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Separating the pH-Dependent Behavior of Water in the Stern and
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Shafiul Azam,® Dennis K. Hore,* Julianne M. Gibbs **

1. University of Alberta, Department of Chemistry, Edmonton, Canada 2. University of Victoria, Department of Chemistry,
Victoria, Canada. 3. Bangladesh University of Engineering and Technology, Department of Chemistry, Dhaka, Bangladesh

ABSTRACT: Vibrational sum frequency generation (SFG) spectroscopy was utilized to distinguish different populations of water
molecules within the electric double layer (EDL) at the silica/water interface. By systematically varying the electrolyte concentra-
tion, surface deprotonation, and SFG polarization combinations, we provide evidence of two regions of water molecules that have
distinct pH-dependent behavior when the Stern layer is present (with onset between 10 and 100 mM NaCl). For example, water
molecules near the surface in the Stern layer can be probed by the pss polarization combination, while other polarization combina-
tions (ssp and ppp) probe predominantly water molecules further from the surface in the diffuse part of the electrical double layer.
For the water molecules adjacent to the surface within the Stern layer, upon increasing the pH from the point-of-zero charge of sili-
ca (~pH 2) to higher values (~pH 12) we observe an increase in alignment consistent with a more negative surface with increasing
pH. In contrast, waters further from the surface appear to exhibit a net flip in orientation upon increasing the pH over the same
range, which we attribute to the presence of the Stern layer and possible overcharging of the EDL at lower pH. The opposing pH-
dependent behavior of water in these two regions sheds new light on our understanding of the water structure within the EDL at

high salt concentrations when the Stern layer is present.

INTRODUCTION

A foundational concept in colloid and surface chemistry has
been that of the electric double layer (EDL), which describes
how charged surfaces impact the composition of the adjacent
liquid layer as well as the local concentration of electrolyte
ions that counter the surface charge. In 1913, Gouy and
Chapman proposed that this EDL consisted of a charged sur-
face and a diffuse layer of counterions enriched near the sur-
face with an excess in concentration that decayed exponential-
ly away from the surface until equaling the bulk concentration
of ions." Later Stern and Grahame argued that at high enough
salt concentrations, a dynamic layer of counter ions would
form at the surface that could act as a parallel plate capacitor
such that the potential decayed linearly between the surface
and this wall of counterions,” often referred to as the compact
part of the EDL, or the Stern layer.? Thereafter the diffuse
layer, similar to that proposed by Gouy and Chapman, neutral-
izes all remaining charges. This Gouy-Chapman-Stern-
Grahame EDL model has been widely utilized since its incep-
tion and provides a rationale for the difference in the high
surface potentials of mineral oxides based on the surface
charge densities measured by potentiometric methods>® and
the lower in magnitude zeta potentials, measured outside the
Stern layer by electrokinetic techniques.”®

Only recently, however, have techniques emerged that are
able to quantitatively disentangle the potential at different
layers of the EDL in colloid systems. For example, Brown
and co-workers utilized x-ray photoelectron spectroscopy
(XPS) to measure the potential at the silica surface and com-
pare it with zeta potential measurements from electrokinetic
methods using a microjet technique that allows colloids to be

directly probed by XPS. From a comparison of the surface
potential and the zeta potential, the authors were able to de-
termine the thickness of the Stern layer as a function of ion
identity®"° and salt concentration.> The authors found that by
100 mM NacCl, the Stern layer consisted of less than one water
molecule between the silica surface and the hydrated sodium
at pH 10 and this salt concentration.™

These potential measurements have provided compelling
evidence of the existence of an average interfacial structure in
line with the model first derived by Stern and Grahame of a
compact layer as well as a diffuse layer. Yet, in these studies
the molecular structure of the EDL is not directly measured
but only inferred from the potential measurements. To directly
probe the molecular structure, surface-specific infrared meas-
urements, such as vibrational sum frequency generation
(SFG), would be well-suited to probe water molecules in both
the diffuse and compact parts of the EDL. SFG has been wide-
ly utilized to monitor the hydrogen-bonded structure and ex-
tent of ordering of interfacial water at a variety of interfaces
ranging from ampbhiphilic films suspended at the air/aqueous
interface™"™ to mineral oxides like silica’®** and alumina.>*’
Moreover, SFG has also shown that the presence of salt per-
turbs the interfacial water structure, with increasing salt con-
centration leading to a decrease in the amount of ordered wa-
ter.'®% 22 This phenomenon can be attributed to increased
screening of the surface potential, thereby decreasing the elec-
trostatic force aligning the water dipoles, which is consistent
with EDL models.*

Only recently, however, has SFG been utilized to study dif-
ferent interfaces in terms of the Stern layer, or the water layer
directly adjacent to the surface.®3° At the silica/water inter-
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face, Lovering et. al. showed that the structure of water in the
Stern layer is dependent on the ion identity. The authors
found that the Stern layer could be completely disrupted at
high divalent salt concentrations at neutral pH based on the
absence of SFG water intensity, yet the same ionic strength of
monovalent salts did not show this effect.® This led to the
development of an ion-identity dependent EDL model to ra-
tionalize the behavior of these salts at high concentrations. In
another recent study that was performed at lower salt concen-
trations, the influence of pH on both the diffuse and surface
water layers was probed with SFG at a charged monolayer
film suspended at the air/water interface.?® Using EDL models
to determine the static electric field at the monolayer surface,
the authors developed a method to subtract the contribution of
the diffuse layer from the water spectra to isolate the Stern
layer structure, which they referred to as the bonded interfacial
layer.® Although changes at low pH (~pH 2) and high pH (>
pH 10) were observed in the bonded interfacial layer in the
absence of added electrolyte, the influence of salt concentra-
tion on this surface layer was not discussed.

