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Abstract



We explore the influence of salt addition on the structure of water interacting closely with
a charged silica surface. Isolating these surface effects is challenging, even with surface-specific
techniques like sum frequency generation (SFG), because of the presence of aligned water
nanometers to microns away from the charged silica. Here we combine zeta potential and SFG
intensity measurements with the maximum entropy method and reported heterodyne second
harmonic and sum frequency generation results to deconvolute from the total signal intensity the
SFG spectral contributions of the waters adjacent to the surface. Deconvolution reveals that at very
low ionic strength the surface water structure is similar to that of a neutral silica surface near the
point of zero charge with waters oriented in opposite directions. This result suggests the known
metastability of silica near the PZC and the stability of silica in low ionic strength solutions may
originate from the same source, these oppositely oriented surface-bound waters. Orientation
changes are induced upon adding salt, which lead to a decrease in the total amount of aligned water

at the surface.
1. Introduction

The surface-bound water molecules that hydrate silica are believed to play a large role in
the stability of silica in aqueous solutions despite consisting of only one or two monolayers of
water.! Most notably, the stability of silica against aggregation in the absence of a net surface
charge is highly unique, as most colloids are unstable near their point-of-zero charge (PZC).!*
This stability has been attributed to the interfacial water structure, but structural signatures of such
stability have not yet been identified. Moreover, for silica this unusual stability is also observed at
very low ionic strength near neutral pH, which lies well above the PZC (~pH 2), but quickly
diminishes upon adding small quantities of ions.! In addition to ion influence on silica aggregation,

ions are known to induce dissolution®* and surface charging on silica,>® as well as modulate the



electric double layer structure.””'* Yet, how these waters closely bound to the surface are affected

by ions is unknown as they are difficult to measure by conventional spectroscopic techniques.

Vibrational sum frequency generation (SFG) spectroscopy is one technique that is well
suited to study such buried interfaces owing to its selection rule that, within the electric dipole
approximation, requires a break of inversion symmetry for SFG to occur. However, for charged
surface/aqueous interfaces, traditional SFG fails to disentangle the response of the surface-bound
waters from those aligned further away from the surface by the static electric field (i.e. within the
diffuse layer).!> Recent studies have suggested the contribution of the latter to the overall SFG

spectrum can be significant depending on the surface charge density and the ionic strength. !5

In 2016, it was shown by Wen et al. that the spectral behaviour of such surface waters, also
called the bonded interfacial layer (BIL), at a Langmuir-Blodgett film could be separated from that
stemming from the diffuse layer using a model that we refer to as the y method.'® One challenge
with their experimental approach, however, was it required phase-sensitive SFG measurements
that can be difficult to properly reference.?*-*> Furthermore, their analysis required knowledge of
the surface potential, which the authors calculated from the surface charge density determined
from the fitted SFG amplitudes of the negatively charged carboxylates with Gouy-Chapman theory.

23-24

Similarly, recent SFG analyses aimed at extracting information of the surface-bound waters

from the silica/water interface at single pH values calculated surface potentials from dissociation

2526 and chromatography studies.?’

constants estimated from earlier second harmonic generation
Independently measuring the surface potential would be ideal as different surface preparations and

samples for mineral oxides can influence the surface structure,?® 239 but this is complicated by

the insulating nature of silica.



These recent vibrational SFG experiments** as well as non-resonant heterodyne second
harmonic generation (HD-SHG) experiments®! proposed that the total surface water contributions
of the silica/water interface changed upon adding salt at a constant pH. Tuladhar et al. has also
shown that the OH vibrational lifetimes of the water at the surface vary considerably with salt
concentration.!® Yet these studies did not measure the spectral changes associated with the surface-
bound waters. To determine how the hydrogen-bonding environment of these surface waters
change with salt, here we utilize intensity rather than phase-sensitive SFG measurements coupled
with streaming current measurements to determine the influence of salt addition on the surface-
bound water, or BIL, structure at natural pH (CO> equilibrated ~pH 6). To obtain the phase
information required to deconvolute the surface and diffuse layer responses, we use the maximum
entropy method (MEM) with reference to two phase-sensitive SFG measurements of silica
interfaces in the presence of neat water and 10 mM phosphate buffer’? and several HD-SHG
measurements over the ionic strength range explored in this work.>! This analysis reveals that the
hydrogen-bonded structure as well as the net alignment of the surface waters changes upon salt
addition. Moreover, the water structure at very low salt concentration at pH 6 is similar to the
reported structure at the PZC (pH 2),>? where silica is also known to be stable,! suggesting that
the signatures of silica stability are oppositely oriented surface water species. Our combined
experimental approach coupled with MEM analysis offers significant advantages for
deconvoluting the surface water response as it is less technically challenging than previous
approaches yet more comprehensive owing to its reliance on separate types of measurements. As
such, this work provides a general route to decipher the surface water structure under a variety of

experimental conditions.

