10.1038/s41586-019-0961-5
http://dx.doi.org/ 10.1038/nature19363
http://dx.doi.org/ 10.1038/nature19363
http://dx.doi.org/ 10.1021/nl502837d
http://dx.doi.org/10.1038/nature19315
http://dx.doi.org/10.1039/D0NR02511A
http://dx.doi.org/10.1039/D0NR02511A
http://dx.doi.org/10.1021/acs.nanolett.8b04335
http://dx.doi.org/10.1103/PhysRevE.49.3079
http://dx.doi.org/10.1039/B616490K
http://dx.doi.org/10.1039/A809733J
http://dx.doi.org/10.1103/PhysRevLett.94.056102
http://dx.doi.org/ 10.1103/PhysRevE.93.023101
http://dx.doi.org/ 10.1103/PhysRevE.93.023101
http://dx.doi.org/ 10.1021/acs.jpcc.8b04719
http://dx.doi.org/ 10.1021/acs.jpcc.8b04719
http://dx.doi.org/10.1039/C9NR01572H
http://dx.doi.org/10.1039/C9NR01572H
http://dx.doi.org/ 10.1103/PhysRevLett.101.226101
http://dx.doi.org/10.1021/acs.jpcc.7b11657
http://dx.doi.org/10.1021/acs.jpcc.7b11657
http://dx.doi.org/10.1021/nn204661d
http://dx.doi.org/ 10.1073/pnas.1105189108
http://dx.doi.org/ 10.1073/pnas.1105189108


8

30J. L. F. Abascal and C. Vega, “A general purpose model for
the condensed phases of water: Tip4p/2005,” The Journal of
Chemical Physics 123, 234505 (2005).

31J.-P. Ryckaert, G. Ciccotti, and H. J. Berendsen, “Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes,” Journal of Com-
putational Physics 23, 327–341 (1977).

32H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, “The
missing term in effective pair potentials,” The Journal of Physical
Chemistry 91, 6269–6271 (1987).

33A. Kayal and A. Chandra, “Water in confinement between
nanowalls: Results for hexagonal boron nitride versus graphene
sheets from ab initio molecular dynamics,” The Journal of Phys-
ical Chemistry C 123, 6130–6140 (2019).

34V. Solozhenko, G. Will, and F. Elf, “Isothermal compression of
hexagonal graphite-like boron nitride up to 12 gpa,” Solid State
Communications 96, 1–3 (1995).

35N. Ooi, A. Rairkar, and J. B. Adams, “Density functional study
of graphite bulk and surface properties,” Carbon 44, 231–242
(2006).

36D. McKie and C. McKie, Essentials of Crystallography, 2nd ed.
(Blackwell, 1986) p. 446.

37S. Plimpton, “Fast parallel algorithms for short-range molecular
dynamics,” Journal of Computational Physics 117, 1–19 (1995).

38D. L. McCaffrey, S. C. Nguyen, S. J. Cox, H. Weller, A. P.
Alivisatos, P. L. Geissler, and R. J. Saykally, “Mechanism
of ion adsorption to aqueous interfaces: Graphene/water vs.
air/water,” Proceedings of the National Academy of Sciences
114, 13369–13373 (2017).

39S. E. Strong and J. D. Eaves, “Atomistic hydrodynamics and the
dynamical hydrophobic effect in porous graphene,” The Journal
of Physical Chemistry Letters 7, 1907–1912 (2016).

40E. Mangaud and B. Rotenberg, “Sampling mobility profiles of
confined fluids with equilibrium molecular dynamics simula-
tions,” The Journal of Chemical Physics 153, 044125 (2020).

41K. Falk, F. Sedlmeier, L. Joly, R. R. Netz, and L. Bocquet, “Ul-
tralow liquid/solid friction in carbon nanotubes: Comprehensive
theory for alcohols, alkanes, omcts, and water,” Langmuir 28,
14261–14272 (2012).

42H. Nakano and S.-i. Sasa, “Equilibrium measurement method of
slip length based on fluctuating hydrodynamics,” Physical Re-
view E 101, 033109 (2020).

43R. Zhou, C. Sun, and B. Bai, “Wall friction should be decoupled
from fluid viscosity for the prediction of nanoscale flow,” The
Journal of Chemical Physics 154, 074709 (2021).

44S. Chen, H. Wang, T. Qian, and P. Sheng, “Determining hy-
drodynamic boundary conditions from equilibrium fluctuations,”
Phys. Rev. E 92, 043007 (2015).

45K. Falk, F. Sedlmeier, L. Joly, R. R. Netz, and L. Bocquet,
“Molecular origin of fast water transport in carbon nanotube
membranes: Superlubricity versus curvature dependent friction,”
Nano Letters 10, 4067–4073 (2010).

46J.-L. Barrat and L. Bocquet, “Large slip effect at a nonwetting
fluid-solid interface,” Phys. Rev. Lett. 82, 4671–4674 (1999).

