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Abstract

Oxide-water interfaces host many chemical reactions in nature and industry. There,
reaction free energies markedly differ from bulk. While we can experimentally and
theoretically measure these changes, we are often unable to address the fundamental
question: what catalyses these reactions? Recent studies suggest that surface and elec-
trostatics contributions are insufficient to answer. The interface modulates chemistry
in subtle ways. Revealing them is essential to understanding interfacial reactions, hence
improving industrial processes. Here, we introduce a thermodynamic approach com-
bined with cavitation free energy analysis to disentangle the driving forces at play. We
find water dictates chemistry via large variations of cavitation free energies across the
interface. The resulting driving forces are both large enough to determine reaction out-
put and highly tunable by adjusting interface composition, as showcased for silica-water
interfaces. These findings shift the focus from common interpretations based on surface

and electrostatics, and open exciting perspectives for regulating interfacial chemistry.
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Introduction

Chemistry at oxide/water interfaces shapes our planet, due to the natural abundance of
both oxides (silica, SiOs, being the most abundant) and water.!? It is also involved in a va-

riety of industrial processes® (e.g., enhanced oil recovery,? renewable energy technologies,®®

211) " as well as speculated to have

photocatalysis,? heterogeneous catalysis, ! drug delivery
played an important role in the polymerization of amino acids for the formation of the first
polypeptides on Earth.'*1% Oxide/water interfaces exhibit fascinating catalytic properties,
for instance, having lower kinetic barriers and shifting thermodynamic equilibria compared
to what is known in bulk water.!3"!® Even reactions prohibited in bulk media were found

14-16,18,19 5

favored at oxide/water interfaces, e.g. peptide-bond formation at silica/water
synthesis of formic acid at MgO/water.!” Understanding interfacial chemistry and its in-
tricate connections to the molecular organization of both oxide surfaces and water at the
interface is a challenge that continues to fascinate the scientific community across many fields,
from electrochemistry to geochemistry and prebiotic chemistry, from theory to experiments.

At solid/liquid interfaces, specific interactions between reactive species and surface are
the obvious candidates for dictating catalysis.11131416:20728 Their understanding has for in-
stance propelled great progresses in the field of electro-catalysis, for assessing the perfor-

20-26

mance of electrodes, in the identification of chemical pathways relevant to the origin of

c6, 13,14,16 11,27,28
life,

and in the design of mineral-based drug delivery systems in biomedicine.
These interactions dictate oxide chemistry in water vapor conditions, as suggested by ex-
periments and by theoretical studies in the absence of (explicit) solvent. In these studies,
inner-sphere chemistry is usually assumed, where the reaction is promoted by the direct
bonding of the reactants to the surface.?*3* When liquid water is put in contact with the
oxide surface, both inner-sphere and outer-sphere reaction/adsorption, where all reactive
species are separated from the surface by a water layer, are observed instead. 5173538 These
findings suggest interfacial water plays a key but still unexplored role. The recent Molecular

Dynamics (DFT-MD) simulation studies on peptide synthesis at silica/water!® and formic
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acid synthesis at MgO /water!” are perfect examples of outer-sphere reactions, which are
promoted at the interface, despite reactive species never interacting directly with the surface
along the proposed reaction mechanisms.