II. Experimental Methods



Materials. NaCl (99.99%, trace metals basis, Alfa Aesar) was used to prepare salt solutions
and KCI (99.999%, trace metals basis, Acros Organics) was used to calibrate the SurPASS
instrument. HPLC-grade MeOH (Fisher Chemical) was used for substrate cleaning. Sulfuric acid
(95.0-98.0%, Caledon Laboratories) and hydrogen peroxide (30% w/w in H>O, Sigma-Aldrich)
were mixed in a 3:1 ratio and used for piranha cleaning substrates. All materials were used without
further purification. Ultrapure deionized water (18.2 M{)-cm) was used after deionization from a
Milli-Q Direct 8 Water Purification System (Millipore, ZROQOO8WW). IR-grade fused quartz
hemispheres (Almaz Optics, KI, 1 in. diameter) were used for SFG experiments. IR-grade fused
quartz windows (Almaz Optics, KI, 2.5 in. diameter, 8 mm thickness) were used for zeta potential
experiments. Sealing and spacer foils (Anton Paar, 97835 and 97834) were used to construct the

flow channel along the fused quartz windows in the SurPASS clamping cell (Anton Paar, 22653).

Sample Preparation. Prior to an SFG experiment, an IR-grade fused quartz hemisphere
was rinsed and sonicated (5 min) in ultrapure water, HPLC-grade MeOH, ultrapure water, and then
ultrapure water again before being immersed in piranha solution (3:1 H2SO4:H202, 1 h). The
hemisphere was then washed by the same water/MeOH rinse/sonication cycles as mentioned above
followed by drying in an oven at 110°C (15 min) and then drying further in the atmosphere while
covered in a clean, glass petri dish (15 min). A Teflon sample cell, built in-house and described
elsewhere,® was rinsed and sonicated in ultrapure water, HPLC-grade MeOH, and ultrapure water
again before being allowed to dry in open atmosphere. Prior to a zeta potential experiment, two
IR-grade fused quartz windows were cleaned in the same way as described above. One window
was modified in-house by drilling two holes through it, aligned to the specifications of the
SurPASS clamping cell, to facilitate the measurement. The clamping cell insert (Anton Paar,

21411) was rinsed and sonicated in ultrapure water, HPLC-grade MeOH, and ultrapure water again



before being allowed to dry in open atmosphere. Onto the clean, dry clamping cell insert was
placed a sealing foil. The clean, dry, modified fused quartz window was then placed on top of the
sealing foil with the holes aligned. A spacer foil was then carefully placed on top of the window
with the holes and channel aligned. Finally, a second fused quartz window was placed on top of
the spacer foil to complete the channel. On top of the second fused quartz window was placed a
support plate (Anton Paar, 84439) and the whole stack was placed within the clamping cell and
tightened. A set of SurPASS Ag/AgCl electrodes (Anton Paar, 22667) were then connected
through the clamping cell insert. Two concentrations of NaCl solution (10 mM and 1 M) were
used to manually increase the sample solution ionic strength for SFG experiments. Solutions for
zeta potential measurements were prepared by diluting 1 M NaCl solution. Solutions were

prepared fresh and stored open to atmosphere for approximately 3 hours before data collection.

Caution: Piranha solution is corrosive and explosive. Extreme heat is generated upon addition of
hydrogen peroxide to sulfuric acid. Never add sulfuric acid to hydrogen peroxide, as hydrogen
peroxide concentrations greater than 50% can be explosive. Piranha solution reacts violently with

organics, and therefore organic solvents should not be stored nearby.

Laser Assembly. A regeneratively amplified laser (Spectra-Physics, Spitfire Pro, 1 KHz,
94 fs, 3.3 W) was seeded and pumped, respectively by a Ti-sapphire oscillator (Spectra-Physics,
MaiTai, 80 MHz) and a Nd: YLF laser (Spectra-Physics, Empower 30) to generate high peak power
800 nm pulses. This 800 nm was passed through a 35% beam splitter (Newport) directing 2.3 W
to pump a noncollinear optical parametric amplifier (TOPAS-C/NDFG, Light Conversion) to
produce a tunable, broadband IR light (FWHM = ~90 cm™). An infrared longpass filter (Edmund
Optics, 2.40 pm, 68-653) was used to remove any residual signal and idler contribution from the