These SFG experiments at the air/ charged monolayer/water
interface modeled the pH-dependent behavior by including a
phase shift term between the signal originating from the sur-
face-adjacent water and those further from the surface in the
diffuse layer.”® ** In related second harmonic generation
(SHG) experiments performed off resonance at the oil/aqueous
interface, Gonella et. al. found that the interference between
the same two terms described by this phase shift was signifi-
cant at lower ionic strengths (< 1 mM) owing to the large vol-
ume probed when the Debye length is long and the diffuse
layer extends deep into the bulk (~>10 nm).* However, this
interference between the surface and the “bulk” became negli-
gible at higher ionic strengths owing to the reduced Debye
length.** Relatedly, phase-sensitive SHG measurements at low
salt concentration confirmed that much of the signal originated
far from the surface at the a-quartz/water interface in the pres-
ence of a constant low salt concentration of 3 mM. The au-
thors confirmed an imaginary component to the SHG response
that interfered with the reference signal from bulk quartz,
which they attributed to bulk water far from the surface.*
However, working at higher salt concentrations should limit
such interference between the surface and the diffuse layer as
the Debye length becomes less than 1 nm [NaCl] 2 10 mM.
At such higher salt concentrations any interference between
the surface water and the diffuse layer should instead originate
from the overall assembly of the interface and not from a
phase-factor based on the distance probed from the surface.

Here we perform pH-variation experiments at multiple salt
concentrations to understand the interplay between the surface
charge density and high salt concentration on the structure of
the EDL. In several of our experiments, a constant high salt
concentration is maintained to ensure that the compact part of
the EDL is present throughout our experiments. As will be
shown, the pH-dependent trends of two different water vibra-
tional modes vary substantially at higher salt concentration,
which has never before been reported. This combination of
high salt concentration and pH variation supports previous
studies that suggest that there are different water populations
within the different layers of the EDL.™" ** Moreover, the re-
sults shown here provide the first molecular evidence that
waters within the different layers of the EDL experience dif-
ferent orienting forces. Finally, the high salt concentrations
used avoid any complex phase relations described above be-
tween the surface and bulk response providing a clearer pic-

ture of the pH dependence of the water immediately at the
surface and that nearby in the diffuse layer.

RESULTS AND DISCUSSION
Vibrational SFG Theory.

In vibrational SFG, light from a mid-IR source and light
from a visible or near-IR source are combined at an interface
and generate light that is the sum of the two incident light
sources. When the frequency of the IR light closely matches
the vibrational resonance of a molecule at an interface, the
resulting SFG response can be greatly enhanced.*® Moreover,
the polarization of the incident light fields determines the SFG
response, which is related to the orientation of molecules at
the interface and the symmetry of the resonant vibration. For
example ssp polarization refers to s-polarized SFG, s-polarized
visible and p-polarized IR, where s-polarized and p-polarized
describe linearly polarized light with the electric field oscillat-
ing perpendicular or parallel to the plane of incidence, respec-
tively.*® As shown in Figure 1, the s- and p- directions of the
incident or sum frequency electric fields can be related to the
Cartesian coordinates of the lab frame and consequently the
overall orientation of molecules assembled at the interface.

Silica ;
y

Water

@@@ oo e

Figure 1. Depiction of SFG generated at the interface between
silica and water. In the diagram the ssp polarization combina-
tion (s-polarized SFG, s-polarized visible, and p-polarized IR)
is shown. S-polarized and p-polarized refer to light with its
electric field component oscillating perpendicular to the plane
of incidence (in and out of the page, double circle) or parallel
to the plane of incidence (double headed arrow). Inset: a close
up of the different layers of the electric double layer (EDL).
The layer of ions and water nearest to the surface make up the
Stern layer; beyond that is a diffuse layer of ions that neutral-
ize any remaining charge such that the EDL is electroneutral.

The SFG intensity (Isgg) is determined by the incident elec-
tric fields (Ey;s and Ele from the laser source and the second-
order susceptibility (3'“), related to the composition and net
orientation of molecules assembled at the interface. The pa-
rameter y® is made up of 27 tensor elements based on combi-
nations of the Cartesian coordinates x, y, and z.** Moreover,
because of the symmetry of the silica/water interface, only 7
of the 27 tensor element are non-zero. One of these non-zero
tensor elements for the silica/water interface is x®,,, (probed
by ¢ Ssp) which describes the efficiency of generating SFG
with the electric field polarized in the y direction with incident
y-polarized visible and z-polarized IR. Accordingly, the aver-
age orientation of molecules as well as the symmetry of the
vibrational mode in resonance determines which of the non-
zero @ tensor elements is large.
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Under the electric dipole approximation, x® is non-zero on-
ly when there is a break in inversion symmetry, which ac-
counts for the intrinsic surface selectivity of this technique.
For vibrational SFG, x® is made up of a non-resonant and
resonant component, s> and y®. The latter can be de-
scribed by the sum of Lorentzian functions, where A is the
amplitude (which is proportional to the number of molecules
in resonance as well as their average orientation), g is the
incident IR frequency, o, is the resonant frequency of the vi-
brational mode and T is the homogeneous line width. The
dependence of A on the average orientation means that only
water with a net orientation resulting from interactions with
the surface will give rise to SFG signal, while no signal will
arise from the bulk, isotropic water.

The silica/water interface adds another level of complexity
to these equations because of silica’s ability to become
charged via deprotonation or protonation of surface silanols.*
Above pH 2, the surface of silica has a net negative charge,
which results in a static electric field and an interfacial poten-
tial (@) that can also generate SFG via the third order suscep-
tibility (x).

2
lseo o ‘Z(z) EvisEr + P = EIR(DO‘

The y®® term results from water molecules that are aligned
or polarized as a result of interaction with the interfacial po-
tential.'” % ¥3 The magnitude of the interfacial potential felt
by the water molecules can be modulated by changing the pH
of the bulk solution, which changes the degree of protonation
of the silica, or by changing the concentration of electrolyte,
which changes the amount of screening of the negative surface
charges. As such, by employing high salt concentrations, we
can utilize SFG to study the interplay of surface deprotonation
and electrolyte screening on the structure of water within the
EDL created at the interface.

pH-Variation Experiments with 0.1 M NacCl.

