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ABSTRACT: The structure and ultrafast dynamics of the electric
double layer (EDL) are central to chemical reactivity and physical
properties at solid/aqueous interfaces. While the Gouy—Chap-
man—Stern model is widely used to describe EDLs, it is solely
based on the macroscopic electrostatic attraction of electrolytes for
the charged surfaces. Structure and dynamics in the Stern layer are,
however, more complex because of competing effects due to the
localized surface charge distribution, surface—solvent—ion correla-
tions, and the interfacial hydrogen bonding environment. Here, we
report combined time-resolved vibrational sum frequency gen-
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eration (TR-vSFG) spectroscopy with ab initio DFT-based molecular dynamics simulations (AIMD/DFT-MD) to get direct access
to the molecular-level understanding of how ions change the structure and dynamics of the EDL. We show that innersphere
adsorbed ions tune the hydrophobicity of the silica—aqueous interface by shifting the structural makeup in the Stern layer from
dominant water—surface interactions to water—water interactions. This drives an initially inhomogeneous interfacial water
coordination landscape observed at the neat interface toward a homogeneous, highly interconnected in-plane 2D hydrogen bonding
(2D-HB) network at the ionic interface, reminiscent of the canonical, hydrophobic air—water interface. This ion-induced
transformation results in a characteristic decrease of the vibrational lifetime (T;) of excited interfacial O—H stretching modes from
T, ~ 600 fs to T; ~ 250 fs. Hence, we propose that the T, determined by TR-vSFG in combination with DFT-MD simulations can
be widely used for a quantitative spectroscopic probe of the ion kosmotropic/chaotropic effect at aqueous interfaces as well as of the

ion-induced surface hydrophobicity.

B INTRODUCTION

Water is critical to sustaining life on Earth, and knowledge
about its chemistry and physics is central to a vast range of
subjects.' "' However, the organization of water in inhomoge-
neous environments remains controversial, owing to water’s
many anomalous properties.12 A simple question such as how
far away ions can affect the physical and the chemical
properties of water is still rigorously debated.">™*° To make
matters worse, understanding the behavior of water and
solvated ions at an interface is an even more arduous task.
Intuitively, it is fairly obvious that when ions approach an
interface, they screen the surface charge (if present) and also
(most likely) reorganize the interfacial environment by
restructuring the original surface—solvent and solvent—solvent
interactions since competing ion—solvent, ion—surface, and
ion—ion interactions are introduced. Therefore, a quantitative
and molecular-level understanding of these interactions is
essential to understand and predict ion activity at interfaces
and their influence on chemical reactivity.

The mineral oxide—electrolyte aqueous interface provides an
excellent platform to investigate surface—ion—solvent inter-
actions as a function of surface charge by manipulating the pH
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of the bulk aqueous solution across the point of zero charge
(PZC) of the mineral, hence tuning the electrostatic attraction
between the surface and the ions. The silica—water interface
represents the most widely studied mineral—aqueous interface.
Therefore, many spectroscopic and imaging techniques have
been used extensively to study the electric double layer (EDL)
at the silica—electrolyte interface.”’™>° The EDL can be
broadly subdivided into a Stern layer located within the first
one/two aqueous monolayers from the solid surface where
ions accumulate, followed by a diffuse layer consisting of
solvated ions that screen the remaining surface charge.”””®
While the energetics of the diffuse layer is reasonably well
approximated by the Gouy—Chapman (GC) model, the
understanding of the Stern layer is still limited. This is largely
because the structure and dynamics of the Stern layer are
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Figure 1. Effect of ions on the vibrational dynamics of the O—H stretch in H,O at the silica—water interface at (A) pH 2, (B) pH 6, and (C) pH
12. The gray dotted line represents the cross-correlation of the IR pump, IR probe, and visible pulses, i.e., the instrument response function,
indicating a fwhm of ~120 fs. The solid lines are the best fits with a four-level system, described in the Supporting Information. (D) T, (O—H
vibrational lifetime) vs NaCl concentration. The T values reported are the average T, from separate measurements repeated at least 3 times, and in
some cases up to S times. The error bars indicate the standard deviation for all the individual T, values obtained on different days.

directly sensitive to the competing effects of the surface charge
distribution, surface—solvent—ion correlations, and the inter-
facial hydrogen bonding environment, which are all extremely
difficult to probe experimentally. Hence, the detailed under-
standing of these interfacial properties is not accounted for in
the most commonly used Stern—Gouy—Chapman (SGC)
model. Therefore, experimental tools that can provide
quantitative and molecular understanding of the EDL are key
to the development of more sophisticated models that can
accurately describe its structure, composition, and energetics.

