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ABSTRACT: The characteristics of oxide surfaces such as their
hydroxyl density, the associated acid−base chemistry, and the
resulting surface charge play a crucial role in modulating the
solvent organization and electrostatics at interfaces found in
chemical and environmental processes. Here, the nitrile mode of
acetonitrile, a neutral Stark-active molecule, is used to probe the
local electric fields and solvent organization that result from surface
charge at the α-Al2O3(0001)/aqueous and SiO2/aqueous interfaces
using vibrational sum frequency generation (vSFG). The vSFG
response in the C�N stretch region for H2O−acetonitrile mixtures
displays an asymmetric line shape and unique pH-dependent
behavior, which we attributed to interference with the H2O
combination (bend + libration). Stark spectroscopy results at both
interfaces reveal that the density of surface hydroxyl groups influences the magnitude of the local electric field experienced by
acetonitrile. While the nitrile group of acetonitrile probes single-point charges at the SiO2 surface at pH 6−11, the local electric field
sampled by the nitrile group at the Al2O3 interface is impacted by multiple charged hydroxyl sites at elevated pH. These findings
highlight the influence of inhomogeneous surface-charging behavior on interfacial solvent structure and local electric fields.

■ INTRODUCTION
Understanding the local electric fields and structure of polar
solvents at charged oxide surfaces, such as α-Al2O3 and SiO2, is
important since they play a key role in chemical and
environmental processes.1−3 A practical example of a polar
solvent interacting with an oxide surface can be found in high-
performance liquid chromatography (HPLC) that can use α-
Al2O3 or SiO2 as stationary phases and water−acetonitrile
mixtures as the mobile phase.4−6 The HPLC separation
process is impacted by the properties of both the mobile phase
and the solid phase as well as the interaction between the solid
and solvent.4−6 The pH of the mobile phase influences the
charging behavior of the solid phase.7,8 Additionally, the break
in the symmetry at an interface leads to the solvent’s molecular
arrangement being different from the bulk.9 As a result, the
surface charge density, the local potential, and the resulting
solvent structure may affect the adsorption properties of the
oxide surfaces.10 For example, acetonitrile at SiO2 surfaces has
been found to organize as a bilayer even in the presence of
H2O, due to the hydrophobic interactions between the methyl
groups.11−17 Thus, understanding the local structure of polar
solvents at the charged surface is essential since it affects
interfacial chemistry, e.g., heterogeneous catalysis and electro-
chemistry.18

Even though silica and alumina surfaces are terminated by
OH groups, there are several differences between them such as
the point of zero charge (PZC), the density of the surface
hydroxyl groups, and their acid−base chemistry.18 The PZC of
the SiO2 surface occurs at pH ≈ 2−4 providing access to
neutral and negatively charged interfaces in the pH range
typically used in separation,19 while the α-Al2O3(0001) has a
PZC between pH ≈ 6 and 8 and allows for the positive surface
to be probed at pH < 6 in addition to a neutral or negatively
charged surface (above pH < 7−8).20,21 Furthermore, the
surface of the α-Al2O3(0001) is covered with a high density of
AlOH groups (∼15 OH groups/nm2),1,22 while the surface of
SiO2 has a lower density of surface hydroxyl groups (∼5 OH
groups/nm2).23,24

Differences between the two oxides also result from the
unique acid−base chemistry at the surface. For the SiO2,
previous work has proposed the existence of two pKas, based
on experimental second harmonic generation measurements,
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and it is indicated that the pKa of 19% of the silanol groups is
4.5, while the remaining 81% of acidic silanols exhibit a pKa of
8.5.23,25 This distribution appears to depend on the aqueous
composition26 and sample history.27 The pKa of Al2O3 is still a
subject of debate. Using the BLYP functional, the pKa value of
the hydroxyl group on the alumina (0001) interface is reported
as 16.6 by one molecular dynamics study,28 whereas
experimental potentiometric titrations report the pKa of
Al2OH as 12.5.29 Hence, the difference between Al2O3 and
SiO2 surfaces can be utilized to investigate how the
organization and local electrostatics of solvents on charged
oxide surfaces may vary since the surfaces have different
densities of surface hydroxyl groups and different acid−base
behavior.
At the α-Al2O3(0001) and SiO2 surfaces, varying the pH of

the bulk solvent can induce the protonation or deprotonation
of surface hydroxyl groups, thereby changing the surface charge
density and generating an electric field.1 For the silica/aqueous
interface, a significant increase in total surface potential and
surface charge density has been observed upon increasing the
pH from near neutral to pH 10 or above.30,31 Moreover, the
average static electric field present in the Stern layer at pH 10
with 10 mM NaCl electrolyte to be −4.1 MV/cm based on
calculations from the reported surface charge densities,
interfacial potentials, and Stern layer thickness at pH 10.31