Below 100 mM concentration for monovalent ions, the
Gouy-Chapman model of the EDL is often utilized, which
neglects the compact part of the EDL and considers only the
diffuse layer.*® Above 100 mM, however, the compact part of
the EDL must be considered to properly model the interface.
Thus, we first explored the effects of 100 mM NaCl salt con-
centration on the water structure at the silica/water interface as
we varied the bulk pH using the ssp polarization combination
(Figure 1A). The water ssp-SFG spectra at the silica interface
near neutral pH generally contain two distinct peaks in the OH
stretching region: one at 3200 cm™, the other at 3400 cm™
(Figure 2A). Previous pH variation studies of the silica inter-
face performed by Ostroverkhov, Waychunas and Shen ob-
served an increase in ssp-SFG intensity upon increasing the
pH from pH 2.0 to 12.0 at the silica interface in the presence
of low electrolyte concentrations.” These results were con-
sistent with reports of a point of zero charge (pzc) of silica
between pH 2-3,% as there should be no surface potential at
the pzc, and therefore no electrostatic force aligning water
molecules at the interface leading to a minimum in the SFG.
Yet above the pzc the silica surface is deprotonated, and in-
creasing the pH increases the magnitude of the surface poten-
tial and consequently the amount of aligned water. However,
when we performed similar measurements at higher electro-
lyte concentration (100 mM NacCl), a non-monotonic change
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in ssp-SFG intensity with varying pH was observed with a
minimum in the intensity at ~pH 5 instead of pH 2 (Figure
2A). As the only significant difference in our two experiments
was the electrolyte concentration, we attributed the non-
monotonic behavior in this pH-variation experiment to the
presence of the higher concentration of NaCl.

There is some precedent for observing non-monotonic
changes in SFG intensity with increasing pH. SFG experi-
ments on alumina showed that at the point of zero charge a
minimum in the ppp-SFG intensity was observed with varying
pH.”% At pH values below this minimum, the authors pro-
posed the water had opposite orientation to that at higher pH
owing to the change in sign of the alumina surface (positive
below the pzc and negative above the pzc).”® Consequently,
one possibility is that most of the water molecules contributing
to the ssp-SFG spectra are flipping orientation upon going
from pH 2 to pH 12 in the presence of 0.1 M NaCl.

H12
5109 A —~ . BT
© s “ s pH 10
-~ - » e p
'_?:., , "y pH 8
E pH 5
a pH4
w f pH 3
0.0+ T T T T T T pH2
3000 3100 3200 3300 3400 3500
IR Wavenumber / cm’’ e pH 12
5 1.09 B e pH 11
: | g
@ *p
8054 pH 6
£ K pH 5
» pH 4
1) pH 3
o 3 e e f ol B ¥y ® pH2
0.0 ~asafubiinet . ; : by
3000 3100 3200 3300 3400 3500
IR Wavenumber/cm™
cC 0.1 M NaCl
1.0 —m— ssp _0-155-
A —o— pss (Fg
E T —0.10 g
@ X )
£0.54 a
g L 0.050
£ 4 n
w
0+ -0
I I I I I T
2 4 6 8 10 12

bulk pH

Figure 2. Broadband (fs) SFG intensity as a function of pH at
the silica/aqueous interface with 100 mM NaCl. A) Repre-
sentative pH titrations using the ssp polarization combination.
B) Representative pH titrations using the pss polarization
combination. C) Integrated SFG intensity versus pH for the
two different polarization combinations. The spectra were
integrated from 2950-3550 cm™, and the average values and
standard deviation from at least two replicates are reported.

To determine if this unexpected pH-dependent behavior was
influenced by the sensitivity of ssp-SFG to the average orien-
tation (i.e. twist and tilt angle) of the oriented water, we also
performed experiments with the pss polarization combination
(Figure 2B), which probes a different y® tensor element. For
the pss polarization combination the SFG signal intensity of
the water molecules generally increased from pH 2 to 12 (Fig-
ure 2C). This was in marked contrast to the pH dependence of
the ssp-SFG where we observed a factor of four increase in
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integrated intensity upon increasing the pH from ~pH 6 to pH
12 and, most notably, a factor of two increase upon decreasing
the pH from neutral pH to pH 2 (Figure 2C). Not only was the
trend in the SFG response different for the ssp and pss polari-
zation combinations, but the shape of the SFG spectra were
also very different. Specifically, the ssp-polarized SFG spectra
were dominated by the 3200 cm™ peak, while the pss-
polarized SFG spectra were dominated by the 3400 cm™ peak
(Figure 2A and 2B, respectively). This effective absence of
the low wavenumber mode in the pss-SFG of D,O and the sps-
SFG of H,0O (equivalent to pss-SFG) has been observed in
previous reports.™® “*! In addition, the ssp-SFG spectra at the
lower pH values appear to red shift compared to the ssp-SFG
spectra at higher pH.

Effect of Different NaCl Concentrations.

If salt is the cause of the unusual pH trend observed in the
ssp-SFG response of water molecules then we reasoned that
increasing the salt concentration might further affect the SFG.
IR-scanning (ps) SFG measurements at 500 mM NaCl are
shown in Figure 3A over a broader range of incident IR that
reveal a significant contribution in intensity at even lower IR
wavenumber (<3000 cm™), which increases with decreasing
pH (Figure 3A) consistent with our observations at 100 mM.
In addition, there also appears to be a small contribution
around 3600 cm™ at all pH values studied, which is thought to
arise from silanol that is weakly hydrogen-bonded but still
exchangeable with other water.”* “* Overall, the pH-sensitivity
of the ssp-SFG was similar to that observed at lower salt con-
centration; the SFG intensity decreased from pH 2 to 7, where
it reached a minimum in intensity. Increasing the pH further,
resulted in an increase in the SFG intensity revealing non-
monotonic  behavior with changing pH. Similar non-
monotonic behavior was observed in broadband SFG experi-
ments from 500 mM NaCl shown in Figure 3B.

At both of these higher salt concentrations (100 mM and
500 mM NacCl), we expect the formation of a Stern layer, with
less of a contribution from the diffuse layer as the Debye
length decreases with increasing salt concentration. At 10
mM, however, the EDL is typically described by the Gouy-
Chapman model, which neglects the compact part of the dou-
ble layer as the diffuse layer should dominate as a result of the
longer Debye length.” * Therefore, we performed the same
pH titrations with 10 mM NaCl to compare how the ssp-SFG
varied in both the high salt and low salt regimes. This exper-
iment was most similar to what Osteroverkhov et al. had pre-
viously examined for the pH-dependent SFG at the sili-
ca/water interface."’

