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Dehydration of Oxide:Water Interfaces by Brines Quantified with Nonlinear Spectroscopy
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Abstract. Counting the number density of ions and water molecules at aqueous:solid interfaces
remains a fundamental challenge, especially under conditions of varying ionic strength. Here, we
employ an all-optical non-contact approach based on phase- and amplitude-resolved second
harmonic generation spectroscopy to estimate the cation and anion coverages and the number
density of net-aligned water molecules at fused silica surfaces in contact with aqueous solutions
held at pH 5.8 and a wide range of ionic strengths of NaCl, NaClO4, Na;SO4, and Na,HPO4 up to
8 M. At 8 M ionic strength of NaClOg, the data are consistent with an interface that is comprised
of half of a monolayer of ions (By,+ + Ocio; = 5 x 10 cm?) and half of a monolayer of water
molecules (8,0 = 4 x 10'* cm™), the latter having flipped their dipolar orientation from "protons
to the surface" to "oxygens to the surface". The interfacial water:total ion ratio is close to ten times
smaller than in the bulk solution at these high ionic strengths. The Helmholtz free energy
associated with water disordering increases abruptly from near 0 kJ mol™! below 2 M ionic strength
to 10 kJ mol! at 8 M ionic strength, indicating perhaps a Kirkwood-like transition from a hydrated

to a dehydrated interface.
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Introduction. Highly concentrated electrolytes are ubiquitous in both natural and engineered

systems, spanning a wide range of environments from confined biological zones like synaptic
clefts (~0.1-0.15 M)! to geochemical oil reservoirs (~6 M)? and oceans (~0.6 M).>* They play
essential roles in advanced technologies, including electrocatalysis,’ batteries (~0.5-1.5 M),%’
supercapacitors (1-2 M),® drug delivery,’ and saline aquifers proposed for carbon dioxide
sequestration (< 2 M).!? Despite their prevalence, a comprehensive molecular-level understanding
of their behavior, particularly at charged surfaces, remains elusive.!""'> Beyond 1 M ionic strength,
the decay screening length at solid:aqueous interfaces has been reported to lengthen as opposed to
shortening, an observation that is at variance with Debye-Hiickel theory.!*2° Similar findings have
been reported for aqueous bulk solutions.?!?> Despite the surge in publications in this area,?*’
many relying on scanning probes,!>!16283! the number density of interfacial water molecules,
cations, and anions have not yet been quantified experimentally as a function of ionic strength, the
focus of this present study.

Excluded volume, dielectric saturation, ion-ion correlations, and hydration structure are
considered key factors for explaining anomalous underscreening on various solid surfaces.!* Most
studies involving scanning probes attribute the similarity in force profiles between ionic liquids
and highly concentrated 1:1 electrolytes to electrostatic origins. These studies conjecture that
strong ion-ion correlations form correlated ionic clusters in which the few remaining free water
molecules are not isolated but integrated into the cluster.!®32 Despite structural and compositional
differences, ionic liquids and concentrated electrolytes exhibit similar screening behavior when
analyzed in terms of Bjerrum length, the diameter of the ions, and their activity coefficients.??
Additional scanning probe studies that distinguish hydration structures and hydrated-ion
correlations show that the apparent size of hydrated ions decreases as concentration increases.’!

At concentrations above 100 mM, the data are consistent with the formation of a 1-3 nm thick
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ionic solid at the surface, suggesting a water-ion coordination number of less than one.?! Despite

the valuable insights these studies offer, it remains challenging to quantify the number of water
molecules, cations, and anions at the Stern layer in such measurements.

