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Abstract
Vibrational spectroscopy is a powerful tool for determining the local hydrogen-bonding

environment. However, vibrational coupling present in H>O can make it difficult to relate
vibrational spectra to a molecular description of the system. While numerous bulk studies have
shed light on this phenomenon, the influence of both intra- and intermolecular vibrational coupling
on the resulting electrical double layer spectra at buried interfaces remains largely unexplored. By
utilizing the combination of vibrational sum frequency generation (VSFG), electrokinetic
measurements, and the maximum entropy method on isotopically diluted water (HOD) at the
silica/aqueous interface, we reveal the influence of vibrational coupling on the Stern and diffuse
layer spectra as the surface charge density is varied. By comparing our HOD spectra with the
corresponding H>O spectra from pH 10 to 2, we find that the diffuse layer spectra of H,O are
dominated by both intra- and intermolecular coupling leading to significant differences in the H,O
and HOD spectra. In contrast, the spectral response of HOD and H.O in the Stern layer as a
function of pH is similar, providing strong evidence that the O-H oscillators in the Stern layer are
evolving in a similar manner for both the H>O and HOD systems. However, we observe differences
in the frequency centers at low pH that are less significant at higher pH suggesting that

intermolecular coupling in the Stern layer is evolving as the surface charge density is varied.
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Introduction

The electrical double layer (EDL) represents a fundamental model of the interaction
between a charged surface and the aqueous phase and accordingly is of central relevance to
modeling both natural and engineered systems.! Information on the electrical double layer has
been obtained using a wide variety of methods such as atomic force measurements (AFM),? X-ray
spectroscopies using synchrotron light sources,®* electrokinetic measurements,® and nonlinear
optical techniques.®’ The underlying features determined from these measurements are strongly
influenced by the sensitivity of the technique to the constituents of the EDL. For example,
electrokinetic measurements give valuable information on the electric potential at the slipping
plane of the EDL. However, the dominant constituent in the EDL is H.O molecules, and their
interactions with each other, ions, and the charged surface play critical roles in modulating the

EDL structure and dynamics.

Vibrational sum frequency generation (VSFG) is an ideal technique to probe H20
molecules in the EDL, as it is intrinsically sensitive to the number and order of the molecules at
the surface allowing information such as the hydrogen bonding environment to be characterized.58
However, for charged surfaces, such as the silica/H2O interface, constructing a molecular picture

is hindered by the presence of the electric field generated by the presence of charges due to



deprotonation of silanol groups at pH values above ~2,%° which align bulk water molecules. As
VSFG is sensitive to the entire EDL, it is difficult to determine the contributions of H.O molecules
near the surface (i.e., in the Stern,'*? bonded interfacial,’**® or topmost layer’®) and those

contributing further away in the diffuse layer.

Several strategies have been applied to access the Stern layer spectral contributions at
aqueous mineral oxide interfaces, such as suppressing the diffuse layer by employing a gate-
controlled semiconductor/oxide/water junction®® or by raising the ionic strength.1®1” Most relevant
to this work, Wen et al.1* presented a route for separating the diffuse layer spectrum from the total
EDL spectrum for water molecules interacting with a Langmuir-Blodget film without diffuse layer
suppression by taking the difference complex spectrum between two conditions with similar
surface charge densities and accounting for changes in electric potential. By uncovering the diffuse
layer complex spectrum, the imaginary component of the Stern layer complex spectrum could be
predicted, which is primarily of interest when constructing a molecular description of the interface.
In our previous work, we modified this approach by utilizing zeta ({) potentials from either
streaming current or potential measurements in combination with the maximum entropy method
to deconvolute the Stern and diffuse layer spectra as the ionic strength and pH were varied at the

silica/H.0 interface.1118

However, for the silica/H20 interface, the Stern and diffuse layer spectra are intricately
tied to the intra- and inter- molecular vibrational coupling of H>O. Intramolecular coupling
between the bending overtone with the fundamental O-H stretch mode leads to a Fermi resonance
characterized by the 3200 cm™ mode in the vSFG spectrum.’®?! This Fermi resonance
significantly complicates the spectral interpretation making it difficult to relate spectral changes

to changes in the intermolecular resonant coupling (i.e. structural changes) between neighboring



H>O molecules. Moreover, the strength of the hydrogen bonding interactions of the H>O
(manifested in the position of the resonant frequency) is also obscured. Both of these forms of
coupling can be minimized by using isotopically diluted H.O (HOD in D.0).?2* Removing
intramolecular coupling results in the absence of the Fermi resonance and hence its contribution
to the spectrum at 3200 cm™®. Meanwhile, the absence of intermolecular resonant coupling leads

to the narrowing and blue shift of the OH stretch. 3%

Isotopically diluted H.O has been extensively utilized in vSFG studies at several
interfaces.161%-2.26-31 |n particular, Tahara and co-workers® used it in their phase sensitive VSFG
experiments where they suppressed the diffuse layer contribution by increasing the ionic strength

up to 5 M at a single pH of 12 at the silica/H>O and silica/HOD interfaces. This work allowed them