Vibrational sum frequency generation (vSEG) spectroscopy,
a laser-based second-order nonlinear optical technique, has
played a key role in the last few decades in advancing our
understandin% of the EDL structure at the silica—electrolyte
interface.”"*>***73% In a typical vSFG experiment, an infrared
(IR) laser beam which is in resonance with a molecular
vibration is temporally and spatially overlapped with a visible
laser at an interface of interest, resulting in the generation of
sum frequency (SF) photons whose frequency is the sum of
the IR and visible frequencies. Within the dipole approx-
imation, only noncentrosymmetric molecules and environ-
ments generate a VSFG signal. Centrosymmetry is inherently
broken at any interface between two bulk media, thus making
vSFG spectroscopy an exclusive probe of molecular vibrations
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at the interface and hence an ideal tool for probing the EDL.
Moreover, vSFG can be employed in both the frequency
domain (steady-state (SS) vSFG) and the time-domain (time-
resolved (TR) vSFG) to extract structural and dynamics
information on the EDL. Despite a plethora of investigations of
the silica—electrolyte interface using SS-vSEG’"**~** and TR-
VSEG,*"*>*"* 3 complete molecular picture of the silica—
electrolyte EDL is still lacking. This mainly stems from two
critical shortcomings in past vSFG studies.

The first issue is due to the ambiguity of the probing depth
of vSFG at charged interfaces (the silica—water interface is
habitually charged except at its PZC, around pH 2—4) where
the surface electric field can break the centrosymmetry of
bulklike water residing further than the first few interfacial
layers and hence contributing to, or even dominating, the
vSFG signal. This has greatly complicated the interpretation of
vSFG studies of silica—water interfaces and has impeded a
definitive rationalization of the structure and dynamics of the
EDL, since it is unclear which populations (interfacial water or
electric field-oriented bulklike water) are probed. However,
recent experimental” and computational®* studies have
developed methodologies to separate vSFG spectra into
contributions originating from the first few layers [binding
interfacial layer (BIL)] and from the electric field oriented
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Figure 2. (A) Three descriptors used for characterizing and determining water BIL/DL/Bulk layers at the neat silica—water interface at pH 2. They
are (see refs 44, 54, and 55) the water density profile with respect to the distance from the surface (), the average water coordination (HBs/
molecule), and the 3D-plots evaluating the probability for water—water HBs formed in each layer with a given HB (O—0) distance and orientation
with respect to the normal to the surface (red regions correspond to the maximum probability to find water with preferential HB distances and
orientations; see Section S6 in the SI for details). See all details in Section S5 of the SI. (B) Average vibrational lifetime T at different bulk pH and
NaCl concentrations, obtained from 4 level model fits (described in the SI) to TR-vSFG traces. The error bars indicate the standard deviation for
all the individual T values obtained on different days. The labels “BIL” (binding interfacial layer), “BIL*"” (2DN stands for the 2D—H bond-
network formed by the BIL water), and “DL” (diffuse layer) refer to the interfacial region that dominates the vSFG response in each aqueous
environment, as described in the text. (C) Schemes of the structural organization of water and ions at the 1 M electrolytic amorphous silica—water
interface (pH = 2, 6, 12) extracted from the AIMD/DFT-MD simulations. Red/yellow balls with +/— signs represent the cations/anions and their

distribution at the interface (BIL vs DL).

bulklike contribution [diffuse layer (DL)]. The BIL water
region is analogous to the Stern layer in the double layer
theory from the aspect of the spatial distribution of the ions.*
Only recently, this methodology has been applied to vSFG
studies of the fused silica—aqueous interface revealing
important insight on its chemical and physical properties (for
example, microscopic hydrophobicity).”””*

The second shortcoming stems from the lack of under-
standing of how the presence of ions affects the vSFG signal.
Historically, the ion associated attenuation of the vSFG signal
at the silica—aqueous interface has been assigned to the Debye
screening effect (as predicted by GC theory); i.e., ions reduce
the thickness of the non-centrosymmetric diffuse layer probed
by vSEG. It is also obvious that ions can rearrange the
interfacial hydrogen-bonding environment due to ion—solvent
and ion—surface interactions. However, it is unclear how ion-
induced screening and ion-induced solvent rearrangement
affect the vSFG signal. The need to look beyond the GC/SGC
models to understand the silica—electrolyte EDL, in order to
disclose the more complex molecular-level rearrangements
occurring in the BIL, is the missing ingredient for the
development of next-generation models describing ion activity
at interfaces. The need for such development was, for instance,
recently pointed out in nonlinear spectroscopy studies by
Borguet et al,,*® Gibbs et al.,>® and Geiger et al.”® where they
provided evidence for highly pH-dependent specific ion effects,
whose understanding is beyond the GC/SGC models. Here,
we report a joint effort, combining time-resolved vibrational
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sum frequency generation (TR-vSFG) spectroscopy with ab
initio DFT-based molecular dynamics simulations (AIMD/
DFT-MD), to reveal novel molecular details on how ions
change the interfacial water structure in the BIL and
consequently affect its ultrafast vibrational dynamics. TR-
vSEG spectroscopy, measuring the vibrational relaxation time-
scale of the O—H stretching vibrations, provides an excellent
quantifiable probe of the hydrogen bonding environments of
the silica—electrolyte EDL, allowing us to experimentally
detect ion-induced changes in the BIL, which may otherwise
be too subtle or nonexistent in the SS-vSFG signal.”**®
Complementarily, DFT-MD simulations provide a detailed
understanding of the microscopic mechanism(s) resulting in
the ion-induced effects on the TR-vSFG measurements. Our
results clearly show that the GC/SGC models are insufficient
in describing the ion activity at silica surfaces, and the
molecular insights provided by this study could be significant
in the development of more accurate and sophisticated EDL
models that would account for the interface specific chemistry,
surface charge and ion distribution, and the resulting hydrogen
bonding environment.

