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ABSTRACT: Nuclear quantum effects (NQEs) in water arise
due to delocalization, zero-point energy (ZPE), and quantum
tunneling of protons. Whereas quantum tunneling is
significant only at low temperatures, proton delocalization
and ZPE influence the properties of water at normal
temperature and pressure (NTP), giving rise to isotope
effects. However, the consequences of NQEs for interfaces of
water with hydrophobic media, such as perfluorocarbons, have
remained largely unexplored. Here, we reveal the existence
and signature of NQEs modulating hydrophobic surface
forces at NTP. Our experiments demonstrate that the
attractive hydrophobic forces between molecularly smooth
and rigid perfluorinated surfaces in nanoconfinement are
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~10% higher in H,O than in D,0, even though the contact angles of H,O and D,O on these surfaces are indistinguishable. Our
molecular dynamics simulations show that the underlying cause of the difference includes the destabilizing effect of ZPE on the
librational motions of interfacial H,O, which experiences larger quantum effects than D,0.

Ithough progressively less influential with increasing
temperatures, nuclear quantum effects (NQES) are
known to affect the static and dynamic properties of bulk
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water as well as the water-mediated interactions between

small hydrocarbons and perfluorocarbons.” Whereas the bulk
properties of H,O and D,O liquids at NTP, including the
surface tension, refractive index, dielectric constant, and
density, are quite similar”® (Table Sla), their infrared (IR)
vibrational spectra differ significantly; notably, the O-D
stretch in D,0O is much more localized than the O—H stretch
(Table S1a).°”® Infrared attenuated total reflection spectra of
D,0 show three distinct peaks at 2395 cm™, 2479 cm™, and
2587 cm™!, whereas H,O spectra show a broad band in the
same region that indicates much more delocalized and
excitonic vibrational modes.” We are interested in exploring
the role of NQEs in hydrophobic interactions that are defined
as mutually attractive forces experienced by apolar solutes™"’
and surfaces''™'* in water. In this context, researchers have
compared hydrophobic transfer energies,'>' rates of chemical
reactions in H,O and D,0,"'”'® and chaotropic effects of
ions,"” but a direct comparison of hydrophobic surface forces
in H,O and D,0 has not been reported. The resulting insights
into NQEs influencing hydrophobic surface forces in nano-
confinement can be useful in understanding a diverse array of
nanoscale phenomena in natural and applied contexts, such as
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in nanofluidics,”>*" self-assembly,”>~** and cellular pro-
cesses,”” "> and might aid in the rational design of nanoscale
devices and separation processes. Here, we present evidence of
NQEs modulating hydrophobic surface forces in nanoconfine-
ment through complementary experiments and molecular
simulations.

To examine hydrophobic surface forces, we used molecularly
smooth muscovite mica films (~5 ym thick, with a 50 nm thick
silver layer on the backside) glued onto cylindrical and
transparent silica discs with a radius of curvature (R) of ~2 cm
(Figure la and Supporting Information section 1.1). Freshly
cleaved mica surfaces are hydrophilic, characterized by intrinsic
contact angles, 0, < 5° To achieve smooth and robust
hydrophobic surfaces for our experiments, we developed a
technique for covalently grafting perfluorodecyltrichlorosilane
(FDTS) molecules onto mica [Supporting Information section
1.2 and Figures S1—S4, with atomic force microscopy (AFM)
and transmission electron microscopy (TEM) character-
izations in Figures S2 and S3, respectively]. The resulting
surfaces were hydrophobic, characterized by intrinsic contact
angles (6, = 112 + 1°), advancing angles (8, = 118 + 2°), and
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Figure 1. (a) Schematic of our surface force apparatus (SFA). The insets show a schematic representation of the FDTS—water interface and a
representative optical interference pattern. (b and c) Representative hydrophobic forces measured between FDTS-coated mica surfaces measured
in H,0 and D,O using the SFA. (d) Representative hydrophobic forces measured between FDTS- and ODT-coated surfaces. (e) The data
demonstrate that the hydrophobic adhesion between two FDTS-coated mica surfaces is almost 10% higher in H,O than in D,0. The uncertainties
(standard deviation of 1) are indicated by the error bars. Figure 1a was produced by Xavier Pita, Senior Scientific Illustrator at King Abdullah

University of Science and Technology (KAUST).