IR beam, which was then passed through a polarizer (Thorlabs, LPMIR050-MP2), a zero-order,



tunable half-wave plate (Alphalas), and a CaF; focusing lens (Thorlabs, f = 500 mm) before
reaching the sample. The remaining 1.0 W of 800 nm light from the Spitfire Pro was passed
through an air-spaced Fabry-Perot Etalon (TecOptics) to generate narrow, picosecond pulses
(FWHM = ~7 cm™). The visible light was then passed through a delay stage, a polarizer (Thorlabs
LPVIS050-MP2), a zero-order, half-wave plate (Thorlabs, A/2@808 nm), and a BK7 focusing lens
(Thorlabs, f = 500 mm) before reaching the sample. The visible (~10-20 uJ/pulse) and IR (~18
wJ/pulse) beams were directed at the sample cell at incident angles of 61° and 67°, respectively,
relative to the surface normal. The beams were slightly defocused to avoid beam-induced sample
damage while spatially and temporally overlapped at the sample interface to generate sum
frequency light. The SFG reflection beam was passed through a BK7 recollimating lens (Thorlabs,
f = 400 mm), a half-wave plate (Thorlabs, A/2@808 nm), a Glan-Thompson calcite polarizer
(Thorlabs, GTH10M), a BK7 focusing lens (Thorlabs, f = 100 mm), and a filter (Thorlabs,
FES0750) before entering a spectrograph (Princeton Instruments, Acton SP-2556 imaging
spectrograph, grating: 600 grooves/mm, 500 nm blaze wavelength) connected to a
thermoelectrically cooled (-75 °C), back-illuminated, charge-coupled device camera (Princeton
Instruments, Acton PIXIS 100B CCD digital camera system, 1340 x 100 pixels, 20 um x 20 um

pixel size).

SFG Experiments. A fused quartz hemisphere (Almaz Optics, KI, 1 in. diameter) with a
gold-coated planar side (200 nm) was mounted to the clean sample cell. The laser was aligned and
the SFG signal was optimized using the signal from the silica/gold interface. A nonresonant
reference spectrum was collected at a single delay setting using eight IR pulses with centres
ranging from ~2900-3600 cm™'. A polystyrene calibration film (International Crystal Laboratories,

38 um thick) was used to calibrate the detected frequency by comparison to three known



polystyrene aromatic C-H absorptions centered at 3026, 3059 and 3081 cm™'. The gold-coated
hemisphere was then exchanged for a freshly cleaned fused quartz hemisphere. The cell cavity was
rinsed five times with ultrapure water and then allowed to equilibrate in ultrapure water for 30
minutes. NaCl solution was then added by micropipette to achieve the lowest ionic strength
solution (0.01 mM) in the cell and allowed to equilibrate for 30 minutes. After acquisition, the
ionic strength was further increased through the addition of concentrated NaCl by micropipette
(Gilson, calibrated by Transcat, Inc.). Each subsequent solution was allowed to equilibrate with
the fused quartz surface for 15 minutes before measurement. After collecting all sample spectra,
the hemisphere was exchanged once more for the gold-coated hemisphere and a reference spectra
was collected. Sample spectra were collected in ssp polarization (s-sum frequency, s-visible, p-
infrared) for 120 s at each frequency used for the gold reference. Reference spectra were collected
in ssp polarization for 1s per center frequency averaged over 10 acquisitions. All spectra were
background corrected by subtraction with a background spectrum collected immediately prior to
each sample or reference spectrum. Background spectra were collected by blocking the IR laser
and acquiring signal at a single pulse. SFG intensities were normalized to the 3200 cm™ intensity

of the silica/water interface at 10 mM NaCl.

Zeta Potential Experiments. Zeta potential measurements were performed on a SurPASS
Electrokinetic Analyzer (Anton Paar) using the clamping cell. The conductivity probe (Anton Paar,
18116) was calibrated prior to each experiment with 0.1 M KCI solution. Before setting up the
clamping cell, the electrodes were connected by connection tube (Anton Paar, 100083) and the
instrument was cleaned with ultrapure water four times (300 s for each cleaning cycle). After
mounting the clamping cell to the instrument and connecting the electrodes, the instrument was

filled with ultrapure water (200 s fill time) and a flow check was performed (500 mbar) to confirm



linear flow rate with respect to pressure. The cell was then rinsed with ultrapure water (500 mbar
for 500 s) and allowed to equilibrate for 30 minutes. Higher ionic strength solutions were prepared,
as described above, while the fused quartz window equilibrated under the current solution. Each
solution was filled (200 s) into the instrument, followed by rinsing (500 mbar for 500 s) and
equilibrated for at least 15 minutes before measurement, except for the initial introduction of NaCl
which was allowed to equilibrate for at least 30 minutes. Measurements were performed under
streaming current mode with a rinse target pressure of 500 mbar for 180 s and a ramp target
pressure of 400 mbar for 20 s. The clean, calibrated conductivity probe was allowed to sit in the

sample solution during the entire experiment.

Zeta potentials are calculated according to the following equation,*

dlsc n
=—X—X- eq. 1
¢ dAp = exgy A’ 4

where ( is the zeta potential, I, is the streaming current, Ap is the change in pressure, 1 is the
viscosity of the solution, € is the relative permittivity of water, g, is the vacuum permittivity, L is

the length of the channel, and A is the area of the channel.