B RESULTS AND DISCUSSION

Time-Resolved Sum Frequency Generation. The
vibrational dynamics of the silica—water interface, measured
using TR-vSFG spectroscopy (experimental and sample
preparation details are provided in the SI), is clearly a function
of both bulk pH and ionic strength (Figures 1 and 2B). More
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precisely, the water OH stretch T lifetime is found to strongly
depend on the ion concentration at pH 2 and 6, while a
constant T} of ~200 fs is observed for pH 12 in the 0—0.5 M
NaCl range. At pH ~ 12, the silica surface is dehydroxylated by
~25%," inducing a rather high surface charge density of
~—0.2 C/m?, thus resulting in a surface potential of ~170 mV,
as calculated using the silica deprotonation ratio and the GC
model (described in Section S3 of the SI, see also Figures S4
and S5). There is therefore a strong water DL impact to vSFG
due to the surface field-oriented bulklike water (see, e.g., refs
21, 22, 44, 46, and 47). Both the BIL and the DL impact the
vSEG response, and their relative weighted contributions to
the final TR-vSFG measurements can be qualitatively
estimated from the surface potential by using the framework
described hereafter. See Section SS in the SI for the BIL/DL
definition. The vSFG signal in the DL is due to the potential
drop across the DL (A@p;, assumed here as equal to the
surface potential; see Table S2 for a comparison with other
choices) through ¥Pp; (@) = ¥y u(@) Agpy,>*** where
7Ppui(@) is the third-order susceptibility of bulk liquid water
(this expression is here written without interference con-
tributions***” which are only important at low ionic strength
and hence trivial at pH 12 which has an ionic strength of 10
mM). 7, (@) is known.*”** In the present experiments,
Iy (o)? signals are measured to deduce T, relaxation times;
thus, [y®p; (@) = [y, (@) (A(pDL22. Defining Iy;; and Iy
as the integral of y®y; (@) and y?p (@) in the O—H
stretching region, one finds that I /Iyya(Ag@p,)? ie., the
ratio of DL/BIL intensities, is proportional to the square of the
surface potential. According to previous works on silica—water
interfaces,"*® values of Ip; /Igy ~ 10 were found for Agp; ~
10 mV. Taking Agp; ~ 10 mV as the reference ((Agp (ref)),
we can estimate the I /Iy ratio at any other Agp value as
Iny/Ip(A@pr) = Ipy/Ipi(Agpi(ref)) X (A@pr/
(A@p(ref)))* = 10(App/10 mV)% See Sections S9 and
S10 for more details. Therefore, I /Iy ~ 2960 is expected
here for A@p, ~ 172 mV at pH ~ 12 (see Table S2). The
vSEG response at the neat pH ~ 12 silica—water interface is
consequently dominated by the water in the DL, ie., by
bulklike oriented liquid, and indeed one measures T; = 198 +
32 fs (Figures 1 and 2B), typical of the 190—260 fs*"~>*
relaxation measured in bulk liquid water. When adding 0.1 and
0.5 M salt, the surface potential is reduced but is still of the
order ~100 mV (see Table S2), thus giving rise to the same
DL-dominated fast interfacial relaxation. These results suggest
that higher concentrations than 0.5 M are needed to screen the
silica surface potential and hence suppress the DL contribution
to vSFG at pH ~ 12. This is indeed the conclusion of the
recent vSFG measurements by Tahara’s group,”’ where 2 M
NaCl is needed to measure only the BIL contribution at pH
12.

When lowering the ng to 6, the silica surface is now only
~1% dehydroxylated.”> A smaller surface potential (~80 mV)
is hence created, and in the absence of additional ions, A@p;, ~
80 mV (Figure SS in the SI). Correcting for interference
effects, which now need to be considered for the neat pH 6
condition (where the ionic strength is 107°), an Iy /Iy ratio
of 26 is obtained (see Sections S9 and S10 and Table S2 in the
S1), still large enough to conclude that the measured relaxation
time is dominated by the DL contribution. Consistently, we
measure T; = 188 + 30 fs (Figures 1 and 2B), similar to pH 12
conditions. A recent study from Hore-Tyrode® reported a
surface potential of ~200 mV for the same neat pH 6
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conditions (i.e, no excess salt). Taking this larger surface
potential value leads to an even larger Iy /Ipy ratio, making
our conclusion on dominant DL contributions even stronger.