If not direct solute-surface interactions, what catalyses these reactions? A possible an-
swer is the strong local electric fields at play. They arise from the surface protonation
state, adsorbed ions, and symmetry breaking within the H-bond network.?3° 43 Electric
fields can catalyze chemical reactions in liquid water and at interfaces by, e.g., inducing
proton transfers,*%% tuning acid-base properties,*® and promoting covalent bond break-
age/formation.” " Laporte at al.!” investigated these effects at a MgO /water interface, by
means of enhanced sampling techniques combined with DFT-MD simulations. They reported
that the formation of formic acid is promoted by the local electric field. However, this was
found to be only part of the answer: the electric field could only account for a part of the
differences in the reaction free energy profiles computed at the interface and in the bulk.!”
Beyond surface and local electrostatics, the solvation of reactive species at the interface is
expected to differ from bulk due to the restructuring of the water H-bond network close
to the surface.?%35175% Despite this, when the coordination of the polar groups involved in
the reaction was evaluated from MD simulations, such as in the glycine dimerization study
of ref. 16, only little differences of a few H-bonds were found between interface and bulk.
These differences were not sufficient by order of magnitude to explain the changes in reac-
tion free energy (the free energy to break a H-Bond in liquid water is ~0.5 kcal /mol,'” while
the free energy differences at play were on the order of several 10s of kJ/mol). Therefore,
the interfacial water network must dictate chemistry in more subtle ways, beyond trivial
solvation/desolvation effects.

Here, we propose a theoretical approach to quantitatively investigate the interfacial water
contributions, by introducing a combination of two thermodynamic cycles, and cavitation free
energy analysis from MD simulations. The method can be generally applied to any interfacial

reaction. We showcase it for silica/water interfaces that have been extensively studied in
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terms of both structure and reactivity. ! 311:39:43:52,54.56-58 We yncover the molecular origin of

the interfacial water driving forces, and their decisive role in dictating reactivity.

Results and Discussions
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Figure 1: Two thermodynamic cycles are combined to spotlight the role of water in interfacial
chemistry. (A) The first cycle (shown for a generic addition reaction) connects the reaction
free energy at the interface, AG,.cq.(int), to that in the bulk (AG,.cq. (bulk)). It interprets the
effect of the interface on the reaction free energy (AG,eaz(int) — AGyeqq(bulk)) in terms of
solvation (AGs,,) of reactants (R) and products (P) at interface vs in bulk. (B) The second
cycle is illustrated for the solvation of an alcohol at a silica-water interface (the orange
lines highlight the H-bonds between water molecules wrapped around the solute-cavity). 5
It decomposes AGy,, into contributions from cavity-formation (AG cquity, which depends on
interfacial vs bulk water network) and solute insertion (AGisert, attractive interactions).
AG o1, AG cavity and AGiyeer are differences between interface and bulk. AG,,¢ contains
all the contributions from surface, electrostatic and attractive solute-water interactions that
have been evaluated so far. AG i1, contains the role of interfacial water.

Thermodynamic approach to study the role of water. The effect of the interface
on any reaction (or reaction step) is quantified by the difference in reaction free energy
between two media: AG,eu(int) — AG eqr(bulk). We connect interfacial and bulk chemistry

with the thermodynamic cycle of Fig.1A. The cycle considers the alternative path where the
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reactants move into the bulk, react there, and the products migrate back to the interface.
This choice allows us to quantitatively interpret the effect of the interface on the reaction

free energy in terms of its distinct solvation properties with respect to bulk:

AGT‘EQCE (Z?’Lt) - AGreax(bUZk) = AGSOZ’U(P) - AGsolv(R) (1)

where AG eqz(int) and AG,eqq(bulk) can be theoretically predicted (together with a reac-
tion mechanism) by DFT-MD simulations combined with enhanced sampling techniques.
However, the various contributions giving rise to the difference between the two — contained
in AGy,(P) and AGgu,(R) (the differences in solvation free energy between interface and
bulk) — cannot be disentangled by these calculations.

We adopt a second thermodynamic cycle (Fig.1B) to separate them in a step-wise man-
ner.*?% Tt consists of two-steps where 1) the water H-bond network is perturbed to create
a cavity that accommodates the solute; 2) the solute is inserted inside the cavity, switching
on attractive interactions. The total solvation free energy changes from bulk to interface are
given as the sum over these two steps: AGgon = AGeapity + AGinsers (Where both AG qpity
and AGj,sert are differences between interface and bulk). The contributions from surface,
local fields, and attractive solute-water interactions that have been considered so far to ra-
tionalize chemistry at oxide/water interfaces are contained in AGipsert. AGeavity quantifies
the unexplored role of the water network.