III. Results and Discussion

The ¥ method, originally proposed by Ong et al.,”> and widely accepted by others, ¢

19. 31,3445 separates the total SFG signal at the silica/water interface in the OH stretching region

into two origins: water assembled non-centrosymmetrically at the surface due to hydrogen bonding

()

or ion hydration given by the second-order nonlinear susceptibility of the surface, o, and waters

aligned or polarized by the static electric field emanating into the bulk from the charged surface



given by the product of the third-order nonlinear susceptibility, ¥ ®, and the electrostatic potential

®. This relationship is shown by the following equation

2 o i
VTskc % Esig & Xt = 157 EvisEir + X EvisEir Jy Eo(2)e**dz, eq. 2

where Iggg is the SFG intensity, Ey;s and Ejg are the electric fields of the visible and infrared laser
light sources incident on the silica surface, Ak is the wavevector mismatch of the sum frequency,

visible, and infrared electric fields, Eggg is the electric field of the sum frequency light generated

at the interface, and )(t(sgal is the total second order nonlinear susceptibility. The spectrum of x®
is similar to that of bulk water,'” which is consistent with the diffuse layer exhibiting bulk-like
hydrogen bonding with a small amount of net alignment due to the presence of the static electric

field. This static electric field emanating in the z-direction (along the surface normal) can be related

do() 46

to the electrostatic potential ®(z) according to E(z) = — -

Although the potential at the silica surface is often invoked in the x® technique,**°

according to the Gouy-Chapman-Stern-Grahame model of the electric double layer, the potential
which aligns water in the diffuse layer is that outside of the outer Helmholtz plane (OHP), rather
than the surface. This diffuse layer potential, which we argue is the potential that contributes to
the x® term, is often approximated as the zeta potential (), which is experimentally determined
based on the electrokinetic or electrophoretic properties of a system.!*'# For the planar substrates
we use for SFG measurements, the zeta potential can be measured in a flow set-up based on
changes in streaming current or streaming potential with changes in applied pressure using the
Helmholtz-Smoluchowski relationship. Therefore, we performed SFG measurements and
streaming current measurements with the same type of silica and sample preparation to allow for

a proper comparison between the resulting zeta potentials and the SFG response.

10



SFG intensity spectra were measured in the ssp-polarization combination (s-Esrg, s- Evis,
p- Err) at natural pH (~pH 5.8 based on equilibration with atmospheric CO2) with increasing salt
concentration from pure water to 50 mM NacCl at the silica/aqueous interface as shown in Fig. 1.
In the measured spectral window where the OH stretches of water and other species contribute,
two large peaks and one smaller peak were observed, which we refer to as the 3200 cm™, 3400
cm’™!, and 3650 cm™ modes, respectively. The first two modes are attributed to interfacial water
while the latter has been assigned to isolated silanol groups®® or to water experiencing a

t.° Consistent with earlier observations,'”?* the overall intensity of the

hydrophobic environmen
SFG signal in this range increased with ionic strength until approximately 0.1 mM and then
decreased with higher ionic strengths. This non-monotonic behaviour has been attributed to an

16.51-54 and destructive signal interference

interplay between the screening of the surface charges,
within the diffuse layer.!” 2% 365556 Above 0.1 mM the addition of salt led to a decrease in the
integrated SFG intensity, which is qualitatively proportional to the amount of ordered water in the

diffuse layer (Fig. 1b). As proposed by others,!” 2*

we attribute this drop to a decrease in the
magnitude of the diffuse layer potential owing to increased charge screening by the cations, which
is consistent with the decrease in zeta potential magnitude over the same range of salt
concentrations (Fig. 1b). In contrast, below 0.1 mM the trend in SFG intensity deviated from the
change in zeta potential magnitude. This difference below 0.1 mM ionic strength is attributed to
waters aligned far away from the surface relative to the SF wavelength that generate signal out of
phase from that produced closer to the surface. This difference in SF path length with salt results

5758 as quantified by

both in destructive interference and phase changes within the y(® response
the integral in equation 2 that relates not only to the interfacial potential but also to the z-

dependence of the generated signal, which depends on the Debye length (hence ionic strength) as

11



well as the experimental geometry. The solution to this integral can be estimated for relatively low

potentials below 25 mV as @, [ﬁ], or @, f3,’¢ where @ is the surface potential, but for larger

potentials like those measured here, the series expansion recently described by Hore and Tyrode

is appropriate,?*

4ikp TAK oo Ezn_l =
o Zn=1 (Zn—l)(iAk—K(zn_l)) B g3.

fooo Eo(z)e!**dz = d, — eq. 3

Here ky,, T, e, and k are the Boltzmann constant, temperature, elementary charge, and inverse