(2)

topmost aNd Xﬁ:sz spectra, respectively)

to identify Stern and diffuse layer spectra (labeled as the y
at pH 12. They found a remarkable similarity between the Stern layer spectra of HOD and H0 at
pH 12 and high ionic strength indicating that H.O molecules at the silica interface were
vibrationally decoupled under these conditions. However, owing to the nature of these
experiments, the influence of the ions and pH on the EDL could not be deconvoluted although
both are known to strongly influence the structure of HO in the EDL.}1832%5 Fyrthermore, as

we have shown previously, the structure of H20 in the Stern layer changes significantly as the pH

is lowered below 12.18

We now expand our previous studies at the silica/H-O interface by studying the silicayHOD
(HOD in D20) interface in a bid to uncover the role vibrational coupling plays in the H>O spectra
of the Stern layer over varied surface charge densities beyond the measurements reported in
Urashima et al.'® We achieve this by measuring the VSFG spectra and zeta potentials at the

silica/HOD interface with varying pH at constant ionic strength and varying ionic strength at



constant pH. Using the maximum entropy method and Wen et al.’s approach we can deconvolute
the responses of the Stern and diffuse layers. We find strong similarities in the Stern layer spectral
shape between HOD and H-O at the silica interface at all pH values. Yet as the pH is lowered from
10 to 2, the resonant frequencies of HOD in the Stern layer are blue shifted with respect to those
observed for H2O. These differences in the frequency centers suggest that intermolecular resonant
coupling becomes prominent at lower pH values. The source of the coupling could potentially be
the change in hydrogen bonding environment of H.O from a singly hydrogen bond donating
structure (asymmetric) to a doubly hydrogen bond donating structure with other H.O molecules

owing to a flip in the H>O near the silica surface as the pH is lowered.

Experimental Section
Materials

IR-grade fused silica hemispheres (Almaz optics, K, 1 inch diameter) were used for vSFG
experiments. IR-grade fused silica windows (Almaz optics, KI, 2.5 inch diameter, 8 mm thickness)
were used for zeta potential measurements. Silica substrates were cleaned with HPLC grade
methanol (Fisher Chemical), sulfuric acid (95-98 %, Caledon Laboratories), and hydrogen
peroxide (30 % w/w in H20, Sigma-Aldrich). Solutions were made with NaCl (99.99%, trace metal
basis, Alfa Aesar), KCI (99.999%, trace metal basis, Acros Organics), NaOH (99.99%, trace metal
basis, Sigma Aldrich), HCI (34-37%, trace metal grade, Fisher Chemicals). Ultrapure deionized
H20 (18.2 MQcm) was used during all experiments. Deuterium oxide (99.9% D, Sigma Aldrich)
was utilized in conjunction with H2O in the ratio of 4:1 (D20: H,0) to yield mixtures in the ratio

of 1:8:16 (H.O: HOD: D20).



Sample Preparation

Before VSFG or zeta potential measurements, silica substrates were rinsed and sonicated
for 5 min each in deionized H.O, HPLC grade methanol, and then with deionized H.O again before
being immersed in piranha solution (3:1 H2SO4:H20) for 1 hr. The substrate was rinsed and
sonicated in the same manner as before followed by drying in an oven (>100°C) for 15 min. For
VSFG experiments, an in-house Teflon sample cell was rinsed and sonicated in deionized H20,
MeOH, and deionized H>O. The cell was then allowed to sit open to the atmosphere. HOD
solutions were prepared using a ratio of 1:4 (H.O: D,0). To convert the measured pH values of
HOD in D20 to pD values we add 0.32 to the measured pH. However, for convenience sake we
refer to pD for D20 as pH as we directly compare the pD and pH values between HOD in DO and

H-0, respectively.?1:%6:37

Caution: Piranha solution reacts violently with organic material. Ensure there is no residual

methanol on the substrate before immersion in piranha.

Laser Assembly

A regeneratively amplified laser (Spectra-Physics, Spitfire Pro, 1 kHz, 94 fs, 3.3 W) was
seeded and pumped by a Ti-sapphire oscillator (Spectra-Physics, MaiTai, 80 MHz) and Nd-YLF
laser (Spectra-Physics, Empower 30), respectively, to generate 800 nm pulses. A 65% beam
splitter (Newport) directed the 800-nm pulse to a noncollinear optical parametric amplifier
(TOPAS-C/nDFG, Light Conversion) to produce tunable broadband IR pulses. The IR light was
passed through a long pass filter (Edmund Optics, 2.40 m, 68-653), polarizer (Thorlabs), a zero-
order, tunable half waveplate (Alphalas), and then a CaF focusing lens (Thorlabs, f= 500 mm)
focused the IR light to the sample. The remaining 800 nm light from the Spitfire Pro was passed