Adding 0.1 or 0.5 M salt at pH ~ 6 results in an
accumulation of cations at the negatively charged surface,
hence reducing the surface potential by more than 1 order of
magnitude (Figure SS and Table S2, SI). We note here that
addition of ions is known to increase the percentage of
deprotonated sites.””*>* Despite the increase in deprotona-
tion, the surface potential is lower than in the case of no salt
(Figure SSB), as shown in a recent study.’” This is possibly
due to the counterion screening the surface potential by
directly interacting with the deprotonated SiO™ sites, as shown
by a previous study.”> Moreover, the surface potential is
observed to decay exponentially away from the surface when
salt is present (Figure S5) so that it is only 4 and 1 mV at 1 nm
away from surface for 0.1 and 0.5 M NaCl, respectively. Due to
the lower surface potential and rapid decay (see Figure SS and
Table S2 in the SI), the DL contribution to the vSFG signal is
largely suppressed at pH 6 when salt is added.

In agreement with these estimates, we find that the presence
of 0.1 M NaCl initially slows down T, to 633 fs, which is
similar to the T at neat pH 2. This means that the 0.1 M NaCl
at pH 6 is mainly only responsible for screening surface charge,
hence excluding the DL water contribution to T lifetime, as
one would expect from the GC model and consistent with a
previous study.”” However, when the salt concentration is
further increased to 0.5 M, T, becomes faster (363 fs),
deviating from the behavior expected from GC theory. Since
the surface potential is very low at pH 6 with 0.5 M [NaCl],
the T decrease has to arise from ion-induced changes in the
BIL.

In analogy with the findings at pH 6, a similar BIL-specific
effect is also observed for pH 2, point of zero charge (PZC)
conditions, where the measured T lifetimes (Figures 1 and
2B) show that the vibrational relaxation of water is accelerated
by increasing the bulk ionic concentration. In the absence of
salt, the surface potential is close to zero (Figure SSA and
Table S2, SI) and we can consequently assume that the silica
surface is neutral and that the vSFG probing depth and the T
lifetimes reflect the water structure in the BIL alone. When
ions are introduced, the T lifetime decreases from 577 fs for
the neat interface to 422 fs for 0.1 M [NaCl] and to 249 fs for
0.5 M [NaCl], while the surface potential remains close to zero
(Figure SS and Table S2, SI). The BIL is thus expected to be
solely responsible for the measured T lifetime in the entire
investigated concentration range at pH = 2, meaning that there
is no preferential adsorption of cations over anions or vice
versa, and both ionic species have the same probability to
populate the BIL layer.

Here, it is important to consider the possibility of cations
preferentially accumulating at the neutral silica surface
compared to anions (as is known to occur at higher pH
values, above PZC), resulting in a slightly positive surface so
that the vSFG probes DL (“bulklike”) water via the )((3) effect
and causing an acceleration of the T,. However, this scenario
would manifest in a large DL-water contribution to the total
SS-vSEG spectra. This was indeed reported in a recent vSFG
study”* which showed a significant increase in the vSFG signal
at pH 2 when the NaCl concentration was raised from 10 to
100 mM, which was interpreted as an overcharging effect.
However, the overcharging effect was mostly apparent for the
ssp-vSEG signal and not for the ppp-vSFG signal. We use the

https://dx.doi.org/10.1021/jacs.9b13273
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Figure 3. AIMD/DFT-MD simulations of the amorphous silica—water interface at pH ~ 2. Time-averaged coordination number of the water
molecules in the BIL spatially resolved along the lateral x—y directions of the silica surface (in A) for (A) neat aqueous silica interface and (B)
aqueous silica interface with one KCl ion pair in the BIL. The water coordination is expressed in terms of the number of HBs (sum of water—water
and water—silanol HBs) per water molecule (see Section S6 in the SI for details). The color coding (vertical scale in the plots) goes from light red
(0.7 HBs/molecule), dark red (1.8 HBs/molecule), grayish-blue (2.9 HBs/molecule) to greenish-blue (4.1 HBs/molecule). The top view of the
interface shows the solid Si—O covalent bonds in gray lines to highlight the solid surface covalent patterns. The surface silanols are marked by the
O—H groups in red (O) and white (H) spheres. (C) Time-evolution of the number of intra-BIL HBs formed per water molecule located within the
BIL. t = 0 is the time when a KCl ion-pair is introduced in the BIL. The red and blue dashed lines indicate the average number of intra-BIL HBs per
water molecule for the neat interface (red, 1.2) and for the KCl electrolyte interface (blue, 1.7), respectively.