Advanced theoretical models that extend beyond the classical Debye-Hiickel framework
have significantly deepened our understanding of electrolyte behavior. While these approaches
neglect the role of charged surfaces, they offer critical insights into finite ion size effects and ion-
ion correlations through the lens of statistical mechanics. For example, Kirkwood and Poirier??
developed a correlation function that decays with damped oscillation rather than the typical
Yukawa exponential decay commonly employed when using Debye-Hiickel theory. Kirkwood
transitions were recently reported using small-angle X-ray experiments®** and incorporated into
simplified mean-field theory models with a modified Coulomb interaction to account for finite ion
size, allowing for an analytical derivation of the anomalous screening length from the charge-
charge correlation function.’®> Kirkwood and Poirier’s statistical treatment was also revisited by
Kjellander to incorporate nonlocal electrostatics between the ions in the description of Debye-
Hiickel’s theory and the description of the permittivity.>® The aforementioned theory, referred to
as dressed ion-molecule theory, seems to infer that ionic structuring and correlation-driven layering
arise in highly concentrated electrolytes.

Our investigation aims to understand how water and ions arrange themselves on a charged
solid surface at high ionic strength. We ask how many interfacial anions, cations, and water
molecules are present at a given salt concentration, how the ratio of ion pairs to water molecules
varies with ionic strength, and how the Helmholtz free energy of interfacial water molecules
changes with increasing ionic strength to brine-like conditions. We describe an experiment that
estimates water, anion, and cation coverage on a fused silica surface over a wide range of ion

concentrations. While X-ray-based techniques can provide exquisite structural information



Gonzalez et al. Page 4
regarding ions at such high concentrations,?” they are currently limited to atomically flat substrates

like mica and high-Z elements. Vibrational spectroscopy yields OH stretching spectra of interfacial
water molecules at high concentrations on silica surfaces.’® However, quantitative methods to
count interfacial water molecules, cations, and anions are just beginning to emerge.***! In this
work, we employ non-resonant phase- and amplitude-resolved second harmonic generation (SHG)
spectroscopy to determine the interfacial second-order susceptibility (3*) and the total interfacial
potential (®(0)w), from which we estimate the coverage of anions, cations, and net-aligned water
molecules within the Stern layer. Our findings are consistent with interfacial dehydration, resulting
in a water:total ion ratio approaching unity at 8 M NaClO4. The abrupt change in the Helmholtz
free energy associated with water reordering is perhaps of a Kirkwood transition in which the
interface dehydrates at ionic strengths exceeding ~2 M.

Experimental Methods. In the experiments, we used 1 mm thin fused silica windows (A/10) from
Edmund Optics (11876) cleaned as described in our earlier work.*® We employed a flow rate of 10
mL min!. The experiments were carried out in at least duplicate on four different substrates, each
time starting with water from a MilliQ system that had been left to equilibrate with laboratory air
overnight (so ambient carbonate is present in the solutions). We employ a Ytterbium crystal-based
oscillator driving a phase- and amplitude-resolved SHG spectrometer for tracking the interference
between the sample SHG signal and a local oscillator produced by a 50 um thin quartz wafer
moving relative to the sample, as recently described.*’ Each fringe took 75 seconds to complete,
including the time to reset the translational stage for the next scan. The experiments were carried
out using NaCl, NaClO4, Na;SO4, and Na,HPOs4, to cover mono- and divalent anions in the
Hofmeister series and to access up to 8 M ionic strength in the case of NaClOs. Details regarding
solution preparation can be found in the Supporting Information. Briefly, the aqueous solutions are

prepared by placing a known mass of a given salt into a volumetric flask and then filling the
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volumetric flask with water from a MilliQ system to the 1 L mark. By means of example, placing