Figure 3B illustrates the average integrated intensity of the
ssp polarized SFG as a function of salt concentration. For the
interface at low salt concentration (10 mM), the average inte-
grated SFG intensities between pH 2.0 to 4.0 were all within
one standard deviation of each other consistent with the previ-
ous report at this salt concentration where the minimum was
observed between pH 2 and 3. In contrast, the ssp-SFG min-
imum shifted to pH 5 and then to pH 7 with 100 mM and 500
mM NaCl, respectively, providing further support that this
unusual behavior stemmed from the presence of salt. Fur-
thermore, at higher pH (pH > 8) we also observed that the ssp-
SFG signal intensities increased with decreasing salt concen-
tration. This overall trend in salt concentration and SFG inten-
sity at higher pH is consistent with greater screening of the
negative surface charges at the higher salt concentrations by
the Na’, as expected from previous salt variation SFG
studies.”®™® # The trend at lower pH, however, cannot be ra-

tionalized by simple screening arguments as the 100 and 500
mM NaCl both had significantly more signal intensity than the
interface with 10 mM NacCl.
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Figure 3. A) A representative scanning (ps) ssp-SFG titration
of the silica/aqueous interface with 500 mM NaCl. B) Average
integrated broadband (fs) ssp-SFG intensity as a function of
pH with NaCl concentrations of: 500 mM (blue circles), 100
mM (black squares), and 10 mM (red triangles). The error bars
are the standard deviation from two or more experiments.

We next explored the other polarization combinations at 500
mM NaCl to understand how the water molecules in each po-
larization combination responded to the change in pH in the
presence of this high salt concentration (Figure 4). Interesting-
ly, the trend in ppp-SFG intensity with pH was very similar to
that observed for ssp, possibly indicating that the same tensor
element contributed the most to both polarization combina-
tions (Figure 4A and C). Once again, the pss-SFG exhibited
minimum intensity at low pH consistent with the 100 mM pss-
SFG data (Figure 4B and 2B, respectively).

In all of our ssp-SFG measurements, we observed that the
mode at 3200 cm™ dominated the spectra, while pss-SFG ex-
hibited a clear peak at 3400 cm™ with the observed increase in
intensity at low wavenumber most consistent with an increase
in non-resonant SFG (Figure 2B). Although it is generally
considered that each peak is associated with populations of
water in different hydrogen-bonding environments, in the lit-
erature there has been debate over their exact origin. The two
peaks were first thought to be two different hydrogen bonding
structures of the water molecules, where the 3200 cm™ and the
3400 cm™ were described in terms of “ice-like” (strongly h-
bonded) and “liquid-like” (weakly h-bonded) environments,
respectively.’®  Subsequently, researchers suggested that the
3200 cm™ could be the symmetric stretch and the 3400 cm™
could be the asymmetric stretch of water, meaning that both
modes could stem from the same water population.**** Fur-
ther studies at the silica/HOD interface revealed differences
with the silica/H,O interface that also caused the authors to
suggest that the 3200 cm™ and 3400 cm™ modes were coupled
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and therefore originating from the same water populations;
specifically, they assigned them to a Fermi resonance between
the symmetric stretch of water and the overtone of a water
bend.*® A more recent study, however, supported the original
argument that the 3200 cm™ and 3400 cm™ have contributions
from two different populations of water molecules at the silica
surface as the salt dependence of each peak was found to be
different, which is difficult to rationalize for coupled modes.™
Furthermore, phase sensitive measurements of the silica/HOD
interface reveal two vibrational OH stretching modes, which
cannot be coupled owing to the different symmetry of HOD vs
H,O suggesting that these two modes represent different hy-
drogen-bonding environments of the HOD.” Additional evi-
dence that the 3400 cm™ peak is at least partly associated with
a separate water species is provided by experiments performed
at the air/water interface.* SFG of this interfacial water in sps
polarization combinations revealed no SFG intensity near
3400 cm™,* the complete absence of which is not likely if the
3400 cm™ intensity stems from an asymmetric mode of water
as such a mode’s symmetry would lead to large intensity for
the pss and sps polarization combinations at most tilt angles.
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Figure 4. Integrated SFG intensity of all 500 mM titrations
using A) ssp, B) pss and C) ppp polarization combinations.

Model 1: Change in Orientation of Water with Varying
pH.

We reasoned that the dominance of the 3200 cm™ peak in
the ssp and ppp spectra and the 3400 cm™ peak in the pss spec-
tra were due to the average orientation of water associated
with each vibrational mode. Moreover, as the trends with
increasing pH are markedly different for the two bands, it is
possible that these two water populations are also changing
orientation differently in the two environments as the pH is
changed. MD simulations provide support for a change in pH

The Journal of Physical Chemistry

leading to a change in orientation as both the tilt and twist
angles of water, as well as the width of the angular distribu-
tions, were observed to vary with surface hydrophobicity and
charge.”*" Therefore, to test whether systematic changes in
tilt angle could account for the pH-dependent behavior, we
simulated SFG spectral intensity as a function of the water
molecule orientation. (A depiction of the twist and tilt angles
of water molecules at a surface are shown in Figure 5.) This
simulation requires knowledge of the vibrational hyperpolar-
izability, «®. Since we are dealing with condensed phase wa-
ter, such information is not as readily accessible due to the
intramolecular coupling being sensitive to the hydrogen bond-
ing environment at the surface. As mentioned, the spectral
intensity at 3200 cm ™ and 3400 cm™ has contributions from
many types of OH oscillators, including modes that are cou-
pled and those that are uncoupled. We have addressed this by
performing molecular dynamics simulations of water next to a
model hydrophilic interface which allows us to capture all of
the different species as well as coupled modes contributing to
these two spectral regions. Further details of this procedure are
provided in the experimental section. As shown in Figure 6A
and 6B, the ssp and pss intensity as a function of the water tilt
and twist angles for the 3200 cm™ mode are nearly anti-
correlated, such that orientations that yield significant ssp sig-
nal at 3200 cm™ lead to no pss signal. Hence it is likely that
the waters corresponding to the 3200 cm™ mode are oriented
such that they are not probed by the pss polarization combina-
tion. In contrast, the ssp and pss intensity maps of the 3400
cm™ mode are not mutually exclusive, so there are multiple
orientations that lead to signal intensity in both polarization
combinations. This was consistent with the appearance of the
3400 cm™ mode in both ssp and pss spectra although the for-
mer was dominated by the 3200 cm™ mode.

<

molecular tilt ¢

Figure 5. Illustration of the water molecule orientation with
respect to the (X,y) plane of the surface, where z is the out-
ward-facing surface normal, pointing into the bulk water solu-
tion. The tilt angle theta is defined with respect to the H-O-H
bisector, the molecular symmetry axis, c. Theta (0) is the an-
gle between ¢ and z. The twist angle psi (y) represents the
rotation about c.