latter polarization combination in this study. Also, hysteresis
has been reported when pH is varied at constant ionic strength,
which is how the above-mentioned study was conducted. In
our study, we vary the ionic strength at constant pH which
avoids the hysteresis issue. We see no significant increase in
SS-vSFG signal at pH 2 when NaCl concentration is increased
(Figure S6), which is consistent with other past studies of
silica—water interfaces at pH ~ 2 conditions” as well as with
the estimated surface potential values (Figure SSA). On the
contrary, we notice a small decrease in ppp-vSFG intensity
with salt addition, which could also be in principle attributed
to the screening effect of the electrolyte (by hypothesizing that
a small net surface charge persists at pH 2). However, we also
see an acceleration of T| when 0.1 M salt is added. Thus, the
decrease in ppp-vSFG intensity cannot be entirely due to the
screening effect. As we will show later, such a decrease can be
explained when the ion-induced changes in the BIL water
structure are considered.

In the light of all the above-discussed evidence, the
accelerations of T lifetimes at pH ~ 2 conditions and pH 6
with [NaCl] = 0.1-0.5 M are ascribed to ion inducing order
and more interconnectivity within the structure of the BIL
water, i.e., a kosmotropic effect. A deep understanding of the
associated microscopic mechanism, which goes beyond pure
electrostatic effects and is almost entirely driven by specific
ion-induced changes in water—water and water—surface
interactions, is pivotal in order to improve our comprehension
and modeling of electrolytic interfaces. We hence now make
use of DFT-MD simulations to address this challenge.
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DFT Molecular Dynamics. A DFT-MD simulation of the
aqueous amorphous silica surface (4.5 SiOH/nm?, representa-
tive of the silica surfaces in experiments) at pH 2 was
performed (see Section S5 in the SI for all computational
details). In agreement with the experimental results, the
simulation shows that when the surface is neutral (pH ~ 2),
only the water in the BIL is noncentrosymmetric and hence
vSFEG-active. This is summarized in Figure 2A, where water in
the BIL is shown to be denser than in the bulk, forming fewer
water—water HBs, and with a noncentrosymmetric orientation,
while bulklike water coordination, orientation, and density are
recovered right beyond the BIL, i.e., further than 3.0 A from
the SiO, surface (see also Section S6 of the SI). The absence of
a DL confirms that the aqueous silica interface is at the
isoelectric point at pH ~ 2.

What the DFT-MD simulation also reveals is that the
inhomogeneous spatial distribution of silanols at the
amorphous silica surface results in a nonuniform spatial
distribution of the coordination number of the water molecules
in the BIL (Figure 3A, where the time averaged spatial
distribution of the coordination number of water in the BIL is
shown in a contour-map). Water coordination results from the
sum of water—water and water—silanol HBs, where a standard
HB definition is applied (O—O distance <3.2 A and O(—H)—
O angle in 140—220° interval).”® If, on average, water is 3-fold
coordinated in the BIL, this number is in fact due to two
distinct populations: 60% of the water molecules in the BIL are
tetrahedrally coordinated (HB/mol >3.1, blue zones in Figure
3A), while the other 40% are undercoordinated (HB/mol <2.2,
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red zones). These two water populations are located above
silica areas made of high (bottom half of Figure 3A and B) and
low (top half of Figure 3A and B) silanol densities,
respectively, which we have recently identified as hydro-
philic/hydrophobic patches on the macroscopically hydro-
philic silica surface.””>°

To reveal how ions affect the BIL water structure and
dynamics, eight additional DFT-MD simulations have been
performed in the presence of a KCI ion-pair. In AIMD
simulations, the Na" cation is known to require much larger
plane wave basis sets for its accurate electronic representation
than K, hence considerably increasing the computational cost
of the AIMD, and, thus, the choice of K' in the present
simulations. The results obtained with KCI have been then
confirmed with one supplementary MD simulation where one
NaCl ion-pair is accommodated at the silica—water interface
(see Section S8 in the SI). The similarity between Na'/K*
behaviors found in the present work is consistent with a
previous study.”” As already discussed, since the silica surface is
at the isoelectric point at pH ~ 2, and no static field is
generated by the neutral surface, there is no surface
electrostatic driving force to favor cations over anions (and
vice versa) to approach closer to the silica surface. Starting
from this knowledge, nine distinct initial ion configurations
have been prepared for the MD simulations, where both K*/
Na® and ClI” ions were randomly located within the BIL layer
(see Sections S4 and S8 of the SI).

‘We make the choice to discuss hereafter the results from one
representative DFT-MD simulation, the results of which have
been validated by all the other simulations (the total of nine
simulations amounts to 150 ps time-scale), revealing that our
findings are independent of the average position and
configuration (i.e., contact ion-pair CIP, solvent shared ion-
pair SSIP) that ions have in the BIL, as well as on the K*/Na*
nature of the cation (all detailed in Section S8 of the SI).