292 g of NaCl into the volumetric flask and adding water up to the 1 L mark produces a 5 M, or
5.63 m, solution. For the highest concentration we used (8M, or ~13.3 m, NaClO4), the water-to-
total ion ratio on a per mol basis is ~3.5, while the water-to-mean ion activity ratio is ~0.05 (here,
we used the classic compilation by Hamer and Wu).** Higher ionic strengths required considerable
time for the SHG amplitude and phase to reach steady state, typically on the order of an hour or
more with each new concentration (please see Supporting Information Figures S1 and S2). The
highly stable output of our Light Conversion Flint oscillator makes these measurements possible.
Results and Discussion. Fig. 1A shows SHG interference fringes recorded as a function of the
position of the LO source for each of the NaClO4 concentrations we studied (each mm difference
in stage position corresponds to 3.158° in the SHG phase).**** As in our prior studies, the SHG
amplitude first increases and then decreases (Fig. 1B) with increasing ionic strength*> while the
phase delays (Fig. 1C) over this ionic strength range. Both values are obtained from a sine fit. The
amplitude is normalized to deionized water, and the phase is referenced to the one obtained at the
point of zero charge (1 M NaClO4 at pH 2.5). With increasing ionic strength, the phase shifts by
60-80° while the amplitude decreases by > 90%. We then employ an optical model*:4346:47
connecting the SHG amplitude and phase responses from fused silica:aqueous interfaces to the
properties we seek, namely the second-order nonlinear susceptibility, ¥, and the total potential
®(0)wor. The first yields, to leading order, the number of net-aligned water molecules in the Stern
layer, while the latter is used further below to compute an estimate for the ion coverages. The latter
is the sum of electrostatic potential contributions from the mobile charges (those that are captured
in Gouy-Chapman-Stern theory as - and + charges of, say, chloride and sodium ions) and the bound

charges (say, the 18 electrons on a water molecule).
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We use a wave vector mismatch in the model of 4k,=2.5 X 107 m™1in our spectrometer for w =

1030 nm and 2w = 515 nm as the ionic strength-dependent variations in the refractive index as
outlined in the Supporting Information Section S3 are negligible. Modifying the decay length 4,
in the DC phase angle expression in our model (¢p-=arctan(4k,Ap), where A, is the Debye
length)*:4448-50 o match values reported in anomalous underscreening studies!® does not alter the
results presented here, given the magnitude of Ak, (please see Supporting Information Fig. S4).

From Second-Order Nonlinear Susceptibility to Number of Net-Aligned Water Molecules
per cm?. As shown in Fig. 2A, the second-order nonlinear susceptibility (3®) is positive across
the entire ionic strength range surveyed but decreases as the ionic strength increases, indicating a
gradual loss of net interfacial order. We find that the more polarizable ions are associated with a
somewhat larger second-order nonlinear susceptibility. At aqueous interfaces, a positive x value
generally reflects water dipoles oriented with their negative ends pointing into the bulk (H away

3132 phase-resolved SFG experiments>?

from water), as established by second harmonic scattering,
(most readily demonstrated by the positive x® value of the dangling free OH stretch of the
air:water interface),’* and variable-angle surface spectroscopy.>® Therefore, we conclude that the
observed positive ¢® indicates a net orientation in which interfacial species contributing to x®
are aligned with their negative ends pointing into the water. These contributors include, in order
of abundance, Stern layer water molecules, surface SiOH, SiO-, and SiOH»" groups, as well as
specifically and non-specifically adsorbed ions and ion pairs of Na™ and ClO}.>%¢ As the ions
studied here are centrosymmetric, their nonlinear hyperpolarizabilities should be small or even
zero when compared to water, at least to leading order. In other words, we assume that y(?) =
N < a® > is dominated by the orientational average of the water molecules’ molecular

hyperpolarizability, consistent with previous SFG studies.>® Yet, we note that electronic structure

calculations of aqueous ions' hyperpolarizabilities are currently lacking. As we reported
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earlier, ¥® yields the number of net-aligned Stern layer water molecules, N;, according to

Eq. 1:

[ @) _,(2) ]8 £
N _ 24 XSiOZ, point of zero charge <70 (1)
L a(®):10%cm2m—2

Provided that ® is dominated by the net alignment of Stern layer water, we can remove the silica-

only contribution, which we obtain, to leading order, at the point of zero charge

( (2)
XSiOZ, point of zero charge

= 1.7 X 10722 m?V-! as measured in our experiment using 1 M NaCl at
pH 2.5).** We employ an interfacial relative permittivity of water’s static refractive index squared