. . . : @ .
Debye length, respectively. € is a dimensionless parameter defined as tanh (:k OT) However, in

b

contrast to Hore and Tyrode, in equation 3 we define z = 0 at the onset of the diffuse layer, rather

than the surface plane. This modification avoids including the surface water molecules that
contribute to ng) in the x® term based on the assumption that for resonant SFG, the orientation

rather than the polarization of water plays a larger role in the x®® response.'® Although the surface
potential might influence the surface water structure to some extent, hydrogen bonding is expected
to dominate the orientation of water at the surface (see supporting information for calculation),
which justifies defining the onset of the diffuse layer as the 0-plane for the x® response. Therefore
to calculate g3, the surface potentials of equation 3 are substituted by the zeta potentials, which
provide an approximation of the diffuse layer potentials (Fig. 1b). The trend in calculated g3
matches well with the square root of the integrated SFG intensity. This comparison indicates either
that the diffuse layer waters are the dominant contributors to the SFG signal, or that the surface
water structure is changing in such a way to yield the observed similarity between g; and the

24, 31, 59

integrated intensity. However, as recent studies have shown, the surface water structure

12



likely exhibits an ionic strength dependence, which cannot be ascertained from a comparison of

g3 and the integrated intensity.
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Fig. 1 (a) Representative SFG intensity corrected for local field effects from 2850 to 3750 cm™ at
the silica/water interface over an ionic strength range of pure water (black) to 50 mM NaCl (red).
(b) The square root of the average integrated SFG intensity compared to the average { potentials
and the corresponding g3 values measured from the same type of silica under the same
experimental conditions. The error bars are the standard deviation of three experiments for SFG

measurements and two experiments for zeta potential measurements.
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To deconvolute the ng) and x® g3 responses and achieve a deeper understanding of these

()

structural changes with salt addition, the phase of the SFG signal (i.e. the complex ¥ .

spectrum

(2)

2
tota]| 10tensity spectrum) is required. To this end, SFG spectral analysis was

rather than the | X

performed with the maximum entropy method (MEM)®*-%° to predict the relative phase of the SF
response at all frequencies by maximizing the spectral entropy and forbidding the growth of
resonances over time.”® However, because the MEM models an autoregressive process, there is an
associated error spectrum of unknown phase.®!: 7! Therefore some apriori knowledge is required
to determine this so-called error phase. For this information we were fortunate to consider the
heterodyne SFG measurements of the silica/water interface from Myalitsin et al.>* Specifically,
since the error phase can be modeled as a linear equation following a frequency squeezing
procedure,® the resonant phase measurement of the silica/neat water interface by Myalitsin et al.*
was used to determine the error phase slope and intercept of our silica/pure water spectrum (Fig.
2a and 2b). Despite the different experimental geometries, which could affect the measured
lineshape,?* the resulting complex spectrum determined from the MEM analysis of our intensity
spectrum at the silica/pure water interface with this error phase agrees well with that measured

using phase-sensitive SFG by Myalitsin et al. (Fig. 2b).>?
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Fig. 2 (a) )(823] phase of the silica/neat water interface measured by Myalitsin et al.,**> and

)

2
maximum entropy and error phases calculated from the corresponding | Xeotal| USing the MEM.

The dashed black line is a linear fit to the error phase. (b) Complex spectrum predicted by the
MEM from the measured SFG intensity of the silica/pure water interface (lines) by referencing the
complex spectrum of the silica/neat water interface (circles) from Myalitsin et al.>? (c) Error phases
used for the MEM from pure water to 50 mM NaCl calculated using linear equations of identical
slope offset by the HD-SHG nonresonant phases measured by Ohno et al. and fit to a sigmoid to
extract values at the desired ionic strengths (inset).>! (d) Complex spectra predicted by the MEM

from measured SFG intensities of the silica/water interface from pure water (black) to 50 mM
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NaCl (red) using the HD-SFG phase of silica/neat water interface®? and the HD-SHG phases of

the silica/NaCl(q) interface®! as reference.

Comparison of the phase derived from the MEM to an experimentally measured phase
from heterodyne SFG yields the error phase for a single spectrum. However, since such heterodyne
SFG measurements are not available over the ionic strength range of interest, we must estimate
how the error phase changes with salt addition. Since the MEM predicts the relative phase of all
contributing modes but not the absolute phase with respect to the origin, we require knowledge of
how the error phase changes with increasing salt concentration. We propose the salt dependence
of the relative error phase in our system stems from the change in phase of the ¥ (or diffuse
layer) response based on the relative change between the Debye and coherence lengths with
changing salt concentration. This phase change of the diffuse layer signal can be calculated by g,
allowing the error phase to be compensated accordingly. However, the magnitude of this
compensation depends not just on the relative amplitude phase and g; but the magnitude of all
modes contributing to )(_gz) and y.”? As we do not know the relative magnitude of )(éz) and y®
in our system, the solution is underdetermined. Heterodyne SHG has been used to measure the
phase and amplitude of the net non-resonant signal under similar experimental conditions of
increasing salt concentration at the natural pH of ~6. The salt dependence of the HD-SHG phase
was proposed to stem from the change in phase of the x® (or diffuse layer) response based on the
relative change of the Debye and coherence lengths with changing salt concentration.®! Yet, using
the change in signal phase of the HD-SHG as an estimate of the change in error phase in our MEM
analysis assumes that the signals measured by HD-SHG and SFG originate from the same source.
For vibrational SFG in our experimental window, the signal is modulated primarily by the net

orientation and number density of water molecules. For nonresonant SHG, the water are also

16



expected to dominate the signal although other oscillators such as the silica may also contribute.*’

Moreover, the magnitude ratio of )(éz) and x® would have to be the same on and off resonance
for the signal phase angle to be identical in both experiments. Nevertheless, the change in HD-
SHG signal phase is intrinsically related to the change in the diffuse layer thickness, which should

play a significant role in the resonant SFG spectra as well.