The resulting picture obtained from the DFT-MD
simulations is the following. The presence of the electrolyte
in the BIL leads to the BIL water becoming homogeneously 3-
fold coordinated (Figure 3B); i.e., there is one single water
population (91% of the water in the BIL), highly
interconnected by H-bonds formed within the layer (1.7
intra-BIL HBs on average). This striking change in the water
structural organization in the BIL from the neat to the
electrolytic SiO,—water interface is due to two combined
factors: by approaching the silica surface, the ions are able to
complete their solvation shell with surface silanols on top of
BIL water molecules (i.e., ions adsorbed in innerspheres, see
Figure 4C), as already shown at the crystalline quartz—water®
and alumina—water>” interfaces, thereby breaking local water—
surface H-bonds that were previously present at the neat
aqueous silica interface. Innersphere ions hence locally drive
the breaking of water—surface interactions which is character-
istic of the hydrophobic patches at the silica surface.””*° They
consequently increase the portion of the surface assigned to
the hydrophobic domain. Above these ion-induced hydro-
phobic domains, water adapts to this change by maximizing H-
bonds in between interfacial water molecules (intra-BIL HBs),
hence increasing the water—water H-bond connectivity within
the BIL. As a result of such an ion-catalyzed shift in the balance
between water—water and water—surface interactions toward
the former, a highly ordered water—water HB-network with
HBs parallel to the silica surface plane is formed in the whole
BIL, reminiscent of the 2D-HB-network recently revealed at
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Neat

* Silica-Water + KCI
* Air-Water

15
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Figure 4. (A) Top views of the BIL water structural arrangement at
the neat silica—water (left), the silica—water interface with one KCI
ion pair in the BIL (middle), and the canonical hydrophobic air—
water interface (right) used here as a reference for the highly
interconnected H-bond network (2D-HB-network) formed by the
water in the BIL.>*> The silica surface atoms are black balls (left and
middle), while the gray balls in the right-hand figure are the water in
the bulk liquid. The water molecules in the BIL are color-coded
according to their coordination number, i.e., blue if <2.2 HBs/mol,
red if >2.2 HBs/mol. In the absence of ions, water molecules with
lower coordination number (blue) and with higher coordination
number (red) are present, connected only by few H-bonds (orange).
When KCI is added, blue water molecules disappear, and only red
water molecules remain, resembling the canonical air—water interface.
The increase in the number of orange connections between BIL water
molecules from the neat to the electrolytic interface illustrates how
ions increase in-plane H bonding within the BIL. (B) Evolution with
time of the number of water molecules (N,,,.) that are interconnected
by intra-BIL HBs into one single 2D-HB-network, normalized by the
average number of water in the BIL ((Ngy)). Red, reference air—
water interface; blue, silica—water + KCI interface. A similar plot is
not reported for the neat silica—water interface, as the 2D-HB-
network does not exist at that interface. (C) Innersphere adsorption
of the KCl ion-pair at the SiO,—water interface. The ions use silanols
(red balls for the oxygens) and water in the BIL (blue balls for the
oxygens) in order to achieve an innersphere adsorption.

the canonical hydrophobic air—water interface,”* where 1.7
intra-BIL HBs are also found on average.’>** The time-
evolution for the formation of the 2D-HB-network at the
silica—water interface (Figure 3C) reveals that the number of
intra-BIL HB/molecule increases in a few picoseconds, from
1.2 (neat interface, start of the dynamics) to 1.7, by adding one
KCl ion-pair in the BIL.

The electrolyte-induced increase in water interconnectivity
is further illustrated in Figure 4A where top views of the BIL
water molecules (20 on average in these simulation boxes) of
the neat SiO,—water (left), the SiO,—water+KCl (middle),
and the air—water interface (right; taken from refs 54 and 55;
be aware of the larger simulation box) are compared. One can
immediately observe the 60%/40% ratio between the two
water populations discussed above at the neat solution
interface (Figure 4A, left), with the isolated blue-waters
above the hydrophobic patches (which are too small for water
to form a 2D-HB-network) on one hand and the locally
interconnected, tetrahedral red-waters above the hydrophilic
patches on the other hand. Once the electrolytes are present in

https://dx.doi.org/10.1021/jacs.9b13273
J. Am. Chem. Soc. 2020, 142, 6991-7000


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13273/suppl_file/ja9b13273_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13273/suppl_file/ja9b13273_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b13273/suppl_file/ja9b13273_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b13273?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b13273?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

the BIL (pink/green balls in Figure 4A, middle), one
immediately observes the disappearance of the blue-under-
coordinated water molecules, and the increased HB
interconnectivity in between the red-water molecules, now 3-
fold coordinated and extended over the whole silica surface.
This is similar to the HB interconnectivity at the air—water
interface®™>> (Figure 4A, right).