47A. J. Patel, P. Varilly, and D. Chandler, “Fluctuations of wa-
ter near extended hydrophobic and hydrophilic surfaces,” The
Journal of Physical Chemistry B 114, 1632–1637 (2010).

48A. J. Patel, P. Varilly, D. Chandler, and S. Garde, “Quantify-
ing density fluctuations in volumes of all shapes and sizes using
indirect umbrella sampling,” Journal of Statistical Physics 145,
265–275 (2011).

49S. Vaikuntanathan and P. L. Geissler, “Putting water on a lat-
tice: The importance of long wavelength density fluctuations in
theories of hydrophobic and interfacial phenomena,” Phys. Rev.
Lett. 112, 020603 (2014).

50R. Godawat, S. N. Jamadagni, and S. Garde, “Characterizing
hydrophobicity of interfaces by using cavity formation, solute
binding, and water correlations,” Proceedings of the National
Academy of Sciences 106, 15119–15124 (2009).

51S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen, and

P. A. Kollman, “The weighted histogram analysis method for
free-energy calculations on biomolecules. i. the method,” Journal
of Computational Chemistry 13, 1011–1021 (1992).

52D. M. Huang, P. L. Geissler, and D. Chandler, “Scaling of
hydrophobic solvation free energies,” The Journal of Physical
Chemistry B 105, 6704–6709 (2001).

53X. Li, H. Qiu, X. Liu, J. Yin, and W. Guo, “Wettability of
supported monolayer hexagonal boron nitride in air,” Advanced
Functional Materials 27, 1603181 (2017).

54H. Liu and L. Li, “Graphitic materials: Intrinsic hydrophilic-
ity and its implications,” Extreme Mechanics Letters 14, 44–50
(2017).

55A. Siria, P. Poncharal, A.-L. Biance, R. Fulcrand, X. Blase, S. T.
Purcell, and L. Bocquet, “Giant osmotic energy conversion mea-
sured in a single transmembrane boron nitride nanotube,” Nature
494, 455–458 (2013).

56B. Grosjean, C. Pean, A. Siria, L. Bocquet, R. Vuilleumier, and
M.-L. Bocquet, “Chemisorption of hydroxide on 2d materials
from dft calculations: Graphene versus hexagonal boron nitride,”
The Journal of Physical Chemistry Letters 7, 4695–4700 (2016).

http://dx.doi.org/10.1063/1.2121687
http://dx.doi.org/10.1063/1.2121687
http://dx.doi.org/ https://doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/ https://doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/ 10.1021/j100308a038
http://dx.doi.org/ 10.1021/j100308a038
http://dx.doi.org/ 10.1021/acs.jpcc.9b01040
http://dx.doi.org/ 10.1021/acs.jpcc.9b01040
http://dx.doi.org/ https://doi.org/10.1016/0038-1098(95)00381-9
http://dx.doi.org/ https://doi.org/10.1016/0038-1098(95)00381-9
http://dx.doi.org/ https://doi.org/10.1016/j.carbon.2005.07.036
http://dx.doi.org/ https://doi.org/10.1016/j.carbon.2005.07.036
http://dx.doi.org/10.1063/5.0013952
http://dx.doi.org/10.1021/la3029403
http://dx.doi.org/10.1021/la3029403
http://dx.doi.org/ 10.1063/5.0039228
http://dx.doi.org/ 10.1063/5.0039228
http://dx.doi.org/10.1103/PhysRevE.92.043007
http://dx.doi.org/10.1021/nl1021046
http://dx.doi.org/ 10.1103/PhysRevLett.82.4671
http://dx.doi.org/ 10.1021/jp909048f
http://dx.doi.org/ 10.1021/jp909048f
http://dx.doi.org/10.1007/s10955-011-0269-9
http://dx.doi.org/10.1007/s10955-011-0269-9
http://dx.doi.org/10.1103/PhysRevLett.112.020603
http://dx.doi.org/10.1103/PhysRevLett.112.020603
http://dx.doi.org/10.1073/pnas.0902778106
http://dx.doi.org/10.1073/pnas.0902778106
http://dx.doi.org/https://doi.org/10.1002/jcc.540130812
http://dx.doi.org/https://doi.org/10.1002/jcc.540130812
http://dx.doi.org/10.1021/jp0104029
http://dx.doi.org/10.1021/jp0104029
http://dx.doi.org/https://doi.org/10.1002/adfm.201603181
http://dx.doi.org/https://doi.org/10.1002/adfm.201603181
http://dx.doi.org/ https://doi.org/10.1016/j.eml.2017.01.010
http://dx.doi.org/ https://doi.org/10.1016/j.eml.2017.01.010
http://dx.doi.org/10.1038/nature11876
http://dx.doi.org/10.1038/nature11876
http://dx.doi.org/10.1021/acs.jpclett.6b02248

	Distinct chemistries explain decoupling of slip and wettability in atomically smooth aqueous interfaces
	Abstract