As mentioned, the minimum in SFG intensity is suggestive
of a flip in the water molecule orientation as a function of pH,
which in this reorientation model would involve a tilt angle
change that passes through 6=90°. Therefore we asked, within
the constraints of this model, could the same change in orien-
tation for the two different populations explain the pH-
dependent trends for the different polarization combinations?
If the differences observed cannot be attributed to the same
change in twist and tilt angles, it provides evidence that the
two modes (3200 cm™ and 3400 cm™) are experiencing differ-
ent orienting forces such that each water population is being
ordered to a different extent or oriented in a different direc-
tion. From the simulations we see that for water molecules in
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Figure 6. Predicted SFG intensity for water next to an OH-terminated surface in the (A) ssp, (B) pss, and (C) ppp polarizations for
the mode at 3200 cm™, as a function of the molecules tilt and twist angles (as illustrated in Fig. 5), assuming a narrow distribution
about these angles. For a 3400 cm™ water species, the results for these same polarizations are shown in Figure 6D-F. Considering a
(6=150°, y=140°) orientation for the 3200 cm™ species (as indicated by the black dot in the top row, which corresponds to 0, v at
pH 12) and a (6=170°, y=55°) orientation for the 3400 cm™ species (black dot in the middle row), we can predict the variation in
SFG intensity as the width of the tilt and twist angle distributions (assumed to be the same) increases. This is shown in the bottom

row (G-1).

the 3200 cm™ region, the ssp and ppp polarized spectra show
similar trends for a given set of orientations (Figure 6A and
6C). Moreover, for twist angles between 90-140° and an ini-
tial tilt angle of ~ 40°, there is a continual decrease in spectral
intensity for ssp- and ppp-SFG with increasing tilt angle until
a minimum is reached, followed by an even greater increase in
intensity. This non-monotonic change in spectral intensity as a
function of tilt angle is consistent with the ssp and ppp exper-
imental spectra at high salt concentrations, which also show a
decrease then increase in spectral intensity with increasing pH.
Accordingly, the trend in the ssp and ppp experimental spectra
could be explained by a small initial tilt angle of these water
molecules, which then increases systematically with pH such
that a flip in orientation is observed (i.e. the tilt angle increases
beyond 90°). Since the pss spectra are not sensitive to the

3200 cm™ mode, the relatively constant intensity observed at
these twist angles is also consistent with the data (Figure 6B).

For the 3400 cm™ mode, the pss polarization scheme is the
most sensitive probe as it nearly excludes the 3200 cm™ water
population. Thus we examined our water orientation model to
determine if the same changes in orientation of the 3400 cm™
water are consistent with increasing SFG intensity with in-
creasing pH. However, there are no twist angles that lead to a
systematic increase in intensity upon changing the tilt angle
through 90°, consistent with a flip in orientation. Instead, for
the mode at 3400 cm™, assuming a twist angle between 45°
and 55°, a systematic increase in the tilt angle from ~140°
towards 180° would result in an increase in intensity with in-
creasing pH. These tilt and twist angle combinations were
chosen based on similar (within 10°) values reported in previ-
ous experimental data at fused silica and MD simulations of
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water adjacent to a hydrophilic solid surface at increasing dis-
tance from the interface.”® This change is consistent with the
molecular coordinate system (Figure 5) and an increasingly
negative surface charge with increasing pH, since increases in
0 beyond 90° correspond to the hydrogen atoms becoming
more aligned at the surface. From this comparison we con-
clude that the orienting forces felt by each water population
are very different. Moreover, if the changes in SFG intensity
are due to changes in the average tilt angle than the results
suggest the water populations that correspond to the 3200 cm™
mode are flipping their orientation upon increasing the pH
from pH 2 to 12, whereas those water molecules that corre-
spond to the 3400 cm™ mode are not.

Model 2: Change in Degree of Ordering of Water with
Varying pH.

In the above scenario, we have considered a narrow distribu-
tion of tilt and twist angles. In reality, these distributions have
some width, and it is also likely that the width could change as
the interfacial environment changes. We now explore this
scenario, where the flipping of water in the diffuse layer is
accomplished by a widening of the orientation distribution
until the point where it is isotropic when the potential reaches
zero, followed by a re-narrowing of the distribution (but with
opposite orientation) as the potential increases again with in-
creasing pH, but with opposite sign.

Figure 6G and 61 illustrate that for the 3200 cm™ species at a
tilt angle of 150° and a twist angle of 140°, the intensity de-
creases as the width distribution (c) increases. This is also
consistent with trends in the experimental spectra if the width
distribution increases from ~45° with increasing pH until a
minimum is reached, at which point the water molecules in the
diffuse layer flip, and the intensity again increases but with
decreasing ¢ values, reaching a maximum near zero distribu-
tion. For the 3400 cm™ species at a tilt angle of 170° and a
twist angle of 55°, the intensity increases with decreasing o
values, reaching maximum intensity at zero width distribution.
This is consistent with the monotonic increase in intensity
observed in the pss spectra, if the width distribution decreases
from ~30° towards 0°. Finally, it is worth noting that the plots
in Figure 6G, 6H, and 61 are consistent with the dominance of
the 3200 versus 3400 cm™ species seen in the experimental
SFG data: in the ssp and ppp polarizations, the 3200 cm™ spe-
cies has significantly greater intensity than the 3400 cm™ spe-
cies while in the pss scheme, the 3400 cm™ species clearly
dominates.

Possible Molecular Structures of the EDL with Varying
pH.