To determine whether the change in measured HD-SHG phase can be used to approximate
the change in error phase, we performed MEM analysis on the silica/10 mM phosphate buffer
interface (pH 6.7) where the complex spectrum was also known from phase-sensitive SFG** after
reconstructing the corresponding real spectra (see supporting information). By comparing the
measured phase and the MEM phase, the error phase magnitude was calculated and compared with
that determined for the silica/neat water interface. The change in error phase between these two
spectra was ~20°, which is consistent with the HD-SHG phase change between that measured for
the silica/neat water and silica/10 mM NaCl interface (18°). This agreement in the error phase
change and the HD-SHG signal phase change suggests that HD-SHG can be used to predict how
the error phase changes in vibrational SFG experiments with MEM analysis. Therefore MEM
analysis was performed on our SFG intensity spectra using the error phase determined from the
phase-sensitive SFG reference of pure water offset by the change in phase measured by HD-SHG

(Fig. 2c). The resulting complex SFG spectra are shown in Fig. 2d.

(2)

total> the 3200 and 3400 cm™' modes remained positive over

For the imaginary spectra, Imy
the entire ionic strength range (Fig. 2d), which we propose stems from a net orientation of water
with hydrogens pointed towards the surface at all salt concentrations due primarily to the negative

surface and the expected alignment of the water dipoles with the corresponding static electric field.

Similarly the mode at 3650 cm™ that has been assigned to either surface silanol sites®® or water
y g

17



molecules in a hydrophobic environment®

did not change orientation with added salt. However,
in the low wavenumber range below 3100 cm™', a small negative feature grew in and receded with
increasing salt concentration. The identity of this low wavenumber mode is unclear, but it has been

proposed to be water molecules which are H-bond acceptors with the surface silanols and oriented

with their oxygens towards the surface.”

We also present the real spectra as a function of salt concentration, as identifying the pH
where it crosses through zero is useful for comparing our complex spectra to those reported by
other groups (Fig. 2d). Interestingly, we observed that the wavenumber where the real spectra
passed through zero blue shifted with increasing ionic strength. This blue shift in the zero-point
crossing with increasing salt may help to understand the differences between the complex spectrum
measured by Myalitsin et al. of the fused silica/neat water interface,*> and the complex spectra
measured by Ostroverkhov et al. of the a-quartz/water interface, as the pH cycling performed in
the latter to make the surface more amorphous likely increased the solution ionic strength.”® Our
reconstructed real spectrum from the imaginary and square magnitude spectra of the silica/10 mM
phosphate buffer interface reported by Myalitsin et al. also exhibits this blue shifted zero-point

crossing relative to that of neat water consistent with salt leading to a blue shift (Fig. S2).

With the complex spectra and g5 in hand, we next needed the relative magnitude of y®,

which should remain constant under the conditions of this study.”* To find y® we required a

particular ionic strength range where ng) was unchanging. Then the corresponding )(t(ggal

difference spectrum calculated from equations 2 and 3 should equal the reported ¥y spectrum'®

after accounting for the change in diffuse layer potential and interference determined by the g3

term. By taking the difference of the complex )((2)

tota] 10T spectra measured at adjacent salt

18



concentrations, we found the difference spectrum between 0.1 mM and 0.5 mM consistently

yielded, with respect to replicated experiments, a similar x® as that reported by Wen et al. (see

supporting information).'® This finding supports the recent work of Hore and Tyrode, which

predicted the integrated )(éz) from 2800-3800 cm™ to be relatively unchanging around this ionic
strength range.?* To account for variation in the actual zeta potential between the sum frequency
spectra replicates, we report the average ¥ from three independently collected sets of spectra
analyzed using the average zeta potential values from duplicate streaming current experiments (Fig.
3a). The resulting y® spectrum is largely negative in the imaginary domain except for a small
positive mode above 3600 cm™. Interestingly, this positive feature, which was also present in the
diffuse layer spectra calculated at the silica/H>O and the silica/HOD interfaces by Urashima et
al.,” indicates that some OH groups of bulk-like water are oriented in opposition to the static

electric field.