receding angles (6 = 100 + 2°) for the H,0O/air and D,0/air
systems (Figure S4 and Table S1b). We found no significant
differences in the wetting behaviors of H,O and D,0O drops on
FDTS/mica surfaces. The water repellence of coatings can vary
with time due to surface degradation/deformation*® and
contamination.”” We therefore investigated the stability of
our FDTS/mica surfaces immersed in water for periods equal
to the duration of our surface force measurements, and we
found that they remained stable for at least 6 h (Table S1b).
Next, we quantified the forces between our FDTS surfaces in
water at angstrom-scale resolution using a surface force
apparatus (SFA).”" Silica discs, with FDTS/mica/silver films
glued onto them, were placed in a cross-cylinder geometry,
such that the back-silvered layers facilitated the accurate
determination of the distances between the surfaces by white
light multiple-beam interferometry™® (Figure 1a, Methods). To
measure the forces, we brought the surfaces together at slow
speeds of ~10 nm s™' (Supporting Information section L5)
immersed in 5 mM KCI degassed solutions of H,O or D,O.
We found that the FDTS surfaces attracted each other due to
hydrophobic forces starting at distances (D) of ~10 nm,
followed by a jump-in instability bringing the surfaces into
contact (ty})ical areas of ~100 um?), as reported by
others."”">*’ The total adhesion force, F,;, was measured by
separating the surfaces from contact, upon which a spring
instability resulted in a jump-out from contact (Figure la,
Methods, and Figure SS). From the precise values of the jump-
out distance, Dy, and the spring constant, k, we calculated
the total adhesion force with the equation Fyq = k X Djypp.
We measured the adhesion in H,O and then in D,O and
observed a significant decrease upon changing the solution
(Figure 1b). To confirm that this result is not due to surface
contamination or degradation, each of which can strongly
affect measurements of hydrophobic interactions,> we
repeated the cycle and observed a recovery of adhesion in
H,O and a decline in adhesion in D,O. In a separate
experiment, we measured the adhesion in D,O and then in
H,0, and the adhesion increased correspondingly (Figure 1c).
Finally, we measured the adhesion between FDTS and
octadecanethiol (ODT) and observed a similar decrease in
adhesion upon changing the solution from H,0 to D,0 and a
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recovery of adhesion upon changing from D,0 to H,O (Figure
1d). There is a strong variation in the magnitudes of adhesion
in the three experiments (Figure 1b—d), which is common for
hydrophobic systems and likely due to the variation of the film
quality and contact mechanics."> To minimize the effects of
such variations, the contact point was always kept constant
over the course of a single experiment. Over the full data set,
the adhesion in D,O was 90 + 3% of the adhesion in H,0O
(Figure le). With the van der Waals contribution being
virtually equal in H,O and D,O (see Supporting Information
section 1.6), the measured adhesion difference indicates that
the hydrophobic force is correspondingly ~10% stronger in
H,O than in D,O.

To gain molecular insights into our experimental observa-
tions, we performed large-scale molecular dynamics (MD)
simulations using the flexible TIP4P-2005 water model.”” This
model satisfactorily reproduces the properties of the bulk
liquid and reasonably approximates the competing NQEs at
room temperature®’ (Table S2). We equilibrated the model
systems comprising parallel graphene sheets and confined H,O
or D,O under ambient conditions (Figure 2a, Methods,
Molecular Dynamics Details), and we approximated the
quantum thermodynamics [free energy, entropy, and zero-
point energy (ZPE)-corrected enthalpy] by applying the two-
phase thermodynamics method to classical MD trajectories®>
(Figure 2a, Methods, 2PT Method Details).