AGapity (which encodes volume-exclusion effects, restructuring of the water network
around the cavity, and surface desolvation upon solute binding)*% does not depend on
the nature of the solute, only on the solvent properties and the way they change close to
the surface. It is readily computed from MD simulations by evaluating the statistics of
water density fluctuations (i.e., the probability of spontaneously forming a cavity) %" in the

absence of any solute at the interface vs in bulk (see methods). Combining the two cycles
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enables to quantify the interfacial water contribution to any chemical reaction (step):
np nR
Z AGcavity(Pi) - Z AC;’cavity(-Rj) (2)
i=1 j=1

where the i and j indexes run over the number of products (np) and reactants (ng), respec-
tively. The net contribution from attractive interactions (AG,ser¢) can then be quantified
as the difference between the total reaction (step) free energy changes from bulk to interface
from eq.1 and AGgity from eq.2 (calculated at the same level of theory). AGjy,ser+ becomes
negligible in cases where only small changes are observed for the attractive interactions in-
volving reactive species in going from bulk to interface. There, the catalytic effect of the

interface must be searched in the water contribution, AG cquity-

Water contributions to interfacial chemistry: AG .. Is the water network re-
sponsible for the controversial balance of outer-sphere vs inner-sphere chemistry? In Fig.2A
we quantify the contribution of AG¢ 4y, to inner-sphere vs outer-sphere adsorption at a
quartz (001)/water interface, for several species relevant for prebiotic chemistry, CO5 reduc-
tion and geochemistry. To maintain the same level of theory as in recent DFT-MD studies, 16
we performed density fluctuation analysis from DFT-MD at the GGA level (see details in
the method section). This level of theory provided a good description of the structure,
spectroscopy, and acid-base properties of a diversity of silica/water interfaces (quartz and
Amorphous, with different morphology, hydroxylation). 3525866 We find that AG capity Sys-
tematically favors adsorption at the outer-sphere (by up to -5 kgT, blue in Fig.2A), while
disfavoring it (by +10 kT and more) at the inner-sphere. Molecules can hence undergo
inner-sphere adsorption only if they form sufficiently strong interactions with the oxide to
compensate the AG gty penalty. This result helps to understand why outer-sphere ad-
sorption (and subsequent chemistry) was observed in previous studies on silica (and other

oxides) /liquid water interfaces for the molecules shown in Fig.2A.%17:363867 In the absence
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of water, the AG iy penalty is missing, and the direct binding with the surface promotes

inner-sphere adsorption.
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Figure 2: Interfacial water provides decisive AG g, contributions to: (A) Adsorption
of reactive species at the interface. AGquity (in units of kgT= 1/f3) favors outer-sphere
(in I2, blue) vs inner-sphere (in I1, red) adsorption (shown for several molecules at
quartz(001) /water), therefore promoting outer-sphere chemistry. (B) Reaction free ener-
gies, shown for the outer-sphere reaction mechanism for glycine-glycine peptide formation
from ref. 16. The first and rate determining step, the addition step to form Inter-I, was
found favored at the interface by —25 kJ/mol; up to 22 kJ/mol are contributed by AG quity-

In Fig.2B, we investigate the role of water in reshaping reaction free energies at the
interface. We consider the case of glycine dimerization, relevant in prebiotic chemistry.
Outer-sphere adsorption and reaction of glycine at silica/water has been probed by NMR
experiments®® and computational studies. %36 The reaction mechanism of Fig.2B was pro-
posed by DFT-MD metadynamics and shooting trajectories in ref. 16 (same simulation
set-up as in the present work), with reactants, intermediates and products never forming
direct interaction with the silica surface. The interface was found to decrease the free energy
of the first and rate-determining step, i.e. the addition step between the two glycine to