(¢, = 1.8),*! the vacuum permittivity (&;), and an MP4-derived molecular hyperpolarizability

estimate of a water molecule in a liquid water model of ® = 4.2 x 10752 Cm*V 2 (this value is

the a,(ci)z = affzgc tensor element estimate to which our s-in/p-out polarization combination is
sensitive).”>® Accessing other polarization combinations to probe water molecules oriented
parallel to the interface is currently not possible in our setup given the polarization of the
fundamental and the second harmonic in our calcite time delay compensator. We emphasize that
these values are estimates as the Stern layer water density has not yet been determined
experimentally for silica:water interfaces at these brine conditions. Atomistic simulations indicate
it to be subject to more than two-fold z-dependent undulations for the first few A.%%%! Moreover,
the values are upper bounds as the Stern layer water molecules are likely not subject to a purely
up or down distribution but instead to a multimodal orientation distribution (including various tilt
angles) that is currently unknown.

Fig. 2B shows that up to 10 mM NaClOy ionic strength, our estimate of the net-aligned
Stern layer water molecules remains largely constant. A monolayer of water molecules on ice or
liquid water corresponds to ~1.1 x 10" cm™, given the density of water or ice, so eqn. 1 results in

a few monolayers of net-aligned Stern layer water molecules having their H+O dipoles pointing
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away from the interface. As the ionic strength increases, the number of water molecules net-aligned

that way decreases, which is consistent with previous SFG observations that indicate water
structure disruption with increasing ionic strength on the surface of silica.®6263 At 5 M NaClOs,
the number of water molecules having their H+O dipoles pointing away from the interface crosses
through zero (Fig. 2B inset), indicating an equal number of water molecules having their H+O
dipoles pointing away from and towards the interface. At higher ionic strengths, the second-order
non-linear susceptibility difference relative to its PZC value becomes negative, so the number of
net-aligned water molecules becomes negative. This result indicates the presence of a small excess
of Stern layer water molecules having their H+O dipoles pointing towards the surface. Next, we
address the ion coverages, which we obtain from the interfacial potential.

From Total Interfacial Potential to Number of Cations and Anions per cm?2. Fig. 2C shows
that the total interfacial potential increases monotonically with increasing ionic strength. Slight
charge inversion may occur at > 5 M, similar to overcharging observed in recent X-ray reflectivity
reports.’” As stated above, the total interfacial potential contains the contributions from the bound
and the mobile charges, the former being, for instance, the 18 electrons on a water molecule, the
latter being the single positive or negative charge on a cation or an anion.*® To assess the
contribution from the ions, we attenuate the measured total potential by 90% as that factor accounts
for the difference between the measured total and the Gouy-Chapman (ions only) potential at high
ionic strength.’® This attenuated electrostatic potential then yields the ion surface coverage

estimates,® in units of cm™, according to®%-4%-63

2/3

lion], = [ lion]puik'Na

1000 cm3dm—3 ' [e_[O.liqilq)mt.F](RT)_l] (2)

Here, [ion],, . is the bulk ion concentration, N, is Avogadro’s number, ; is the ion valency (+1
for Na*, -1 for CI- and ClO4, and -2 for HPO4* and SO4>), F is Faraday’s constant, and RT is the

thermal energy. For the high ionic strengths employed here, we also used the mean ion activities
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of NaCl, NaClO4, and Na,SO4*?6¢6% and experimentally determined single ion activities®-"" for

Na»S04.”! Varying the activity coefficients by a factor as large as +2 translates into surface
coverages that are (£2)*3=[1.6, 0.6], or 60% and 40%, larger and smaller, respectively. Attenuating
the total potential not by 90% but by 80% or 95% changes the ion coverage estimates from eqn. 2
by <10% at the higher ionic strengths, and about a factor of 2 at low ionic strength. In other words,
the cation and anion surface coverage estimates are conservatively reliable to within a factor of
about 2.