Yet the charge distribution on insulating oxide surfaces is
heterogeneous, contrary to metal and semiconductor electro-
des where the charge is homogeneously and uniformly
distributed.32,33 The surface charge density, the local potential,
and the resulting solvent structure may affect the adsorption
properties of the oxide surfaces.10 However, the local potential
(or local electric field) near charged sites on many oxides has
not been measured.
A common approach in probing the local electric field from

a charged interface is vibrational Stark effect spectroscopy
(VSES).34−37 For example, VSES has been used for the
investigation of charge accumulation at electrochemical
surfaces using the Stark shift of ionic liquids in the presence
of an external electric field.38 VSES correlates the vibrational
frequency shift, due to changes in the vibrational energy-level
spacing of probe molecules, e.g., nitrile, azide, and carbonyl
groups including neutral Stark-active molecules, from the
presence of a local static electric field.39−41 In particular, the
sensitivity of the nitrile mode to the nature of the local
environment makes acetonitrile a useful neutral Stark-active
molecule.
Previous spectroscopic measurements, including vibrational

sum frequency generation (vSFG), have used acetonitrile to
study solvent organization at metal electrode surfaces at
different applied potentials.42−45 In the inner Helmholtz layer,
which corresponds to the specifically adsorbed and partially
solvated ions, the population of the ordered acetonitrile
molecules dominates when the metal is positively charged
(+400 to +1200 mV vs. Ag/AgCl), with the C�N group
directed toward the metal.45 At smaller/more negative
potentials (+400 to −200 mV), the orientation of the
acetonitrile flips, with the CH3 group pointing toward the
surface.45 At even more negative potentials −200 to −800 mV
(vs Ag/AgCl), water displaces acetonitrile and is present with
the oxygen end pointing toward the metal.45 These SFG results
of water−acetonitrile mixtures at the metal electrode surfaces
yields a model of the inner Helmholtz layer composition and
how it relates to potential and surface charge variations.45

At the SiO2 surface, the organization of acetonitrile has been
found to resemble a supported bilayer even in the presence of
H2O,12,16,46 due to the hydrophobic interactions between the
methyl groups.16,47,48 The influence of surface charge on the
organization of H2O−acetonitrile mixtures at silica surfaces has
been investigated via the vSFG response of the CH stretching
modes of acetonitrile.16 Rehl et al. found that moving the
solution from neutral to basic conditions reduced the number
density of interfacial acetonitrile molecules disrupting an
acetonitrile-rich layer near the interface, which was attributed
to the magnitude of the external electric field generated from
the deprotonation of surface SiOH sites at higher pH.16 This
provides the opportunity to utilize the C�N mode of
acetonitrile, a neutral Stark-active molecule, to determine the
magnitude of local electric fields influenced by the density and
the charge of the hydroxyl groups.
In this work, we hypothesize that the organization and the