form inter-I, by -25 kJ/mol compared to the reaction in the bulk (and the reaction barrier
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by -22 kJ/mol). This effect could not be explained in terms of surface and electrostatic
contributions. We find that it can be rationalized by AG cquity, Which favors the formation of
Inter-1I from the two glycine by up to —22 kJ/mol. The 8-22 kJ/mol range is due to the high
sensitivity of AG quiry to the way the two reactive glycine approach each other (see Fig.S2
in SI, position and shape of reactants and inter-I cavities are given by metadynamics). The
AG cquity contribution is purely positional (vide infra), independent on the nature of glycine-
water attractive interactions; that’s why it remained elusive in previous studies. Since this
reaction step has a late transition state,'® we can speculate that the same mechanism also
contributes in part to the lowering of the free energy barrier by -22 kJ/mol.

Identifying the molecular origin of these driving forces requires a detailed characteriza-
tion of water density fluctuations at the interface. Fig. 3A shows AG gty (2) profiles for
ellipsoidal cavities of decreasing volume (from blue to red). The shape is fixed to that of
the cavity formed by a glycine molecule (see Fig.S3 in SI for analysis of different shapes).
For all profiles, large AGupity(2) spatial variations are observed for z<4 A (before bulk-like
properties are recovered and AG ity (2) > 0) due to the specific molecular arrangement of
water at the interface (MD-snapshot of Fig.3B). The strong binding of water molecules to the
quartz surface, as confirmed by previous simulation and Sum Frequency Generation (SFG)
studies, 311:56:58.66.69 Jeads to the formation of an ordered physisorbed water layer (I1 region,
often denoted Binding Interfacial Layer, BIL).% Thanks to the good matching between the
surface geometry (i.e. distance between surface SIOH groups) and the water-water H-bond
pattern, BIL water molecules simultaneously maximize H-bonds with SiOH terminations as
well as between themselves (see refs. 66 for more details). Hence, a large free energy cost
is required for a solute to displace water molecules in I1 and arrive in direct contact with
the surface. This disfavors inner-sphere adsorption. As a consequence of the in-plane order-
ing in I1, fewer inter-layer H-bond are formed between the BIL and the subsequent water
layer, leading to an inter-layer 12 region (basically a water-water interface) where density

fluctuations are enhanced and cavity formation becomes most favorable. The negative value
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ts

Figure 3: Water contributions to adsorption and reactivity are dictated by large AG cqpity
spatial variations at the interfaces. (A) AG. qity(2) profiles along the z-distance from the
surface for ellipsoidal cavities with the shape of a glycine molecule at quartz (001)/water.
From blue to red, the cavity volume is decreased by scaling the ellipsoid dimensions by
A. Large AG quity spatial variations are observed in the highlighted I1-3 interfacial regions.
(B) MD-snapshot illustrating I11-3 at quartz (001)/water, including the ordered water layer
that suppresses density fluctuations (hence disfavoring inner-sphere adsorption) in I1, as well
as the water-water interface in 12, where density fluctuations are enhanced favoring cavity
formation (grey sphere). The inset highlights the similarity with the same 11-3 regions at a
previously studied gold/water interface.%% The black curve is a typical AGequiry(2) profile
from ref. 65, showing large spatial variations as at quartz/water.

of AG cauity(z) indicates that 12 is a preferential outer-sphere adsorption spot for hydropho-
bic/amphiphilic molecules: the cost to perturb the water network there is lower than in
bulk water. Finally, an I3 region is identified in correspondence to the second interfacial
water layer, where a small free energy cost (compared to bulk) has to be paid to access the
"water-water interface" in I2. These results explain why AG 4, promotes outer-sphere
over inner-sphere adsorption.