through an air-spaced Fabry Perot Etalon (TecOptics), polarizer (Thorlabs), zero-order half



waveplate (Thorlabs), and then a focusing lens (Thorlabs, =500 mm) which directs the light to
the sample. Both the visible and IR beams were spatially and temporally overlapped at the sample
interface to generate sum frequency (SF) light. The SF light went through a BK7 recollimating
lens (Thorlabs, f = 400 mm), a half-wave plate (Thorlabs), a Glan-Thompson calcite polarizer
(Thorlabs), a focusing lens (Thorlabs), and a filter (Thorlabs) before entering a spectrograph
(Princeton Instruments, Acton SP-2556, 600 grooves/mm grating) connected to a
thermoelectrically cooled (-75 °C) charge coupled device camera (Princeton Instruments, Acton

PIXIS 100B CCD).

VSFG Experiments

The laser was aligned and optimized using the sum frequency light generated from the
silica/gold interface. Following this process, eight IR pulses were collected at one delay setting to
cover the range from 2800 to 3700 cm™. A polystyrene calibration film (International Crystal
Laboratories) was utilized to calibrate the detected frequencies. The gold coated hemisphere was
replaced with the cleaned silica hemisphere. Before any measurement, the cell was thoroughly
rinsed with the solution to be measured. For pH titrations, each solution was allowed to equilibrate
before the spectral acquisition. The order of the solutions was H20 (30 mins equilibration), 10 mM
NaCl/water, and 50 mM NaCl/HOD. The pH of the 50 mM NaCI/HOD solution was adjusted
using NaOH to reach pH ~10 and HCI was used to titrate from pH 10 to 2. For measurements
involving the variation of the ionic strength, an initial volume of HOD solution was placed into
the clean cell. By adding specific volumes of concentrated NaCl stock solutions, the desired
concentration was achieved. Spectra obtained were divided by that from the silica/gold interface
which was utilized as the reference. To facilitate a comparison between H,O and HOD, the (S-

polarized SFG, S-polarized visible, and P-polarized IR) spectra were normalized to the 3200 cm™?



mode intensity measurement at the silica/10 mM NaCl water interface. Details on the local field

corrections are provided in the supporting information.

Zeta Potential Experiments

Electrokinetic measurements were performed on a SurPASS Electrokinetic Analyzer
(Anton Paar) using a clamping cell with spacers and sealing foil. The conductivity probe (Anton
Paar, 18116) and pH probe (Anton Paar) were calibrated with 0.1 M KCI solution, and pH 4, 7,
and 10 buffer solutions before every experiment. Prior to the clamping cell being mounted, the
instrument was cleaned with deionized H»>O 5 times (300 s for each cleaning cycle). The clamping
cell was mounted with two fused silica windows, with one of the plates with 2 holes to allow a
channel to be formed between the 2 fused silica windows. The instrument was filled with deionized
H>0 (200s) and a flow check was performed (500 mBar) to ensure no leakages in the channel. The
instrument was then rinsed with deionized H>O (500 mBar for 500 s), allowed to equilibrate for at
least 30 mins, and the zeta potential of H2O is determined. The H20 was then removed, and air
passed through the instrument several times. HOD was then passed through the instrument with
similar equilibration times as H>O. Higher salt concentrations were used to dilute the HOD to
obtain the zeta potential as a function of the ionic strength. Measurements were performed under
streaming current mode with rinse pressure of 500 mBar for 180s and ramp pressure of 400 mBar
for 20s. For the pH titration, 50 mM NaCIl/HOD solution was allowed to equilibrate, the pH was
adjusted to 10 with NaOH diluted in 50mM HOD, and then HCI was used to adjust the pH of the

solution. The zeta potential was determined using the Helmholtz-Smoluchowski equation given
by

dI n
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Equation 1
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where ZTI: denotes the streaming current, n is the viscosity, ¢ is the dielectric constant, L is the

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

To account for the differences in the viscosity and dielectric constant between HOD and H20, the
values of 0.99 mPas and 78.23 were used for HOD while 0.89 mPas and 78.4 were used for H,0.3%-

41 A weighted average of D20 and H2O was used for HOD at 25°C.

Maximum Entropy Method Analysis

A more detailed version of the maximum entropy method (MEM) analysis can be found in
previous VSFG work.*>#* In brief, the maximum entropy method approximates the complex

spectra from the intensity spectra. The spectral entropy, h, is given by

h« [ logI(v)dv . Equation 2
where I(v) is the intensity spectrum and v is the rescaled frequency range from 0 to 1. Constraining
the entropy to maximum and forbidding the growth of resonances over time, Lagrange multipliers

give

|b|? .
I(v) = Equation 3

|1+Z%=1 amei2nmv|2 )

where the coefficients am and b can be determined from the Toeplitz system of equations for 2M+1