As mentioned, a method was recently developed using
phase-sensitive SFG to reveal the different structures of the
double layer (the Stern layer and the diffuse layer) at the
air/carboxylic acid film/water interface. In this method the
authors described the effective @ as the sum of a surface
contribution (xPsumee) and a diffuse layer contribution, the
latter of which was described as a () term that included the
interfacial potential as well as a phase factor, which depended
on the Debye length.”® To separate the contributions from
these two terms the authors calculated the phase factor and the
pH dependence of ® based on EDL models like the Gouy-
Chapman and expected values of the surface charge density of
this monolayer as a function of pH. Additionally, the wave-
number dependence of x® was determined by comparing the
spectra at the expected point of zero charge and at low surface
charge densities. Subsequently, these values of x®, ® and the
phase factor were used to deconvolute the pH dependent be-
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havior of the surface water from the diffuse layer. In contrast,
due to the relatively high ionic strengths used here, in our
analysis we are separating the behavior of the water molecules
near the surface and in the diffuse layer based on differences
in resonant frequency. Moreover, the changes in intensity are
considered mainly in terms of changes in the interfacial poten-
tial that contribute to the ¥ term while changes to x® for
each mode are not considered explicitly. Although consider-
ing the intensity changes purely in terms of changes in interfa-
cial potential is undoubtedly an oversimplification of the be-
havior of water, it provides a useful starting point for under-
standing the unusual trends in pH for the different spectral
regions.

First, we consider what region in the EDL each water popu-
lation falls. Previously Hore and coworkers’ concluded that
the 3200 cm™ peak corresponded predominantly to water mol-
ecules that were farther from the surface while the 3400 cm™
peak corresponded mainly to water molecules that were closer
to the surface based on the greater salt dependence of the for-
mer.”® In support of this interpretation, recent experiments
using X-ray photoelectron spectroscopy revealed that the
changes of the Stern layer thickness tracked well with the
changes in the amplitude of the 3400 cm™ peak in SFG upon
increasing electrolyte concentration.™ Based on these previous
studies and the results presented here, we propose that the
water in the diffuse part of the EDL (corresponding to 3200
cm™) is flipping orientation with increasing pH while the 3400
cm™ water molecules located close to the surface are not.

We propose different scenarios that could cause this type of
behavior at the silica/water interface. The first is similar to that
observed on alumina of charge reversal of the interface,?® ex-
cept the charge reversal involves the Stern layer overcharging
at low pH and high salt concentration instead of the charge on
the silica surface reversing sign. Overcharging of the Stern
layer occurs when there are more cations in the Stern layer
than there are negative surface charges on the silica,"® causing
the Stern layer to have a positive potential (®ge,, > 0), while
the surface maintains a negative potential set up by the silox-
ides (Psyirace < 0). As these two potentials influencing the two
water populations through the ¥ term would be opposite in
sign, they would cause the water molecules in the diffuse layer
(at 3200 cm™) to adopt the opposite orientation relative to
those waters at the silica surface (at 3400 cm™) (Scheme 1A).
However as the pH is increased leading to an increase in nega-
tive surface sites, the Stern layer would reach a point where
the cation concentration equaled the number of surface charg-
es yielding a ®g, Of zero, but an even more negative surface
potential. This would lead to little order of the diffuse layer
waters at 3200 cm™ but significant ordering of the Stern layer
waters at 3400 cm™. Further increases in pH would lead to
more surface charges than cations in the Stern layer leading to
both a negative ®g,, and gy mee. Over this higher pH range,
both water populations would be ordered and orientated in the
same direction owing to the same sign of both potentials
(Scheme 1B). Although it is commonly assumed that only ions
of higher valency can cause charge reversal in the EDL, there
is experimental support of this mechanism. Specifically, a
change in sign of the zeta potential of silica colloid has been
observed with varying pH at high concentrations of monova-
lent ions such that a positive zeta potential is measured at low
pH and a negative potential at high pH.”® (Experimentally the
zeta potential is an approximate measure of the Stern layer
potential, @gern).* In both of the colloidal studies, the point of
zero zeta potential was dependent on the concentration of the
ions in solution such that as the concentration of ions in-
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creased, the pH where the zero zeta potential occurred also
shifted to higher pH values. This shift in the zero zeta poten-
tial is consistent with the shift in minimum ssp-SFG intensity
with pH for the 3200 cm™ mode with increasing salt concen-
tration. In contrast, the surface waters at 3400 cm™ exhibited
a minimum in the pss SFG intensity at pH 2-4 and an increase
in intensity with increasing pH, consistent with potentiometric
studies that indicate the silica surface becomes more negative-
ly charged upon increasing the pH above 2-3, even in the
presence of high salt concentrations."* Furthermore, recent
nonequilibrium molecular dynamics simulations of electroos-
motic flow between parallel slabs of the hydroxylated (110)
rutile (TiO,) surface revealed that sodium interacted more than
chloride with the surface even at the point of zero charge lead-
ing to a positive zeta potential although the rutile surface was
net neutral. These simulations are consistent with our obser-
vation of aligned water in the diffuse layer even at pH 2-3
when the silica surface is neutral, which could be due to
stronger interactions of sodium than chloride with the neutral
silica.

Scenario 1 - Overcharging of EDL
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Scheme 1. Potential structures of the EDL that describe the
behavior observed in the SFG intensity. Scenario 1 involves
the overcharging of the EDL at low pH (A) and high pH (B).
Scenario two depicts the cation hydration layer contributing to
the SFG at low pH (C) and high pH (D).

The interactions described by the ¥ term assume the po-
tentials acting on the water in the Stern layer or diffuse layer
lead to alignment of the dipole moment of water with the sur-
face normal (corresponding to a tilt angle of 0° or 180° de-
pending on the sign of the potential). Accordingly, this over-
charging scenario is consistent with the molecular model pro-
posed above. For the waters contributing at 3200 cm™, the
assembly begins with a tilt angle nearer 0° at low pH owing to
the positive Stern layer potential. This corresponds to the oxy-
gen atoms pointing towards the surface (refer to Figure 5). The
tilt angle then systematically increases with increasing pH
until it passes through 90° (corresponding to a zero Stern layer
potential) and then approaches 180° at higher pH when the
Stern layer potential is large in magnitude and negative. As a
result of this flip in orientation, the hydrogen atoms are instead

pointed towards the surface, which is consistent with the in-
creased negative charge on the silica surface at high pH. In
contrast, for 3400 cm™ the dipole moment becomes more
aligned with the surface normal with increasing pH as the
surface potential goes from zero to large negative values, con-
sistent with the systematic increase in the tilt angle with pH
above 90° toward 180°. This means that water molecules clos-
er to the interface have their oxygen atoms pointing away
from the surface at low pH.