With the y®) spectrum determined, the diffuse layer spectra at all ionic strengths can be
readily calculated by taking the product of the y®) spectrum and the corresponding g3 value (Fig.
3b). These resulting diffuse layer spectra, which have incorporated the effect of interference
calculated by g3, exhibit the same non-monotonic trend as the SFG intensities. The imaginary
diffuse layer spectra are dominated by two positive modes around 3200 cm™ and 3400 cm™ with
a small negative feature at higher wavenumbers. The change in lineshape of the diffuse layer
spectra with changing salt concentration is due to the dependence of the g5 term on the wavelength,
ionic strength, and diffuse layer potential.>* The result of these dependences reveals an increasingly
negative and red shifting contribution at high wavenumber with decreasing ionic strength, which
we note is not due to structural changes to the diffuse layer, but rather highlights how interference

within the diffuse layer can alter the apparent lineshape measured at the detector.’”® Interestingly,

19



the lineshapes of our diffuse layer spectra where interference plays less of a role between 1 mM
and 50 mM NaCl agree well with that reported by Urashima et al. at high pH (pH 12) and similar

salt concentrations (0.01 to 0.1 M).%3
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Fig. 3 (a) The complex spectrum of the third order nonlinear susceptibility determined from the

total complex difference spectra between 0.1 mM and 0.5 mM NaCl divided by the difference in

21



the corresponding average g3 values. The reported complex ¥ spectrum is the average from

analysing three SFG data sets. (b) The imaginary x(3)g3 spectra corresponding to the diffuse layer
water contribution from the silica/aqueous interface from pure water (black) to 50 mM (red) ionic
strength. (c) The imaginary )(éz) spectra of the surface-bound waters for a representative data set
from pure water (black) to 50 mM (red) ionic strength. Shaded regions in figures (a)-(c) are the

uncertainty propagated from the standard deviation in measured { potentials. The bold lines

represent the smoothed spectra.

The surface contributions as a function of salt concentration were then extracted from the

total complex spectra by subtracting the corresponding diffuse layer spectra (Fig. 3c). In the

resulting ng) imaginary spectra we observed several features of opposite orientation across the
entire spectral window, which suggested the presence of oppositely oriented water populations
hydrogen bonded at the surface. Importantly, the presence of these oppositely oriented water

molecules is largely absent in the total complex spectrum, which is dominated by the diffuse layer

contribution. In general, the )(5(,2) imaginary spectra from pure water to 50 mM NaCl exhibited
negative features at lower wavenumber and positive features at higher wavenumber. Specifically,
for the pure water imaginary ng) spectrum, a negative mode around 3050 cm™' and positive modes
around 3250, 3450, and 3630 cm™! were observed. With salt addition, the positive modes around
3250 and 3450 cm™! decreased in magnitude until ~0.05 mM NaCl. This decrease of the high
wavenumber mode is consistent with a recent MD simulation that observed an under-coordinated
water population at the neutral silica/water interface that disappeared upon salt addition.<ref> At

higher salt concentrations, the imaginary spectrum from 2850 — 3450 cm™ is entirely negative.

Simultaneously the positive peak around 3630 cm™! decreased in magnitude from its value in pure
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water until ~0.05 mM NaCl was reached. With further salt addition, the positive high wavenumber

modes remained relatively constant while a positive feature grew in around 3100 cm™'.

Notably, the Im)(éz) spectra at low ionic strength (<0.01 mM) and pH 6 are similar to the
imaginary spectra of the silica/H,O and silica/HOD interfaces measured by Myalitsin et al.*? near
the point of zero charge (~pH 2), as well as the calculated spectrum from MD simulations of the
neutral surface.!® At pH 2, the spectrum should be dominated by the surface response owing to the
lack of an interfacial potential aligning the diffuse layer. The SFG spectra derived from MD
simulations of an uncharged, hydrophobic silica/water interface also exhibited these two modes of
opposite phase originating from waters close to the surface.”” The similarity in surface water
structure at low ionic strength, where the silica has a negative zeta potential ({ = -110 mV), and
the neutral silica surface at pH 2 is not obvious from a direct comparison of the intensity spectra

owing to the significance of the y®) g5 contribution to the total complex spectra for the former.

One possibility is this similarity between the Im)(gz) spectra at pH 6 below 0.01 mM NaCl and the

reported®? imaginary spectra at pH 2 stems from similarities in the surface charge densities under
the two conditions as silica is expected to have very little surface charge at very low ionic strength
(requiring near neutral pH). If the Stern layer is absent at low ionic strength, then the surface charge
density is approximately equal in magnitude and opposite in sign to the charge density of the
diffuse layer (i.e. o, = —ap,).”® With our measured zeta potential at the lowest salt concentration
explored (0.01 mM NaCl at ~pH 6), we calculated from the Grahame equation a g, of -0.79 mC/m?,
which is significantly smaller than the value calculated at 50 mM (-21 mC/m?) from the
corresponding zeta potential. This suggests a very low percentage of deprotonated silanols in
nearly pure water (0.1% deprotonated for a silanol density of 4.6 per nm?)! suggesting a similar
density of silanol groups as would be present near the point-of-zero charge (~pH 2). Accordingly
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we reason the similar surface hydrogen-bonding water structure under these two conditions stems
from the similar silanol density. As previously mentioned, the stability of silica colloids against
aggregation in the presence of ions is significant at pH 2 but drops as the pH is raised until near
neutral values.!”> However near neutral pH in the absence of any additional salt, silica colloids also
exhibit this stability, which quickly diminishes with salt addition." We propose that the opposite

orientation of waters at the surface is a spectral signature of this enhanced stability.