data points. The Toeplitz system of equations is

1 |b|?
R(O) - R(—M
( ) (E ) M= 0 : Equation 4
R(M) - RO) 1\, 0

where R(m) is the autocorrelation function given by



R(m) = f01 I(v)e 2™ gy Equation 5

The complex-valued y? can be determined by

xP @) = T - Equation 6
In Eq. (6), the numerator is the frequency dependent error phase, while the inverse of the
denominator is the MEM complex spectrum. The unknown error phase is required to determine

the actual phase (i.e., y(® phase) of the vSFG spectrum (¢ (v)) from the MEM phase, whereby

x® phase = Error phase + MEM phase. Equation 7

Result and Discussion
Homodyne vSFG and Zeta Potentials

Broadband vibrational sum frequency generation (VSFG) involves the spatial and temporal
overlap of a broadband IR light field and a narrow visible light field, which generates an intensity
spectrum at the sum of the incident field frequencies. Owing to resonant enhancement, the spectra
are sensitive to the molecules with vibrational modes that are VSFG active and excited by the
incident IR.* Moreover, within the electric dipole approximation these molecules must be
assembled non-centrosymmetrically to contribute to vSFG. The observed changes in the intensity

of the sum frequency light can be described by the following equation:

z (2) 3) 2 ;
=|Xs + ¥®gal . Equation 8

(2)
Isp |Xtotal
Here )(5(2) is the second-order susceptibility that reports on molecules in the Stern layer,*
and y® is the third-order nonlinear susceptibility which describes the SFG response of water in a

bulk-like environment. The value of g; is determined from the interfacial potential, which we
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approximate by the zeta potential, and accounts for optical interference in the diffuse layer that
occurs at low ionic strength.¢47 This y® g; term represents the contribution of H,O or HOD
molecules aligned or polarized by the interfacial potential, which is analogous to the diffuse layer

component of the EDL.

To evaluate the vSFG responses of HOD and H20 at the silica interface, we measured the
SSP (S-polarized SFG, S-polarized visible, and P-polarized IR) and PPP intensity spectra in the
O-H stretching region as the pH was varied and in the presence of 50 mM NaCl (Fig 1). Changing
the pH alters the surface charge density of silica since the surface silanol groups are weak acids
and become deprotonated as the pH is raised above 2, which is in the range of the point of zero

charge of silica.’® Changing the protonation state of the surface silanol sites should manifest in

changes to both the Stern layer ()(_52)) and diffuse layer (y©® g;) spectra. For example, in our
previous work with H20 at a constant ionic strength (50 mM NacCl), as the silica surface became
less charged with decreasing pH from 10 to 2, the hydrogen bonding environment of the H.O in
the Stern layer evolved significantly, while the diffuse layer contribution decreased with the

decreasing magnitude of the interfacial potential (g; term in eq 8).1*
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Figure 1. Representative SSP vSFG intensity spectra corrected for local field effects from 2850 to
3750 cm™! at the (a) silica/HOD and (b) silica/H,O interfaces!! as the pH was varied from 10 to 2
with under a 50 mM NaCl background electrolyte. Representative PPP vSFG intensity spectra
without local field corrections at the (c) silica/HOD and (d) silica/H20 interfaces. To allow for
comparison to previous work,*® we also separately measured the SSP and PPP spectra at the pH
12 silica/HOD interface.

Consistent with previous work,?! the SSP intensity spectra of the silica/HOD interface at
natural pH (~pH 7 based on equilibrium with atmospheric CO2) and 50 mM NaCl exhibited a
broad peak at 3400 cm™, a narrower peak at 3600 cm™, and the tail of another mode below 3000
cmt. As the pH was decreased from pH 10 to pH 2, the 3400 cm™* and 3600 cm™* modes began to

decrease while a new 3200 cm™* mode increased in intensity, becoming most prominent at pH 2.
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In contrast, the SSP spectra of silica/H20 exhibited a feature in the intensity spectra at 3200 cm™
over the entire pH range (Fig 1b).!! Although there is expected to be a broad distribution of
hydrogen-bonding environments at this hydrophilic interface,? the 3200 cm™ mode for the H,0O
spectra contains significant contributions from the Fermi resonance.!® Yet the evolution of the
spectral shape of H,O based on variations in intensity of the 3200 and 3400 cm™ modes have been

analyzed in previous work to obtain information on the interfacial structure of H,0.17:343548

The PPP spectra of the silica/HOD interface presented in Fig 1c display a vastly different
spectral line shape and response to alterations in the pH than that of the SSP spectra. In this
polarization combination, one symmetric broad peak centered at ~3300 cm™ dominated the spectra
at pH 10 and gradually became blue-shifted and asymmetric as the pH decreased. In a separate
experiment we measured the spectrum at pH 12, for comparison with previous work* and found
the spectral position was the most red-shifted at pH 12 consistent with the trend observed from pH
10 to 2. The variations observed at low pH in the SSP spectral shape did not appear in the PPP
spectra as the pH was varied. This strong dependence on the polarization combination is in stark
contrast to the SSP and PPP spectral shape from the silica/H20O interface, presented in Fig 1b and
1d, respectively, that exhibit the 3200 cm™, 3400 cm™, and 3600 cm™ modes consistently

throughout the pH range as well as the red-shift at low pH.