Our MD simulations reveal nonlinear differences in the
relative quantum free energies of interfacial D,O and H,O
molecules under hydrophobic nanoconfinement compared to
those in bulk D,O and H,O liquids. Figure 2b presents the
function for the excess density of states (DoS™) for various
separation distances (D). In the instructive special case in
which D = 0.7 nm (with a water monolayer between the
graphene sheets), we find the characteristic spectral features for
“free” OH (~3660 cm™ with this water model) and “free” OD
(~2640 cm™"). We calculate two competing thermodynamic
effects due to the shifts in the vibrational properties of
interfacial H,O and D,0 molecules. First, the increased
population of broken interfacial H-bonding states leads to a
positive ZPE correction and enthalpic destabilization (Figure
2c). Concomitantly, the intensities of the symmetric and
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Figure 2. Thermodynamics and spectroscopy of hydrophobic nanoconfinement. (a) Schematic of our MD simulation cell. We apply 1 atm of
constant pressure to the graphene sheets and vary the number of water molecules (red and white dots) between the sheets. (b) The normalized
excess density of states [DoS™(v)] for D,O (red) and H,O (blue) with frequency v. Contributions arising from internal vibrations (bond stretching
and angle bending, top panel) and rotations about the center of mass (bottom panel) are shown. We separately plot the DoS™(v) for (i) D = 0.7
nm, (ii) D = 1.2 nm, and (jii) D = 2.7 nm sheet separations, compared to the full bulk liquid spectrum (iv). We scaled the D = 2.7 nm spectrum by
a factor of 10 for the sake of clarity. For the internal vibrations, the dashed vertical lines indicate (with increasing frequency) the O—H (D)
symmetric and asymmetric stretches and the broken hydrogen bond peak. Convergence to the bulk DoS is observed around D = 2.7 nm. (c) Excess
per-molecule free energy (top), enthalpy (middle), and entropy (bottom) of confined D,O (red) and H,O (blue) as a function of an increase in D.
Filled symbols represent the quantum-corrected free energies and/or enthalpies, which display a pronounced NQE between the isotopologues.
Empty symbols represent the free energies and/or enthalpies obtained from the classic energies (potential energies from the MD simulations),
which do not display NQEs. The middle inset shows excess zero-point energy contributions to the quantum enthalpy. (d) Plot of the difference in
the excess DoS in H,0 and D,O as a function of D. The total (black) is positive, meaning that H,O has quantum corrections that are larger than
those of D,0. Contributions arising from vibrational motion (gray) dominate those arising from rotational motion (pale blue).

asymmetric O—H (D) bond stretching peaks are reduced In addition to the shifts in the stretching properties of
compared to those of the bulk liquid, leading to a negative ZPE interfacial water molecules, we find increases in the low-energy
correction. Overall, the destabilizing broken H-bonding effect rotational states at the interface compared to in the bulk liquid
dominates, and critically, H,O molecules in the first layer next and the appearance of new peaks in the ranges of 320—450

cm™! and 150—300 cm™ in the spectra of interfacial H,O and
D,O, respectively (Figure 2b). Thus, interfacial water
molecules near the hydrophobic surface have more sluggish
(lower-frequency) rotational dynamics relative to the bulk
liquid,” causing an increase in the relative entropy, heat
capacity, and overall stability of D,O molecules compared to
those in H,O, a finding recently reported by Park and co-
workers from their investigation of friction at the mica—water—

to the hydrophobic interfaces are more destabilized than the
D,0 molecules due to the higher frequency of the O—H bond
than the O—D bond.” This destabilization effect provides the
likely nanoscopic mechanism for the experimentally measured
stronger adhesion in H,O than in D,0. We also note that as
previously demonstrated,®® the quasi-harmonic approximation
may overestimate the nuclear quantum effect. The 10%

difference measured in our SFA experiments can thus serve graphene interface.”* Finally, we find that the diffusional and
as a benchmark for future studies aimed at accessing the librational (molecular rattling motions such as those that occur
accuracy of theoretical methods of evaluating NQEs in in a solid) modes are affected by the hydrophobic surface,
condensed phase systems. although these effects compensate for each other and thus
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there is no appreciable difference between H,O and D,O
(Figure S8).

Analysis of the stability of water molecules hydrophobically
confined at larger sheet separations from our simulations
shows that isotopologue NQEs extend up to the third
interfacial layer, preferentially stabilizing D,O molecules
approximately ~1.5 nm from the hydrophobic surface (Figure
2d). Beyond these three interfacial layers, the excess free
energy of D,O converges faster to the bulk H,O, so that at
large surface separations, the solid/liquid surface tension in
H,O is similar to that in D,0. We applied Young’s equation®”
to the calculated surface energies and found contact angles of
109° and 107° for H,O and D,O, respectively, in good
agreement with our experimental measurements. Our calcu-
lations therefore present a thermodynamic rationale for the
experimental measurements. H,0O molecules are relatively
destabilized compared to D,O molecules due to NQEs,
resulting in the larger hydrophobic force measured exper-
imentally. This means that NQE in liquid water next to
hydrophobic surfaces is a purely nanoscale phenomenon, due
to the internal vibrational and rotational properties of the
molecule. We confirmed this hypothesis by means of quantum
MD simulations employing the coarse-grained mW water
model®® (a structureless, many-body potential), which did not
show isotopologue NQEs (Figure S9a). Moreover, additional
simulations uncovered the signature of NQEs on surface forces
in two other nanoconfined, polar organic liquids: methanol and
formic acid (Figure S9b,c).