Since AGqavity(2) rapidly changes within a few A, small variations in the volume, shape,

and position of the cavities formed by reactive species can dramatically affect reaction free

10
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energies at the interface, by changing the way the cavity volume is distributed among the

61,68 These effects give rise to the water network driving force to the peptide

I1-3 regions.
synthesis of Fig.2B: AG iy favors the reaction because the Inter-I cavity better fits within
the 12 region, while one of the two glycine-cavities has to protrude into I3 (where cavity
formation is disfavoured) when approaching the other. These positional effects increase the
AG cqpity cost to solvate the reactants in the pre-reaction complex, while stabilizing their
addition product, hence thermodynamically driving the reaction.

The stratification at the quartz (001)/water interface, with a first strongly bound water
layer followed by a second weakly-bound one, is consistent with previous observations that
the adsorption of the first water layer on the surface is much more exothermic than the
subsequent adsorption of a second layer.% Moreover, the structure of the first water layer
was found virtually unperturbed by the presence of the second layer, in agreement with our
finding that BIL-water molecules dominant interactions are between themselves and with
the quartz surface. The I1-3 regions at the quartz/water interface are reminiscent of that
previously found at a gold/water interface% (inset of Fig.3B). There, in analogy with the
present findings, density fluctuations are suppressed within the ordered water adlayer on
top of the metal (I1), enhanced in the nearby water-water interface (12), and reduced again

in I3. Therefore, a common molecular origin exists for water network driving forces to the

chemistry at the markedly different oxide/water and metal /water interfaces.

Effects of silica surface properties on AG 4y, Can we exploit the AG gy, driving
forces to control interfacial chemistry? This depends on how much AG¢ i, can be tuned
by, e.g., adjusting the composition of both surface and liquid. For instance, based on the
molecular understandings, we can imagine AG 4y to correlate with surface hydrophilic-
ity: the more the surface is hydrophilic, the more ordered the BIL, the larger the AG quity
spatial variations at the interface. To test it, Fig.4 reports a case study of three surfaces

of different morphology, crystallinity and hydroxylation: quartz(001) (Q/W interface, with

11
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hydroxylation degree of 9.6 SIOH/nm?)% and two amorphous silica models®°*™ with hy-
droxylation degrees of 4.5 SIOH/nm? (4.5/W, the experimental value obtained for several
silica samples™) and 3.5 SiOH/nm? (3.5/W, representative of silica heat-treated at ~570
K?72). Surface hydrophilicity decreases from Q/W to 3.5/W.25%66 As a measure of AG ity
contributions to interfacial chemistry, Fig.4A displays the difference between AGqpit, for
glycine outer- and inner-sphere adsorption, which is negative since AG i1y favors outer-
sphere adsorption (for all surfaces). An exceptional degree of tunability is found as a func-
tion of surface hydrophilicity: AGe ity changes by almost an order of magnitude in going

from Q/W to 3.5/W, with a difference of ~13 kT (>30 kJ/mol).
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Figure 4: Surface modulations of AG gty The difference between AGgpir, (in units of
kpT= 1/p8) for glycine outer (I2)- vs inner-sphere (I1) adsorption for three silica/water
interfaces (Q/w, 4.5/w, 3.5/w, as described in the text) is correlated with changes in the
H-bond connectivity between 12 (blue in the schemes) and I1 (red in the schemes) regions,
evaluated as the average number of H-bonds (blue and red solid lines in the schemes) per
water molecule (HB/w) formed in 12 minus I1. The black dashed line is a guide to the
eye, highlighting the correlation between AG¢ i, driving force and interfacial structure.
Large variations in both AG 4y, driving forces and H-bond connectivity at the interface are
observed as a function of surface hydrophilicity, which decreases from Q/w to 3.5/w.

The free energy changes follow the degree of ordering induced by the silica surfaces within
the BIL (I1), which in turn dictates H-bond connectivity in the inter-layer, 12 region (Fig.4B).