The difference between the polarization combinations for the HOD system is further

exemplified by a comparison of the square root of the integrated area of the intensity spectra

)

(proportional to x, .

) and the corresponding zeta potentials, which were determined for the same
type of planar silica sample under the same experimental conditions (Fig 2). As shown in Fig 2a,
the PPP and SSP integrated areas of silica/HOD exhibit different pH dependent trends: the

integrated area of the PPP spectra following the zeta potentials more closely than that from the
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SSP spectra where the former is more monotonic than the latter. Meanwhile, for the silica/H20
system displayed in Fig 2b, the integrated area exhibits a similar non-monotonic response for both
PPP and SSP integrated areas over the pH range. We attribute this similarity between the PPP and
SSP spectra and their pH-dependence to the contribution of the Fermi resonance to the diffuse

layer spectra for the H.O system, which contributes significantly to the spectral response at lower

wavenumber (vide infra).
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Figure 2. The square root of the average values of the integrated SSP (local field-corrected) and
PPP spectra from 2850 to 3750 cm™! (blue), normalized to the value at pH 10, and the
corresponding zeta potentials, {, (red) at the (a) silica/HOD and (b) silica/lH20™ interfaces

collected from pH 10 to 2 with a background of 50 mM NaCl. Error bars are the standard deviation
from replicate measurements.



14

To determine the diffuse layer component of the complex spectra, we rely on our reported
methodology to determine the y® spectrum of HOD.'**® This methodology requires measuring
the zeta potentials and the vSFG spectra as the ionic strength is varied at a constant pH. We present
the VSFG spectra as the ionic strength was varied at the silica/HOD interface at natural pH in Fig
3a. While the variation in the pH led to prominent shifts in the peak positions in the SSP spectra
(Fig 1), particularly for the HOD interface, the influence of varying the ionic strength was less
pronounced in both the H.O and HOD spectra. Likewise, minimal changes in peak positions were
observed in the PPP spectra (Fig S2). For both systems, the effect of increasing the ionic strength
was most apparent in the intensities of the spectra. As the ionic strength was increased in H20 or
HOD in D20 equilibrated with atmospheric CO2, we observed an initial growth in intensity
followed by a decrease in the SSP spectra in both systems. Such a trend has been previously
reported and attributed to changes in optical interference within the diffuse layer as the ionic-
strength dependent Debye length approaches the coherence length followed by charge screening

at higher salt concentrations, 8465051
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Figure 3. Representative SSP VSFG intensity spectra corrected for local field effects from 2850 to
3750 cm™! and accompanying average square root of the integrated spectral areas (blue squares)
and average zeta potentials (red circles) at the (a-b) silicayHOD and (c-d) silica/H-O interfaces
collected from the neat (no added salt) solution to an ionic strength of 50 mM NaCl. Error bars are
from the standard deviation of replicate measurements.

However, there is a difference in the salt-dependent trends of HOD and H.O. For the
silica/H20 interface, the maximum intensity was observed at 0.01 mM NaCl, whereas for the HOD
system, the maximum was observed for an ionic strength of 0.1 mM. This is also notable in the
evolution of the corresponding zeta potential with ionic strength. Indeed, by computing the
electrokinetic charge densities predicted by the Grahame equation,®® we observed differences in

the charge densities between HOD and H>O with added salt (Fig S3). These differences warrant
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further investigations as previous work comparing DO and H>O have found intrinsic variations

between the species.>

Complex vSFG Spectra of HOD

)

2
torar| ) OF the two interfaces.

Thus far, we have compared the intensity spectra (| X

However, to deconvolute the contributions of the Stern ()(5(2)) and diffuse (y®gs) layers from the

overall intensity spectra, we need to determine the complex spectra, which we and others!3!# refer

(2)

total- 10 ODtain the SSP complex spectra from the intensity spectra presented in Figures 1

toas y
and 3, we employ the maximum entropy method (MEM), which has been previously utilized in
several VSFG studies.*2445460 \We attribute the rising intensity at lower wavenumber (<3000 cm-
1y in the SSP intensity spectra of HOD to the tail of the O-D stretch from D.0. Therefore, to avoid

any interferences from the O-D region, we truncate our spectra at 3000 cm™ in the following

analysis.