To understand the time-dependent behavior of the HB
network of the KCl—silica—water interface with respect to the
air—water, we further compare in Figure 4B the time-evolution
of the 2D-HB-network size (N,,,,), normalized by the average
number of BIL water molecules ((Ng)) ((Ngp) = 45 and 20,
respectively, at the air—water and silica—water interfaces). One
can see that the two interfaces behave similarly over time, with
the normalized 2D-HB-network size steadily varying between
0.8 and 1.0 during the whole simulation.

We can hence conclude that innersphere adsorbed ions alter
the water organization in the BIL by shifting the balance from
dominant water—surface interactions (“out-of-plane ordering”)
to in-plane water—water interactions (“in-plane ordering”).
Our molecular picture is consistent with previous theoretical
studies®’ " showing that adsorbed ions can reorder the
interfacial H-bonding network at the quartz (101)—water
interface by promoting the formation of intrasurface H-bonds
and disrupting the surface water H-bonds. This drives an
inhomogeneous interfacial water coordination landscape
toward a homogeneous, highly interconnected in-plane 2D
hydrogen bonding network, reminiscent of the canonical,
hydrophobic air—water interface.

Connecting TR-vSFG and AIMD. We now make use of
the structural knowledge obtained from the simulations to
provide a rationalization for the T lifetime acceleration upon
ion addition at pH 2. The MD simulations demonstrated that
there is no DL contribution to the vSFG at the fully
hydroxylated (pH 2) silica—water interface and hence
confirmed that the acceleration of interfacial relaxation
dynamics can only be due to the ion-induced changes in the
BIL structure, which in turn alter the intermolecular coupling
and affect the BIL dynamics. In more details, we have seen that
ions change both water—water interactions and SiOH—water
interactions. The question remains as to which is responsible
for the experimentally measured changes in T,. The SiOH
vibrations are expected to exhibit slower relaxation dynamics
than OH vibrations of water as the former do not have access
to Fermi resonance coupling (which is known to be a major
OH vibrational relaxation pathway’"**~°%) into its SiOH bend
overtone due to the large energy mismatch. The SiOH bend
mode is at ~800 cm ™!, and thus, its overtone is at ~1600 cm™,
which is far away from the SiOH stretch vibrational modes
(>3000 c¢m™).>° This is consistent with time-resolved
measurements done in the 1980s by Cavanagh et al.”” which
determined the vibrational lifetime for hydroxyls at the silica—
vacuum interface as ~200 ps, which decreased to ~56 ps in the
presence of significant amounts of physisorbed water (S H,O/
100 A%). In our study, the silica hydroxyls are H-bonded to
adjacent water and thus are expected to have a shorter
vibrational lifetime than ~200 ps, but it is highly unlikely to be
anywhere close to the 100s of femtosecond time-scales we
measure. Moreover, SiOH—water couplings are weakened by
increasing ion concentration due to ion breaking of water—
surface HBs (as discussed before). This would reasonably
provoke a slowdown in the SiOH relaxation due to reduced
connections to the aqueous environment. In light of all of this,
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SiOH group dynamics would explain an increase in T}, not a
decrease (as observed experimentally). Based on this, we can
argue that the SiOH—water coupling contribution to the
overall relaxation within the BIL is much less important than
the one from water—water couplings. This is consistent with
the fact that water molecules in the BIL are much more
abundant than surface silanols (from MD simulations, we
calculate an average of 12.4 BIL waters/nm?* vs 4.5 SiOH/
nm?), as well as with water providing the dominant
contribution to the vSFG intensity of silica—water interfaces
in the OH-stretching region. From integration of the
theoretical vSFG spectra,””"” we find that water contributes
76% of the imaginary 7 VSEG spectra in the 3000—3800
cm™' range, while surface SiOH groups only contribute 24% at
frequencies <3300 cm™'. This 24% value is further reduced to
~6% when considering that we are measuring the Ly PP signal
in this study.

What remain to be evaluated are the ion-induced water—
water couplings within the BIL as the reason for the
acceleration of T, at pH 2 (and 6) when ions are introduced.
As mentioned above, Fermi resonance coupling is known to be
a major OH vibrational relaxation pathway.>"**~°* Since the
H,O bend mode is at ~1650 cm™ (and so its overtone is at
~3300 cm™!, without accounting for anharmonicity), there is
Fermi resonance coupling between the H,O stretch vibrations
and the H,O bend. Therefore, an ion-induced increase in
water—water interactions is expected to lead to eflicient
coupling thereby accelerating the vibrational energy transfer
and causing a decrease in T. Additional evidence comes from
comparing the BIL water structure and T, lifetimes at the
silica—water and the air—water interfaces. As discussed
previously, the BIL structure at the air—water interface is
dominated by water—water couplings resulting in a 2D-HB-
network, and the T for this hydrogen bonded water has been
experimentally measured to be 200—300 fs.”°~”* Similarly, ion-
induced water—water coupling resulting in a 2D-HB-network
is detected for the silica—water interface, and consequently, T
of 250 fs is also measured. This correlation between the BIL
structure and the T, lifetime at two different interfaces
supports our claim that ion-induced water—water coupling is
responsible for the reduction of T).