local electric field experienced by the solvent are influenced by
the oxide surface charge, which is controlled by the acidic and
basic properties of the surface as well as the surface site
density.46 We tested this hypothesis by investigating H2O−
acetonitrile mixtures at the α-Al2O3(0001) and SiO2 interfaces
as a function of pH with vSFG in the nitrile stretching region
of acetonitrile. Qualitatively, under basic conditions, the vSFG
spectra show asymmetry which we interpret as an interference
of the H2O combination (bend + libration) band with the
nitrile stretch of acetonitrile. For α-Al2O3(0001), this
asymmetry is observed when the surface is negatively charged.
However, at acidic pH, where the α-Al2O3(0001) surface is
positively charged and the polar −C�N head of acetonitrile is
expected to be directed toward the solid surface, the
asymmetric pattern is not observed. For SiO2, the presence
of this combination band becomes evident only beyond the
second pKa of silanol sites (>pH 9). After accounting for this
asymmetry in our spectral fitting, we determined the local
electric field at positively (4.3 MV/cm: pH 4) and negatively
(−16 MV/cm: pH 10) charged sites at the α-Al2O3(0001)
surface as well as at the negatively (∼−3 MV/cm: pH 6 to 9 to
12) charged sites at the SiO2 surfaces with respect to neutral
sites (set to be ∼0 MV/cm) using the vibrational Stark shift of
the nitrile mode of the acetonitrile. We find that the negatively
charged sites at the α-Al2O3(0001) surface exhibit a very pH-
dependent local electric field that at pH 10 is significantly
greater than that of the SiO2 surface. This stronger electric field
can be correlated with the greater density of deprotonated sites
on α-Al2O3(0001) owing to its intrinsic greater density of
surface hydroxyl groups. In contrast, the SiO2 does not exhibit
a pH-dependent increase in the local electric field probed by
the acetonitrile despite the increase in surface charge density
and average surface potential expected over this pH range.
These results suggest that the heterogeneity of sites on oxides
can lead to local electric fields that do not increase in
magnitude as the surface becomes more negatively charged.
However, at a high enough surface charge density like that of
α-Al2O3(0001), individual acetonitrile molecules sample a local
field stemming from multiple charged sites. For Al2O3, this
increase in surface charge density and local field correlates with
an increase in net ordering of the interfacial acetonitrile. For
SiO2, there is an increase in vSFG intensity, interpreted as
enhanced interfacial solvent order, with increasing pH. At
higher pH (∼10) the vSFG intensity drops, consistent with our
earlier work.16
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■ EXPERIMENTAL SECTION
The vSFG experiments were carried out at the α-Al2O3(0001)
and the SiO2 interfaces at Temple University and the
University of Alberta, respectively. Details of sample
preparation, optical setup, and spectrum normalization and
other information (Figure S1) can be found in the Supporting
Information.

■ RESULTS AND DISCUSSION
To investigate the impact of the surface charge density on
H2O−acetonitrile organization at charged oxide interfaces, we
performed vSFG measurements as a function of bulk solvent
pH. In addition to pure acetonitrile, 50/50% and 60/40%
mixtures of H2O and acetonitrile were used for the
measurements at the α-Al2O3(0001) and the SiO2 surfaces,
respectively. The latter ratio for the SiO2 was chosen to
maintain experimental consistency with previous studies
conducted on the CH stretch of acetonitrile.16

The vSFG spectral shape in the C�N stretching region of
the acetonitrile measured in PPP polarization combinations [P-
polarized SFG, P-polarized visible, and P-polarized infrared
(IR)] shows a different trend for the neat acetonitrile and
H2O−acetonitrile mixtures at different bulk pH values at both
interfaces (Figure 1A,B). These spectra of acetonitrile in the
C�N stretch region are similar to previous studies at neutral
solid/liquid interfaces in that a feature is observed at 2250−
2260 cm−1.49 However, the Fermi resonance peak, which arises
from the coupling between the C�N stretch and the

combination band of the C−C stretching and C−H bending
modes (∼2300 cm−1), is not apparent for the H2O−
acetonitrile mixture.50 Moreover, the C�N stretch shows
significant changes in the spectral shape and shifts in the
central frequency at a different pH for the α-Al2O3(0001) and
the SiO2 surfaces in the PPP polarization combination.
To explore the effect of surface charge density, the aqueous

component of the H2O−acetonitrile mixture was pH-adjusted.
For the α-Al2O3(0001) surface, the central frequency of the
spectrum of the C�N stretch is red-shifted at pH 10 and blue-
shifted at pH 4 compared to pH 6. For the SiO2 surface, the
shifts in the nitrile mode as the pH increases from pH 6 to 9 to
12 are less obvious. At the α-Al2O3(0001)/H2O−acetonitrile
interface (Figure 1A), a symmetric spectral shape was observed
at pH 4. As the pH is increased to 6, an asymmetric pattern
emerges with higher magnitude at pH 10. On the other hand,
as shown in Figure 1B, at the SiO2/H2O−acetonitrile
interfaces, the C�N stretch peak has a symmetric shape at
pH 6. However, above pH 9, the vSFG response becomes
asymmetric.
The C�N stretch of acetonitrile (∼2250 cm−1) falls in the

range where the relatively wide combination band of H2O
(bend + libration) appears.51 We hypothesize that the
asymmetric line shape observed in the PPP spectra is the
interference between the C�N stretch of acetonitrile and the
H2O combination band, not a nonresonant background (the
details can be found in the Supporting Information).52