The MEM estimates the complex spectra from the intensity spectra by identifying the most
probable phase under the constraint of maximizing spectral entropy and assuming no growth of
resonances over time. The outcome of the analysis is the MEM complex spectra that can be
separated into the amplitude and the ‘MEM phase,” which is related to the actual phase (i.e., the
x® phase) of the spectra (¢) by the so-called error phase as shown in equation 7. In our previous
work at the silica/neat H.0 interface,'>!® we made use of the phase-sensitive VSFG measurements
by Myalitsin et al.?! to predict the error phase under specific conditions. Heterodyne second
harmonic generation (HD-SHG)®%2 was then used to predict changes in the error phase with

varying pH or ionic strength conditions that were not previously acquired by phase sensitive vVSFG



17

measurements. Under all these various conditions, the error phase remained linear with respect to

the wavenumber.

For the HOD system, we followed the same methodology to use the intensities and complex
spectra presented by Myalitsin et al.?! to determine the error phases at pH 2.1, 7.2, 12.1 and ionic
strength of 10 mM phosphate buffer solution (PBS) as shown in Fig 4a (bold lines). Using MEM
analysis of our intensity spectra and the error phase spectra from their data, our resulting imaginary
spectra at pH 2 and pH 12 were in good agreement with their phase-sensitive vSFG measurements
(Fig 4b). Here the amplitude difference at pH 12 relative to pH 2 is likely due to the higher ionic
strength in our system. However, we found that the error phase of HOD determined from Myalitsin
et al.?* is nonlinear with respect to wavenumber at pH 7 and is highly sensitive to variations in the
pH. Furthermore, a shift in the error phase from HOD at natural pH with no added salt (which we
estimate to be at pH 7.5) to pH 7 HOD (and 10 mM PBS) makes it difficult to decipher the
influence of ions on the error phase (Fig S4). Therefore, we required new procedures to predict the

error phase as the pH and ionic strength were varied.

For the experiments performed with varying pH and a background of 50 mM NaCl, we
interpolated the error phase derived from the phase-sensitive vSFG measurements at pH 2.1, 7.2,
and 12.1.2 As shown by the dashed lines in Fig 4a, this approach assumed for simplicity that the
error phase with respect to each wavenumber varies linearly with the pH. The resultant complex
spectra utilizing the interpolated error phases with the MEM analysis of our intensity spectra as
the pH is varied are shown in Fig 4c. The sign of the modes in the resulting imaginary spectra
reflects the orientation of the O-H oscillators within the EDL.®3 Specifically, for the OH oscillators,
the positive sign indicates that the oscillator is pointing with dipole moment (i.e., hydrogen atom)

towards the surface, while a negative sign represents the opposite direction. The variation in the
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imaginary spectra of HOD mimics that of H2O as at low pH there is a transition from negative to

positive amplitude of the imaginary component of y(® in the lower wavenumber region.'*?
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Figure 4. (a) Interpolation of the error phase extracted from Myalitsin et al.?! as the pH is varied.

(b) Comparison of the imaginary )(t((fgal spectra at pH 2 and pH 12 measured by Myalitsin et al.?*

and determined by maximum entropy method analysis of our intensity spectra. (c) The imaginary
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nggal spectra using the interpolated error phases and MEM analysis of our intensity spectra

presented in Fig la.

While the interpolation of the error phase shown above can be used to predict the complex
spectra with varying pH and constant ionic strength, we cannot use this approach to predict the
influence of increasing the ionic strength on the error phase as reference complex spectra have
only been reported at two different ionic strengths (neat and 10 mM PBS), which do not adequately
cover the range explored in our experiments (neat to 50 mM). However, for both the phase-
sensitive VSFG measurements at the silica/lHOD interface with 10 mM PBS (pH 7) and neat HOD,
we find that the y® phase (¢) is linear between 3000 and 3700 cm™ (Fig 5a). Furthermore, we
observed for both reference spectra and their corresponding MEM analysis that there were three
points where the ¢ phase could be predicted. Two of the points were when the MEM phase
intersected the x-axis (i.e., MEM phase = 0). According to equation 8, at these points, the ¢ phase
is equal to the error phase, which we found was approximately 90° (-90° at low wavenumber and
+90° at high wavenumber) as shown in Fig S5. The last point is where the slope of the MEM phase
changed sign, which was observed to correspond to the point at which the ¢ phase was zero in
these reference spectra. Therefore, we utilized the same relationship between our MEM phase and
@ phase for the spectra at natural pH with increasing ionic strength to 50 mM. The x® phase (¢)
at an ionic strength of 10 mM predicted from our MEM phase spectrum is shown in Fig 5a (red
line), which shows excellent agreement with the ¢ spectrum measured by Myalitsin et al.?! (peach
line). The error phase spectra determined accordingly for each NaCl concentration are shown in

Fig S7.