Previous phase-sensitive measurements by Myalitsin et al. at the silica/water interface

(2)
total*

assigned the water populations based on their resonant frequency and the sign of Imy 32 Using

these assignments as a starting point, we assign the positive peaks from 3250 - 3450 cm! in the

pure water/silica imaginary ng) spectrum to waters which donate H-bonds to silanols, and the
negative peak around 3050 cm™! to waters which accept H-bonds from silanols. Our assignment is
supported by the phase measurements of Ostroverkhov et al. at the a-quartz/water interface at pH
1.5, to which the low and high frequency modes were attributed to waters with their hydrogens
pointed away and towards the surface, respectively.”® Furthermore, our assignments are also
consistent with MD simulations and DFT calculations of a neutral a-quartz/water interface by
Joutsuka et al. that yielded a negative low wavenumber band and a positive high wavenumber
band in the imaginary spectra originating from waters accepting H-bonds from and donating H-
bonds to silanols, respectively.!” The subsequent decrease in magnitude of the large negative
feature with increasing salt concentrations is consistent with increasing surface charge density,
corresponding with a decrease in the number of silanols and H-bond acceptor waters (Fig. 4). As
the surface charge density becomes more negative with increasing salt concentration, the positive
feature around 3100 cm™! grows in. Therefore we assign this positive 3100 cm™ mode to the waters

which donate a hydrogen bond to the charged siloxides in agreement with the work of Urashima
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et al.”> Additionally, the trends in imaginary surface spectra evolution with increasing surface
charge density are consistent with recent MD simulations of hydrophobic and hydrophilic silica in
contact with water.” In those simulations, the calculated imaginary nonlinear susceptibility was
negative at low wavenumber and positive at high wavenumber for a hydrophobic silica surface.
The opposite signs at both low and high wavenumber were observed for the hydrophilic surface.
Therefore, we propose that the silica transitions from hydrophobic at low salt and low surface
charge density to hydrophilic at higher salt and higher surface charge density based on the change
in the Im ng) spectra. However, a recent time-resolved SFG/MD-DFT study suggested the
opposite near the PZC based on the change in water coordination observed in the simulations.'®
Finally, the positive feature around 3630 cm™ may originate from either H-bonded isolated
silanols®® or waters dangling over hydrophobic sites such as siloxanes, which do not reorient with
the addition of salt.”® We note in the former case, the silanols would be net oriented with their OH

groups pointed below the surface plane given the sign of Im )(éz).

@ H
Imy & B

| I |
3000 cm' 3600

Fig. 4 Proposed arrangement of surface waters hydrogen bonded to silica under lower (top) and

higher (bottom) salt concentrations and the corresponding Im )(éz) spectral features.
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IV. Conclusions

In summary, we determined the effect of ionic strength on the SFG spectra of the surface-
bound waters at the silica/water interface through deconvolution of the spectra into surface-bound
water, or ng), and diffuse layer water, or y®) g5, components. In lieu of a calculated surface

potential for the analysis, we obtained the zeta potential from streaming current measurements,

which has been related to both SFG”’-7® and SHG,*®! but not used to deconvolute the )(gz)and x®
contributions. With the reported phase-sensitive SFG*? and SHG®' measurements of the
silica/water interface as reference, we applied the maximum entropy method to our measured SFG
intensities to obtain the complex SFG spectra. These complex spectra and the measured { potentials
were used to determine the y®) spectrum at the silica/water interface, which agrees well with that
of Wen et al.'® We then extracted the surface-bound water )(§2) imaginary spectra with increasing
salt concentration near the natural pH of 6 and observed significant changes over this ionic strength

range. In particular, we observed a change in sign in the low wavenumber mode with increasing

salt concentration, indicative of an orientation change of water that contributes at these
wavenumbers. We note that recent reports analyzing the )(5(,2) and y® contributions based on non-
resonant SHG and integrated SFG intensities have also proposed that )(éz) is highly salt
dependent.?* 3! Yet our work here establishes how both the )(éz) and y®) g, imaginary spectra

change with salt addition, providing molecular insight. Specifically, the similarity of our ng)

spectra at low salt concentrations to the total complex spectrum near the PZC*? suggests the

signature of stability at the silica/water interface is oppositely oriented surface waters.
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