The second scenario involves the distortion of the hydration
layer around the ions at high electrolyte concentrations. If the
Na® ions in the Stern layer specifically absorb at the interface,
then the hydration layer around the ion could become distorted
(Scheme 1C and 1D). In this case, the water molecules in the
hydration layer could contribute to the x® signal owing to
their lack of centrosymmetry. Moreover, due to partial dehy-
dration these waters would be mainly orientated with the oxy-
gen towards the surface owing to the positive charge of the
Na®. This dehydration of the Na" ion at the silica surface has
been previously predicted by simulations at high concentra-
tions.*” Alternatively, an outer sphere complex could form
between the sodium and the surface (i.e., a water in the cation
hydration layer could directly hydrogen bond to the surface),
which would also break the symmetry of the hydration shell
leading to SFG. The formation of such an outer sphere com-
plex was proposed for the silica interface in the presence of
100 mM NaCl and pH 10 in the XPS surface potential study
on silica colloids.

If the resonant frequencies of the diffuse layer water and
this cation hydration layer are close, there would be a cancel-
lation of signal. Water in the Na' hydration layer has been
proposed to resonate at 3150 cm™,** which should interfere
with the 3200 cm™ mode. Another way of describing this is to
consider that the hydration layer contributes to the @300
term, which interferes with the %®s,00 response of water in the
diffuse layer polarized by the Stern layer potential (®gem).
Additionally, the lower wavenumber of the hydration layer
dominating at low pH is consistent with the red shift we see in
the ssp-SFG spectra upon passing through the minimum in
intensity with decreasing pH (Figure 2A and Figure 3A). The
minimum observed in the SFG would then correspond to the
pH where the most cancellation between the water molecules
in the hydration layer and the water molecules aligned by the
negative Stern layer potential in the diffuse layer. As the pH
is further decreased beyond this pH, the Stern layer potential
should be come smaller (if it does not overcharge). Hence, the
water molecules from the hydration layer would begin to dom-
inate the SFG signal leading to an overall increase in intensity
(Scheme 1C). At higher pH, the magnitude of the surface po-
tential (®sern < 0) is able to align a large number of water mol-
ecules in the diffuse layer, which should dominate the SFG
spectra compared to the water molecules in the hydration lay-
ers leading once again to increasing signal intensity with in-
creasing pH (Scheme 1D). In this scenario, the pH value of
the minimum would also shift with electrolyte concentration
because the higher electrolyte concentration should lead to
thinner diffuse layers owing to the decrease in the Debye
length with increasing salt concentration. As such, optimal
cancellation of the hydrated cation and diffuse layer water
populations would occur at a higher pH in the presence of high
salt concentrations.

It is possible that both scenarios are contributing. Indeed,
the presence of signal intensity at 3200 cm™ at the minimum
in the ssp and ppp-SFG (Figures 2A and 3A) indicates that
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there is some structured water at all pH, which would be con-
sistent with some alignment of waters in the low wavenumber
region that do not depend directly on the Stern layer potential.
Both scenarios suggest that the net assembly of waters in the
~3200 cm™ mode flip orientation (either because of a change
in the Stern layer potential or because the hydrated cation wa-
ters outnumber the diffuse layer waters), which agree with two
phase-sensitive SFG experiments performed at the silica/water
interface at low salt concentration. These phase-sensitive
measurements performed over the same pH range (pH 2-12)
on silica revealed that the waters contributing in the low
wavenumber range on average flipped orientation while those
contributing to the mode at higher wavenumber did not.* *
The authors attributed this flip to different hydrogen-bonding
structures at the silica surface with changing pH, in contrast to
our model where the water flipping is proposed to occur away
from the silica immediately outside the Stern layer or in the
diffuse layer.

Finally, another possibility for the origin of the signal inten-
sity at the minimum is interference between the non-resonant
%@ response of the interface (x®xg) and the field-dependent
x® terms. Future work is aimed at quantifying the field de-
pendence of the water response and comparing it with surface
potential measurements to disentangle the different contribu-
tions to the signal intensity.

CONCLUSION

Vibrational SFG spectroscopic studies suggested that differ-
ent polarization combinations probe the structure and behavior
of water within different regions of the EDL in response to
changes in both electrolyte concentration and pH. The data
suggest that the observed 3200 cm™ peak probes water mole-
cules further from the surface in the diffuse layer of the EDL,
whereas the 3400 cm™ peak probes water molecules in the
Stern layer. In addition, our results show that the 3200 cm™
peak (diffuse layer) can be probed with either ssp or ppp po-
larization combinations, while the 3400 cm™ peak can be
probed using pss polarization combination. Most strikingly,
we observe that the orienting forces acting on each water pop-
ulation are very different upon varying the pH in the presence
of high salt concentrations. Our results are consistent with the
presence of oriented water, even at low pH near the point-of-
zero charge of silica. This oriented water is due to water ori-
ented further from the surface, either owing to interactions
with cations at the surface or a positive potential arising from
overcharging of the EDL. These results have a significant
impact on previous interpretations of high electrolyte concen-
tration data in non-linear optical experiments as they reinforce
that different water populations can reside in very different
proximity to the surface and accordingly experience different
local environments based on the formation of the Stern layer.

EXPERIMENTAL SECTION
Sum Frequency Generation (SFG)

Two different SFG configurations were used in this study.
Broadband (fs) and scanning (ps) SFG, both of which are de-
scribed in detail in the supporting information. In general, a
tunable IR laser (either fs or ps) is overlapped in time and
space with a visible laser (typically ps) at the silica/water in-
terface. The sum of the two lasers was reflected from the sur-
face and passed through a filter to remove the residual funda-
mental beams. The magnitude of the output light was then
measured. Multiple polarization combinations were used in
the collection of the data, for example, ssp-SFG corresponds
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to s-polarized sum frequency, s-polarized visible, and p-
polarized IR.

Sample Preparation

An IR-grade fused silica sample (hemisphere or prism) was
first sonicated in ultra-pure water (18 MQ). The sample was
then sonicated in methanol and then rinsed with ultra-pure
water. This was followed by sonication and rinses with ultra-
pure water. The silica sample was then immersed in a piranha
solution (3:1 mixture of concentrated sulfuric acid: 30% hy-
drogen peroxide) for 1 hour. The sample was then rinsed with
copious amount of ultra-pure water to ensure no piranha solu-
tion remained. The sample was then sonicated and rinsed for
four more times with ultra-pure water. After rinsing, the sam-
ple was then placed in an oven at 100°C for 30 min, then the
sample was allowed to cool to room temperature. This was
then followed by plasma cleaning in air for 2 min. The sample
was immediately used in an experiment.