The complex spectra at an ionic strength of 10 mM determined from this method of analysis

are in good agreement with the phase-sensitive VSFG measurements as presented in Fig 5b. The
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imaginary component of the complex spectra over the ionic strength range studied are presented

in Fig 5¢ with the accompanying real spectra presented in the supplementary material.
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Figure 5. (a) The x® phase (¢) determined from the reference complex spectrum of Myalitsin
et al.?! (peach line) and that determined from the MEM phase of our measured intensity spectrum
(red squares). The linear fit of the three data points (red squares) was used as the wavenumber-
dependent error phase in our analysis for this set of experimental conditions. (b) The real (red) and
imaginary (blue) spectra of 10 mM NaCl HOD at natural pH, which are similar to the HD-SFG
measurements of the silica/HOD interface with 10 mM phosphate buffer at pH 7. (c) Imaginary
spectra over the ionic strength range of neat HOD to 50 mM NacCl using the calculated frequency-
dependent error phase for each salt concentration and MEM analysis of the corresponding intensity
spectra.

Stern and Diffuse Layer Spectra
©)

total

With the complex y spectra in hand, we can now proceed to the deconvolution of the

Stern and diffuse layer spectra. To achieve this goal, we followed the route proposed by Wen et
al.,** which we have used in our previous work at the silica/H.0O interface.!'*® The analysis entailed
determination of the y® term by finding two different ionic strength points where we assumed
the Stern layer ()(f)) structure was unchanging and that all differences between the spectra were
due to differences in gz (for further details about determining the y®) spectrum see supporting

information). The resultant complex ) obtained from this analysis is presented in Fig 6.

—— Magnitude
— Real
—— Imaginary
5 |
El
&
2, 0-
-5 —

I | |
3000 3200 3400 3600

IR Wavenumber (cm’1)
Figure 6. The complex y®) spectrum of the silica/HOD interface. The reported complex spectrum

is the average from analyzing replicate SFG measurements. Shaded areas represent the error bars
propagated from the zeta potential measurements.
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To test our ¥ spectrum, we determined the resulting y® g, (diffuse layer) spectrum at
pH 12 with a background of 50 mM NaCl and compared it to that from Urashima et al.'® (Fig 7a
and Fig S9a) who based it on the overall difference spectra at high salt concentration (~100 mM
and 1 M). Our diffuse layer spectra is similar to that reported by Urashima et al.'® as both of the
spectra depict a single peak centered at ~3400 cm™. As further support of our y©) spectrum, we

determined the Stern layer imaginary spectrum for the silica/HOD interface at pH 12 and 50 mM

NaCl and found a strong resemblance to the analogous )((2) spectrum of Urashima et al.*® (Fig

topmost
7b and Fig S9b), with slight line shape deviations at extreme high (>3600 cm™) and low (<3100
cm) wavenumbers being the major difference (vide infra). Nonetheless, our Stern layer line shape
at pH 12 and 50 mM NaCl bears striking similarity to that measured by Urashima et al.*® at pH 12

and 2 M.

With confidence in our y© spectrum of HOD, we determined the pH dependent diffuse
layer spectra of HOD by multiplying the corresponding g, values with y®) and made a
comparison to that reported for the interface with H,O (Fig 7a). 8 Similar to infrared and Raman
studies, the vSFG spectral response of H-O is red shifted with respect to that of the isotopically
diluted water (HOD), which is attributed to the intermolecular resonant coupling present in H,0.
Additionally, the difference in spectral line shape and the lack of amplitude at lower wavenumber
for the HOD compared with H2O suggest that the Fermi resonance contributes significantly to the
latter. Nevertheless both () spectral responses are dominated by a negative mode in the
imaginary spectra, with a small positive feature above 3600 cm™. Furthermore, the intensity of
H20 versus HOD in the diffuse layer spectra (Fig 7a) is consistent with the lesser amount of OH
oscillators in the latter (made by diluting 1 part H2O in 4 parts D>O). Additionally, we note that

there is a strong similarity of the diffuse layer HOD imaginary spectra to the PPP intensity spectra
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from HOD (Fig 1c) suggesting that the PPP spectra of HOD are picking up more contributions

from the diffuse layer (the y®) g5 term) than the SSP spectra.
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Figure 7. (a) Stern layer (¥’ and (b) diffuse layer (xy®®g5) spectra of HOD and H20 over the
pH range of 10 to 2 at 50 mM NaCl. The H2O spectra were reported in our previous work (Rehl et
al.). Additional measurement at pH 12 are also included to allow for comparison with rescaled
measurements at pH 12 and 2 M by Urashima et al.!® Shaded areas represent the uncertainty
propagated from the zeta potential measurements.

corresponding y

To determine the Stern layer spectra, the y®) g5 spectra were subtracted from the