Water Orientation Flips at High Ionic Strength. Fig. 2D shows that cation coverage estimates
exceed the anion coverages slightly, as would be expected for the negative surface potentials at
this pH, even at high ionic strength. At 8 M NaClOys, the cation and anion coverages are ~2.5 X
10'* ¢cm each. As the cation coverage is generally somewhat larger than the anion coverage,
doubling it yields estimates for the ion pair coverage. The ion pairs, if they indeed form, could be
solvent-separated or in the form of contact ion pairs, which our earlier atomistic simulations
indicated to yield second-order nonlinear susceptibilities that recapitulate values from phase-
resolved SHG experiments carried out at 100 mM ionic strength with a preference for contact ion
pair formation.” At 8 M ionic strength of NaClO4, our data are consistent with a total ion surface
coverage of ~5 x 10" cm™ (this is the sum of Na* and ClO4™ ions per cm?). This surface coverage
is about half of the total ion surface coverage (again, the sum of Na* and ClO4 ions per cm?) on
solid NaClO4 computed from NaClO4’s bulk density and molar mass (~1 x 10'> cm). The number
of net-aligned water molecules at this ionic strength is 4 x 10! cm™ (Fig. 2B), or about one half a

monolayer of water having their dipolar orientation flipped from "protons to the surface" to

(2)

"oxygen to the surface", as indicated by the sign change in Ay = y() — X5i0,, point of zero charge-

(2)

We caution that this result is based on a reliable estimation of the Xsi0,, point of zero charge-
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Interface Dehydration at High Ionic Strength and Associated Work. Fig. 2E shows that the

interfacial water:total ion ratio thus dips below one at ~4 M ionic strength, reaching as low as 0.2
at 8 M NaClOs, ten times lower than the water:total ion ratio in the bulk of an 8M (or 13.3 m)
NaClOs solution on a per mol basis (2.1). This result is consistent with a dehydrated interface when
compared to the bulk liquid at 8 M NaClOs. The sum of the net-aligned water molecules and the
Na*:ClOy ion pairs are ~8 x 10'* cm™, or close to a monolayer. The results indicate that net-aligned
water is being replaced by incoming Na":ClO4 ions. Whether the ions and the water molecules are
mixed in a two-dimensional interfacial layer or stratified/multi-layered is not known from our
present study.

We then proceeded to evaluate the energetic aspects of this system. To this end, we divided
the number of net-aligned Stern layer water molecules, V', by their maximum value at the lowest
ionic strength to obtain an order parameter, s=N/N max. Relative to the reference state, N 'max, which
is the most dilute case, we then express the Helmholtz free energy change, AF, as

AF = -RT In(Js|) 3)

Here, RT again is the thermal energy,”® and here, we use the absolute value of s to avoid negative
numbers in the In. The free energy is the work associated with the Stern layer water rearrangement
in response to the incoming ions. Fig. 2F shows that up to about 1 M ionic strength, the Helmholtz
free energy is near zero or below thermal energy (2.5 kJ mol™!' at room temperature), indicating the
interface is in a thermodynamically favorable state with well-aligned Stern layer water molecules.
Once the ionic strength increases beyond 2 M, though, the Helmholtz free energy increases sharply,
possibly indicating that the interface undergoes a Kirkwood transition out of a hydrated into a
notably dehydrated state.