SFG Titrations

To start, the silica sample was exposed to ultra-pure water
and SFG was gathered. Next, the water was removed from the
sample cell, and salt solution (either 500, 100 or 10 mM) was
added to the sample cell. The salt solution was allowed to
equilibrate with the interface for 30 min and the spectra were
gathered. The pH of the solution was adjusted with HCI or
NaOH that was dissolved in the salt solution of interest (i.e. if
the titration was done at 500 mM NaCl, then HCI or NaOH
was prepared in a 500 mM NaCl solution). After each pH
adjustment the sample was equilibrated for 5 min and then the
spectra were taken at each IR setting and the pH of the solu-
tion measured. The titrations were conducted from pH 6 to 12
or from pH 7 to 2 to avoid hysteresis due to extreme pH seen
in previous SHG experiments.>®

Spectral Intensity Simulations

It is customary to model the SFG intensity for specific vi-
brational modes by projecting the relevant hyperpolarizability
tensor elements o, into the laboratory frame to yield o®y,
according to the experimental polarization scheme of interest.
Here I,m,n are any of the molecular-frame Cartesian coordi-
nates a, b or ¢, and i,j,k are any of the lab frame Cartesian
coordinates x, y, z where the silica—water surface is in the xy
plane, and z is the outward pointing surface normal. The en-
semble of a(z)i,-k values for each vibrational mode then yields
*Pi Whose magnitude squared is proportional to the meas-
ured SFG intensity. This method has been successfully applied
to many small molecules.>>" However, when it comes to lig-
uid water, the situation is considerably more complicated on
account of the multitude of hydrogen bonding interactions that
result in coupled OH oscillators spanning a nearly 1000 cm™
frequency range in the 2800-3800 cm™ window.

One approach to address this complexity is to use atomistic
molecular dynamics simulations combined with electronic
structure calculations to generate a(z).mn profiles of water mol-
ecules from a scheme that couples two OH oscillators based
on the net force along each of the OH bonds. In this way, the
environment at the surface is taken into account. Such a
scheme was originally proposed by Morita and Hynes* and
applied to modeling the SFG spectra at the air—water surface.
Roy et al. later applied the same method to study water next to
model hydrophilic and hydrophobic surfaces, and produced
results that qualitatively matched experimental spectra, ac-
counting for the lack of free OH modes at hydrophilic surfac-
es.” Here we use data from those simulations on hydrophilic
OH-terminated surfaces to extract o®,,, for interfacial water
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molecules. The overall goal is to arrive at the hyperpolariza-
bility for a typical 3200 cm™ species, and also for a 3400 cm™
species that takes the vibrational mode symmetry, strength of
the hydrogen bonding network, and coordination into account.
The general scheme is to determine the frequency of each OH
oscillator according to the force projected along the OH bond.
Details of the molecular dynamics simulations and the prepa-
ration of the surfaces have been described previously.” From
the two uncoupled frequencies ®; and o, of each water mole-
cule, we determine the eigenvalues wign and oy, and corre-
sponding eigenvector

_|G |G
VIOW - |:C2 :|Iow ’Vhigh - |:C2:|high
_|1G _|1G
VIOW - |:C2 i||ow ‘Vhigh - {CZ i|high

of the matrix

A { @ V1,2J
Vi, @

such that
Viow * A= Diow Viow
Vhigh * A= Dhigh *Vhigh

where v, ,=49.5 cm™ is the midpoint between the gas-phase
symmetric and anti-symmetric frequencies. These coupling
constants are then used to obtain the water molecule polariza-
bility and dipole moment derivatives as a function of vibra-

tional mode frequency.
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where 0, ¢, and y are the Euler angles that rotate each of the
O-H bonds (r, and r,) into the lab frame via the transformation
operator R whose elements are the scalar product of the unit
vectors in the molecular I,m,n axes and the lab frame i,j,k axes.
Values of the dipole moment and polarizability derivatives
along the bond axis r; are taken from Morita and Hynes.* Any
of the 27 elements of the hyperpolarizability tensor may now
be obtained according to
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This allows for spectral mterference between modes existing
at all values of @g. The final step is to select an average value
of o from a narrow band within the 3200 cm™ and 3400 cm™
region, project them in the plane of the silica surface accord-
ing to the polarization scheme of interest. We model the three
measured experimental spectral intensities according to

:‘L e, a(z)

_‘L

Lexa(z)xLexLe+Le><a L xL,e xL.e

XXX XXZ XXX

yzy zz €, ‘
|

Ppp

+L,6, ><a<2)><L <& xLoe +L,6 xa(z)xLe xL_e

xx 22 2277

where the macroscopic local field corrections L;; and unit po-
larization vectors e; are defined according to the angle of inci-

dence, and frequency-dependent wavelength of water and
silica. Expressions for these terms are given elsewhere.®” *°
Their evaluation required refractive index dispersion data for
water® and silica.®*

In the final step, the model 3200 cm™ and 3400 cm™ intensi-
ties are calculated according to hypothetical tilt 6 and twist v
distributions, assuming a uniform distribution of the azimuthal
angle ¢ in the plane of the surface. Such quantities are ob-
tained by the additional coordinate transformation

XYz Xyz xyz

zzzﬁa. (O0)-R,, (6.1)

v

a® (60000,
xR, (Bw)-a (6.w) f (H,W;Ho,aa,l//o,ow)
singdody

where f is the orientation distribution function. The top row of

Figure 6 illustrates the results obtained for the 3200 cm™ spe-

cies for an infinitely narrow distribution of tilt and twist angles

f(9,%//?901%11/01%)=5(9—9o,l//—l//o)

where the variation in SFG intensity is plotted as a function of
6, along the horizontal, and w, along the vertical axes. We
have then considered the possibility of the mean tilt and twist
angles fixed at (6,=45°, y,=40°) and plotted the variation in
SFG intensity as a function of the width ¢ assuming =0,
and a Gaussian distribution function

eeof_(wwo)z}

f(H,y/;ﬂo,ag,wo,aw):exp{—( 265 265/

as illustrated in the bottom row of Figure 6, plotted in orange
for the 3200 cm™ species. Considering values of (6,=50°,
yo=30°) for the 3400 cm™ species resulted in the blue lines
indicating SFG intensity as a function of o.
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