(2)

total

complex spectra. Even though the diffuse layer spectra exhibit a significant

difference, the overall spectral shape in the Stern layer of HOD shows a striking resemblance to
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that of H2O with subtle differences as shown in Fig 7a. In our previous work, we identified the
three spectral regions associated with the different types of hydrogen bonding environments of
H20 in the Stern layer.!%!8 Accordingly, we assign the positive feature at 3150 cm™ to O-H
oscillators that donate hydrogen bonds to the negative siloxide surface sites. For both H>O and
HOD, as the pH is decreased from 10 to 4 this low wavenumber mode decreases in magnitude.
This new negative mode at 3150 cm™ is attributed to H>O accepting hydrogen bonds from the
neutral silanol sites as the surface becomes less negatively charged approaching the point-of-zero
charge at pH 2. The positive mode at 3400 cm™, seen most clearly in the H,O Stern layer spectra
at pH 2, was attributed to hydrogen-bond donation to neutral sites. As the pH was lowered, this
region shifted from negative to positive for the silicayHOD interface, but the overall contribution
to the spectra is quite weak and therefore we hesitate to draw conclusions regarding the change to
the surface structure. The mode above 3600 cm™ in both sets of spectra which did change
significantly with pH has been assigned by some to the OH from a silanol site, which they also

found was pH insensitive.55:6

There are marginal differences in the spectral shape of the Stern layer imaginary spectra
for the HOD and H»O systems as the surface charge density is varied. Specifically, at pH 2, a
distinct red shift and broader response can be observed in the negative 3150 cm™ mode in the Stern
layer spectrum of H>O compared with that of HOD. However, as the pH is increased the
differences between the peak positions or pH where the spectra cross through zero converge.
Above pH 6, the deprotonation of silanol sites results in a flip of the O-H oscillators of the surface-
bound HOD that contribute at low wavenumber, now with hydrogens directed towards the silica
surface, presumably at siloxide sites (SiO’). This hydrogen bonding interaction for the OH

oscillator in both H.O and HOD that donate a hydrogen to SiO” would in principle be the same if



25

the H20 is decoupled owing to interactions with the surface. This conclusion is consistent with
that put forth by Urashima et al.*® who found that the spectral shape of HOD and HO in the Stern
layer was very similar at pH 12 indicating that HOD and H20O are in similar environments as the

surface becomes negatively charged.

In contrast at pH 2, the O-H oscillators that contribute at 3150 cm™ point in the direction
of the bulk solution (i.e., hydrogens pointed away from the surface). This orientation corresponds
to the H20O (or HOD) acting as a hydrogen bond acceptor for silanol sites and as hydrogen bond
donor to H>O (or D-O) molecules. A red shift and broadening in the peak positions in the
vibrational spectra have been related to the presence of intermolecular resonant coupling present
in H20 as a result of hydrogen bonding with H.O molecules.?®?° Furthermore, previous molecular
dynamics simulations at the air/water interface have shown that the type of hydrogen bonding
structure regulates the intermolecular resonant coupling.t”® In their simulations, symmetric
double donor hydrogen bonding environments contribute more significantly to intermolecular
resonant coupling as compared to asymmetric single donor hydrogen bonding environments. As
such we propose that below pH 6, the hydrogen bonding structure of water in the Stern layer
exhibits contributions of intermolecular resonant coupling. As a result, a double donor hydrogen
bonding structure is promoted giving rise to the red shift in the Stern layer spectrum of H.O
compared with that of HOD. At higher pH values, these differences notably become less prominent
as the oscillators begin to shift to an asymmetric hydrogen bonding environment thereby
decoupling the O-H oscillators of water. This highlights the influence of the surface charge density

on both the hydrogen bonding network and vibrational coupling at the silica/water interface.
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Conclusions
In summary, by utilizing vSFG in combination with the maximum entropy method and

electrokinetic measurements at the silica/HOD interface and comparing it with our previous work
at the silica/H,0 interface,!* we can elucidate the spectral response of vibrational coupling in
different parts of the electric double layer. Over the pH range of 10 to 2, vSFG intensity spectra of
H>0 and HOD at the silica interface exhibit different spectral responses due to the absence of the
Fermi resonance in the HOD spectra. Furthermore, the silica/HOD interface displayed different
spectral line shapes in PPP and SSP polarization combinations. By employing the maximum

entropy method on the SSP intensity spectra and electrokinetic measurements, we extracted the

Stern ()(5(2)) and diffuse layer () g3) spectra over the pH range. The similarity in the Stern and
diffuse complex spectral signatures to the phase-sensitive measurements of Urashima et al.*® at pH
12 highlights the reliability of our approach. The difference in the diffuse layer spectral shape of
H.0 and HOD, marked by the notable absence of the 3200 cm™ mode in the latter, is due to the
absence of intramolecular coupling (Fermi resonance) and the red shift of the H>O spectra due to
intermolecular resonant coupling. On the other hand, the spectra in the Stern layer are qualitatively
like that of H.O over the pH range studied here. However, the influence of intermolecular resonant
coupling is observed at lower pH. Specifically, at pH 2 the H>O spectra are red shifted from the
HOD spectra, which we attribute to stronger intermolecular resonant coupling in the former as at
this pH these O-H oscillators point toward the bulk solution, forming symmetric hydrogen bonds

with neighboring H.O molecules as well as accepting a hydrogen from surface silanol sites.
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