Concluding Remarks. In conclusion, this work employs a non-contact, all-optical method to

estimate the surface coverages of cations, anions, and net-aligned water molecules on a solid (in
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this case, fused silica) in contact with ionic solutions of sodium salts of common mono- and

divalent anions up to 8 M ionic strength. At 8 M ionic strength of NaClOs, the data are consistent
with an interface that is comprised of half of a monolayer of ions (By,+ + 8cio; = 5 x 10'* cm?)
and half of a monolayer of water molecules (6,0 =~ 4 x 10'* cm™), the latter having flipped their
dipolar orientation from "protons to the surface" at low ionic strength to "oxygens to the surface"
at 8 M ionic strength. We caution that the interpretation of the experimental data presented here
assumes that the second-order nonlinear susceptibility is primarily given by the interfacial water
molecules and that the centrosymmetric ions (Na*, CI', C1O4, SO4*, HPO4>") have only a minor,
if any, contribution. In particular, our estimates of cation, anion, and net-aligned water densities
will help elucidate the possible onset of contact ion pair formation as ionic strength increases. This
insight will help predict the condition at which adding salt does not add more ions, thus helping us
understand anomalous underscreening.

The results are consistent with an abrupt transition, perhaps of a Kirkwood type, from a
hydrated to a dehydrated interface as the ionic strength exceeds 2 M, based on Helmholtz free
energy arguments. We envision that the quantitative data may serve as experimental benchmarks
for computational models and atomistic studies of the interface between solids and ionic solutions,
including brines and water-in-salt mixtures. Such investigations could provide molecular-level
structural information regarding possible stratification at the interface, contact vs. solvent-
separated ion pair formation, and the slight overcharging that our data indicate via the sign flip in
the total surface potential and the second-order non-linear susceptibility at ionic strength exceeding
5 M NaClOs. The optical method presented here makes it, in principle, possible to carry out phase-
resolved SHG imaging of water coverage and structure and ion surface coverages. Future studies
are aimed at applying our method to quantify how the outcomes we describe in this present work,

at room temperature, vary with increasing temperature. Our recent work shows increasing surface
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deprotonation of silica with increasing temperature,*® so probing this system under brine

conditions would be of interest to areas in which hydrothermal conditions are relevant, such as
crystal growth,”* geothermal energy,”” and mineral extraction,’® as well as further investigation
into a possible Kirkwood transition. Given our earlier report of decoupled Stern and diffuse layer
dynamics under certain conditions of flow and pH’? we also envision systematic variations of flow
rate and acid base chemistry. Fundamental research into brines in contact with electrocatalysts is
another area being pursued in this laboratory.

Supporting Information. Solution preparation details, SHG amplitude and face stability
measurements, refractive index and decay length calculations, summary of total interfacial
potential and interfacial structure as a function of concentration.
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Figure Captions

Figure 1. (A) SHG interference patterns as a function of quartz wafer position for NaClO4
concentrations up to 8 M. (B) SHG amplitude normalized to the one obtained with deionized water
at pH 6 and (C) SHG phase referenced to the point of zero charge (PZC) at pH 2.5 as a function
of ionic strength for the salts indicated. Shading represents the standard deviation from 5 (resp. 8,
3, and 3) replicate measurements for NaCl (green circles) (resp. NaClO4 (yellow), Na;SOg4 (red),
and Na,HPOj4 (black)) collected over multiple days using different silica substrates. All data for
pH 5.8.

Figure 2. (A) Second-order nonlinear susceptibility and (B) number of net-aligned water
molecules as a function of ionic strength for the salts indicated. Inset shows results for 1 to 8 M
NaClOs. (C) Total interfacial potential as a function of ionic strength for the salts indicated. (D)
Interfacial ion coverages computed from the total interfacial potentials obtained as a function of
ionic strength for the sodium salts indicated. Open and closed circles are for the anions and cations,
respectively. (E) Ratio of net-aligned Stern layer water molecules and the total ion coverage as a
function of ionic strength for the sodium salts indicated. Horizontal line indicates a 1:1 ratio. (F)
Helmbholtz free energy associated with net-aligned Stern layer water molecules as a function of
water:ion pair ratio at the surface. The error bars represent the standard deviation from 5 (resp. 8,
3, and 3) replicate measurements for NaCl (green circles) (resp. NaClO4 (yellow), Na>SOg4 (red),
and Na,HPOj4 (black)) collected over multiple days using different silica substrates. All data for

pH 5.8.
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