Additionally, we observed an increase in amplitude in the
range of ∼2200−2300 cm−1 in neat H2O solutions under basic

Figure 1. vSFG spectra of H2O−acetonitrile solutions in the C�N stretch region using the PPP polarization combination. (A) α-Al2O3(0001)
interface at pH 4, 6, and 10 and (B) SiO2 interface at pH 6, 9, and 12. The vSFG spectra were fit using three Lorentzian oscillators for pH 6 and 10
of α-Al2O3(0001) and 12 of the SiO2. Only two Lorentzian oscillators were required for pH 4 of α-Al2O3(0001) and pH 6 and 9 of SiO2 (solid
lines). For the 100% acetonitrile, two Lorentzian functions are used for the SiO2 (gray dashed) and one Lorentzian for the α-Al2O3(0001) (gray
dashed). The details and tabulated fit parameter values can be found in the Supporting Information, Tables S1 and S2. The response for 100%
acetonitrile is shown in gray at the bottom of each panel. The blue and the red arrows represent the blue shift and the red shift with respect to the
frequency of the neutral site (discussed below).
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conditions, suggesting a possible contribution from the H2O
combination band (Figure S2). To understand if this was the
origin of the asymmetric line shapes observed in the vSFG of
the H2O−acetonitrile mixtures, we simulated the interaction of
two Lorentzian oscillators with opposite amplitudes, one with a
broader line width characteristic of the H2O combination band
and the other with a narrower line width for the C�N stretch,
Figure S3. The simulated results support the hypothesis that
there is an interference between the C�N stretch and the
H2O combination band Figure S3. We did not observe such
asymmetric patterns for neat acetonitrile at either α-
Al2O3(0001) or SiO2 surfaces (Figure 1A,B: gray); further
details can be found in the Supporting Information Figure S5.
We tested the possibility of observing changes in the spectral
shape at the PPP and SSP polarizations caused by Fresnel
factor enhancement since the refractive index of the solvents is
highly frequency-dependent.53,54 We observed a relatively flat
frequency-dependent Fresnel factor response at ∼2200−2300
cm−1, as discussed in more detail in the Supporting
Information, Figure S6. The absence of an asymmetric line
shape in the vSFG response with neat acetonitrile and the lack
of frequency dependence in the Fresnel factor response
(Figure S6B,D), along with the intensity increase at the
oxide interface with neat H2O at higher pH, indicate that the
interfacial H2O combination band, rather than linear optical
effects or a nonresonant response, contributes to the
asymmetry of the vSFG response in the C�N stretch region
of aqueous acetonitrile solutions under basic conditions.
To quantitatively analyze the data, we fit the spectra for PPP

and SSP polarization combinations using eq 1.

| | = | + | =

+
+

I I I I I
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i

I I

( ) e

e

i

i

vSFG eff
(2) 2

Vis IR NR
(2)
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(2) 2

Vis IR
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(2)

IR

2

Vis IR

NR

NR

(1)

where the parameters are amplitude (Aν), damping coefficient
(Γν), central frequency (ων) of the νth vibrational mode, and
phase (φ) between the second-order nonresonant (χNR

(2)) and
resonant (χR,ν(2)) nonlinear susceptibilities. Fitting of the spectra
corresponding to the H2O−acetonitrile mixture (Figure 1A,B)
requires two Lorentzian oscillators for pH 4 [α-Al2O3(0001)]
and pH 6 and 9 (SiO2) and three Lorentzian oscillators for pH
6 and 10 [α-Al2O3(0001)] and pH 12 (SiO2). Analysis of the
fitting results from both surfaces suggests the presence of two
distinct acetonitrile species. Given that the amplitudes do not
consistently show opposite signs at both interfaces, we cannot
assign the two species to the oppositely oriented inner and
outer leaflets of a bilayer that have been reported for
acetonitrile at water/silica interfaces.16 We assigned the first
species to have a constant central frequency, while the second
species had a central frequency that varied depending on the
surface charge. The oscillators with constant central frequency
(ω1) were the major contributors to the spectra, particularly at
higher pH, which we attribute to acetonitrile interacting with
hydroxyl groups, most of which are not charged even at higher
pH (Figure 2A,B, blue). This is discussed in more detail below.
For the silica system, which has been argued to lead to an
acetonitrile bilayer interfacial structure,16 it is possible that
these acetonitrile molecules that contribute to ω1 represent the
outer leaflet directed away from the surface; previous studies
have proposed that the outer leaflet of the acetonitrile bilayer