As we learned from the AG i1, difference between I1 and 12 at quartz/water, the higher the

12
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H-bond connectivity within an interfacial region, the higher the free energy cost of cavity for-
mation. %% We quantify the connectivity in 12 minus I1 by calculating the average number
of H-bonds per BIL water molecule (HB/w) in each region (including inter-layer H-bonds
between BIL water and the adjacent water layer for 12, and intra-layer water-water and
water-surface H-bonds for I1), and we correlate it with AG qpity (outer) — AG cquiry (inner).
From the correlation of Fig.4, we propose the following mechanism for indirect surface mod-
ulations of AGpity: The more hydrophilic the surface, the higher the connectivity in I1 (red
H-bonds in the scheme of Fig.4), the lower that in 12 (blue H-bonds). This, in turn, induces
larger AGqpity spatial variations at the interface (see Fig.S4 in SI) that enhance the water
contribution to interfacial chemistry. As a perspective, both surface-water H-bonds that
contribute to the connectivity in I1 and water-water H-bonds in [2 can be probed experi-
mentally by, e.g., SFG spectroscopy in the OH-stretching region (they appear with a positive

41,43,52,66 and by difference THz spectroscopy

and negative sign in Imy? spectra, respectively),
(water-water H-bonds by H-bond-stretching band and water-surface interaction by libration
band).?3 This highlights a connection between spectroscopic and chemical properties of

oxide/water interfaces, opening toward experimental characterizations of interfacial water

driving forces.

Conclusions

In this work, we uncover the role of the water network in promoting chemistry at oxide/water
interfaces. Strong surface-water interactions enhance water density fluctuations in a nearby
water-water interface, giving rise to large spatial variations in the cavitation free energy
(AG cquity) within a few A from the surface. These variations promote outer-sphere vs inner-
sphere chemistry and are responsible for size, shape, and position effects on reaction-free
energies. AG gty is found sufficiently large to regulate the adsorption of several classes

of solutes (relevant for CO, reduction, prebiotic chemistry, geochemistry), as well as their

13
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reactivity, as showcased for glycine dipeptide formation at a silica/water interface. This
understanding opens opportunities for reaction steering, especially thanks to the high tun-
ability of AG q4viry by adjusting surface and liquid composition, as we show for aqueous silica
surfaces of varying hydrophilicity.

With the introduced theoretical approach, these opportunities can now be explored for
any interfacial chemical reaction. Moreover, we find a correlation between AG g1, and
structural parameters (water-water and water-surface H-bonds) that can be experimentally
measured by vibrational spectroscopies. We hope these findings will motivate further studies

to explore the chemistry at oxide/water interfaces from the water perspective.

Methods

Born-Oppenheimer DFT-MD simulations of three silica-water interfaces were performed
with CP2K/Quickstep,” PBE-D3,™™ GTH pseudopotentials,” and combined plane-wave
(400 Ry cut-off) and DZVP-MOLOPT-SR basis sets. Simulation boxes are of 9.8 A x 8.5
A x32A for Q/W, 13.4 A x 13.3 A x 37 A for 4.5/W, and 12.67 A x 13.27 A x 37 A for
3.5/W (same as in refs. 39,52,66, with amorphous slab models from ref. 70). Each simulation
was performed in the NVT ensemble (with Nosé—Hoover thermostat,” T= 300 K, chain
length= 3, time constant= 100 fs) for at least 160 ps, after 10 ps of equilibration.
Cavitation free energy profiles for the small cavities of Fig.3 were obtained by computing

the probability (P, s (0,z)) that a cavity of volume (v), shape (s), and z-distance from the

surface is spontaneously formed via water density fluctuations: %46
P, (0,2) = e # Ahosl® 8
AGumin(2) = D3 (2) = Ay (@)

where Ap is the free energy cost of cavity formation, and § = 1/kgT. The statistics of

DFT-MD is insufficient to compute P, (0, z) for large cavities, i.e., solutes in Fig.2. For
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these, AG quity(2) is extrapolated with the recently introduced S.0.S. model of hydrophobic
solvation® (see Fig.S1 in SI). The cavities were approximated to the smallest ellipsoidal void

the solutes form in water (computed with respect to water oxygen centers, see Table S1 in

SI).
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