In summary, we have advanced a thermodynamic rationale
for the measured isotopic effect of hydrophobically confined
water, based on considerations of NQEs arising from shifts in
the rotations and intramolecular vibrations at the interface.
Our findings highlight that the inclusion of NQEs in molecular
simulations should yield a better understandin§ of intermo-
lecular and surface phenomena in nanofluidics,””*”~** aquatic
chemistry,*”*""** and biology.” The preferential stabilization of
D,0 in hydrophobic nanoconfinement over H,O also presents
advancement opportunities for separation processes at the
nanoscale and nanosensor arrays with extreme sensitivity to
isotopologues.

B METHODS

Experimental Section. We employed a surface force apparatus
(SFA) to quantify the hydrophobic interactions between H,0O
and D,0; details of this technique have been extensively
reviewed in the past.*® Briefly, the SFA uses molecularly
smooth back-silvered (silver thickness of ~50 nm to render
them partially transmitting) mica surfaces of equal thickness
glued onto two macroscopic cylindrical silica discs arranged in
a cross-cylindrical geometry (Figure la). When white light
passes through opposing back-silvered mica surfaces, an optical
interferometer is formed. The transmission function of this
interferometer is represented by a series of sharp fringes of
equal chromatic order (FECO), which contain information
about the thickness and the refractive indices of all of the
optical layers. The distance D between the surfaces is measured
by white light interferometry [fringes of equal chromatic order
(FECO)] with an accuracy of +1 A.*

Back-silvered mica surfaces were rendered hydrophobic by
covalently depositing FDTS (see the Supporting Information
for details). We brought FDTS-coated mica surfaces into
contact in dry nitrogen, which defines the reference zero
distance (D = 0). Several consecutive measurements were
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recorded in Milli-Q H,O (resistivity of 18 MQ/cm, pH 5.6),
followed by D,O or vice versa, and the cycle was repeated.
H,0 and D,O contained 5 mM potassium chloride (Fisher
Scientific, 99.8%) and were degassed by being stirred with
Teflon-coated magnetic bars for 2 h before being injected into
the SFA chamber. FECO images were recorded for each force
run using the Andor Solis software.

Computational Details. Molecular Dynamics Details. We
created model systems comprising two 2D periodic graphene
sheets (37 A X 37 A) and adjusted the internal cavity spacing
to accommodate varying numbers of water molecules (integer
water layers), previously optimized from a Monte Carlo
procedure,”* ensuring the minimum potential energy for
each layer (Table S3) and assuming a van der Waals radius of
3.2 A. By varying the sheet separation, we simulated the SFA
experiments and tested the stability of individual water layers
on the hydrophobic surfaces sequentially.

On each initial system, we then performed two-dimensional
(2D) periodic (x and y dimensions) equilibrium MD
simulations using the LAMMPS MD simulation engine,46
with an additional force of +0.022 kcal mol™ A™! added to the
top and bottom sheets, respectively, to simulate 1 atm of
external pressure (Figure 2a). To remove spurious interactions
between the two surfaces, we employed the 2D slab
corrections of Yeh and Berkowitz'” with a further 3.0 z-factor.
The graphene sheets were described with the QMFF-Cx force
field,™ while the water molecules were described using the
TIP4P2005f* force field. The water—carbon van der Waals
interactions were determined using the optimized parameter
set from Werder et al.*’ Further details about the actual MD
procedure can be found in Supporting Information section
1I(A).

2PT Method Details. We employed an external code that
implemented the 2PT method to calculate the thermody-
namics from the MD trajectories. We approximated the
quantum thermodynamic corrections to the enthalpy from our
classical MD trajectories by applying quantum-corrected
weighting functions to the vibrational density of states
function™’ [DOS(V)] at room temperature. These quantum
corrections vanish at zero frequency (purely diffusive modes)
and increase with an increase in frequency’ and are therefore
more important for high-energy vibrations. More details about
the 2PT method can be found in Supporting Information
section II(B).
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