We further suggest that the acceleration of interfacial
relaxation processes with increasing NaCl concentration is
justified not only by the ion-induced increased HB-
connectivity within the BIL (increased water—water couplings)
but also by the net reduction in the number of “strongly
undercoordinated” water molecules at the interface (blue water
in Figure 4), which are expected to have the slowest relaxation
due to the reduced connectivity with the environment.

In light of these findings, the slow T lifetime (T, = 577 +
140 fs) measured for the neat interface at pH 2 conditions can
be ascribed to the substantial density of undercoordinated
water molecules (40%) and weak H-bond interconnectivity
within the out-of-plane ordered BIL. The ion-induced in-plane
ordering provokes the acceleration in the vibrational relaxation
processes within the BIL, from T, ~ 600 fs, typical of the water
out-of-plane ordering, to T ~ 250 fs, typical of the water in-
plane ordering, that is reminiscent of the fast vibrational
relaxation measured for the air—water interface. The same
microscopic mechanism revealed for pH 2 also rationalizes the
acceleration of T; at pH 6 in the presence of high salt
concentration. Such an acceleration at pH 6 has been observed
previously”> and was hypothesized to be due to ion-induced
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interfacial ordering, but in this study, we are able to provide,
for the first time, a molecular mechanism that explains the T
acceleration at the silica—electrolyte interface. Even though we
are mainly probing the BIL water at pH 2 and pH 6 (with salt),
it is important to note that the absolute values of T, are not
strictly identical (Figure 2B), presumably reflecting the
structural variations of surface silanol groups at the two pH
conditions, including the difference in the ionic species
enrichment at the neutral vs charged silica surface (see the
scheme in Figure 2).”® Nevertheless, the ratio in the T, values
at the two ionic concentrations is identical: water systemati-
cally relaxes 1.7 times faster at the higher 0.5 M ionic
concentration due to the highly interconnected 2D-HB-
network formed in the BIL.

Finally, the transition from out-of-plane to in-plane ordering
of BIL water due to breaking of water—surface HBs (vSFG
active since oriented along the normal to the surface) and
consequent formation of intra-BIL water—water H-bonds
(non-vSFG active due to the orientation parallel to the
surface) also explains the microscopic origin of the previously
discussed decrease (albeit small) of the SS-vSFG (ppp) signal
when ions adsorb at the neutral silica—water interface.

B CONCLUSIONS

In conclusion, the interplay between experimental vibrational
dynamics measurements and the interfacial structural charac-
terization by theory provides a compelling combination to
reveal the ion adsorption process at silica—water interfaces and
its effect on interfacial structure and dynamics, as a function of
pH/electrolytes conditions. At highly and moderately charged
silica—water interfaces (pH > 6), cations are preferentially
adsorbed at the surface, and their major impact on the
interfacial arrangement is screening the surface charge, as
expected from GC theory. However, more subtle molecular
changes in the BIL are hidden below the dominant DL
contribution at these high pH conditions. As revealed by both
experiments and simulations performed in this work, such
changes manifest at low surface charges (pH < 6) and high
ionic concentrations, and they cannot be rationalized by pure
electrostatic models as they are driven by local chemistry
associated with the ion adsorption processes.

We here show, for the first time, that the acceleration of
interfacial vibrational energy relaxation is due to the
kosmotropic effect of ions that drive in-plane ordering of
water within the BIL, the topmost interfacial layer. This deeper
understanding of such a phenomenon, which is beyond the
existing GC/SGC theories, represents a key ingredient in the
development of more accurate models for describing electro-
Iytic interfaces. Ions such as KCI and NaCl are hence shown to
be able to form innersphere complexes at the silica surface,
even at low pH (i.e,, around PZC) conditions. This requires
breaking of previously existing water—surface HBs, thereby
forming local “hydrophobic” areas on the silica surface, which
adds to the already present hydrophobic patches (silanol poor
areas) in the BIL. In such ion-induced hydrophobic domains,
water rearranges by forming the extended 2D-HB-network,
similar to the canonical air—water interface. TR-vSFG
experiments, directly probing interfacial vibrational dynamics,
are shown to be a powerful tool to reveal such BIL structural
transitions, which is modulated by the delicate balance
between water—surface and water—water interactions and is
marked by the ion-induced acceleration of interfacial vibra-
tional relaxation.
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The methodology employed here for aqueous silica
interfaces can be broadly applied to reveal the kosmotropic/
chaotropic nature of ions at other aqueous interfaces: TR-
vSFEG experiments provide a direct measure of BIL water
ordering/disordering, while DFT-MD simulations unveil the
underlying microscopic mechanisms.
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