Figure 2. Fitting results of the normalized PPP vSFG data presented in Figure 1 using eq 1. The central frequency of the Lorentzian oscillators,
with constant frequency (ω1 blue), variable frequency (ω2 red), and H2O (ω3 green) at the (A) α-Al2O3(0001) and (B) SiO2 surfaces. The
amplitude to line width ratio (|A|/Γ) of the C�N stretch and the H2O combination band (bend + libration) at the (C) α-Al2O3(0001) and (D)
SiO2 interfaces. The details and tabulated fit parameter values can be found in the Supporting Information, Tables S2.
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contributes most to the vSFG spectra.16 However, such a
bilayer structure is unknown for alumina. The oscillators whose
central frequencies (ω2) were affected by surface charge were
minor contributors (Figure 2A,B, red). The ω2 at the α-
Al2O3(0001) red-shifts (∼37 cm−1) at pH 10 and blue-shifts
(∼10 cm−1) at pH 4 relative to pH 6. For the SiO2 surface, ω2
red-shifts (∼7 in average cm−1) upon increasing the pH from 6
to 9 and 12 with respect to the constant frequency, ω1. In
contrast to our observation of a significant change in the
central frequency of the C�N stretch attributed to the ω2
mode at both oxide interfaces, no shift was observed at the
electrolyte/metal electrode interface with respect to the surface
potential.43 Finally, the extracted width of the third oscillator
(Γ3 ∼ 100−200 cm−1 and much broader compared to the C�

N stretch) led us to consider its identity as the H2O
combination band (Figure 2A,B, green).51 Consistent with
this assignment, we observed an increase in the intensity in this
region of the spectrum in the absence of acetonitrile (for the
silica/neat H2O interface) upon increasing the pH (Figure S2).
The H2O combination band (bend + libration: ∼ 2000−2300
cm−1) has been studied in the bulk using IR and Raman
spectroscopies and proposed to be a sensitive probe of the
hydrogen-bonding environment of bulk water without the
contribution of the Fermi resonance that complicates the O−
H stretch region.51,55 However, attempts to detect the H2O
combination band (bend + libration) at interfaces using vSFG
have not been successful.56 We proposed that the interference
with another mode, as reported here, can be an approach to

Figure 3. vSFG spectra of H2O−acetonitrile solutions in the C�N stretch region using the SSP polarization combination. (A) α-Al2O3(0001)
interface at pH of 4, 6, and 10 and 100% acetonitrile and at the (B) SiO2 interface at pH of 6, 9, and 12 and 100% acetonitrile. The vSFG spectra of
the mixture for both surfaces and 100% acetonitrile at the α-Al2O3(0001) surface are fitted using one Lorentzian oscillator, while for the 100%
acetonitrile at the SiO2 surface, two Lorentzian functions are employed. The details and tabulated fit parameter values can be found in the
Supporting Information, Tables S1 and S3. The response for 100% acetonitrile is shown in gray at the bottom of each panel.

Figure 4. Fitting results of the normalized SSP vSFG data shown in Figure 3 using eq 1; (A) central frequency of the Lorentzian oscillators at the α-
Al2O3(0001) and SiO2 surfaces and (B) amplitude and line width ratio (|Ai|/Γi) of the C�N stretch at the α-Al2O3(0001) and SiO2 surfaces. vSFG
spectra are fit using one Lorentzian function for the SSP polarization combination. The details and tabulated fit parameter values can be found in
the Supporting Information, Table S3.
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access this band. The tabulated fit parameters for the pure
acetonitrile and H2O−acetonitrile mixture can be found in the
Supporting Information, Tables S1−S3.
In contrast to the PPP polarization, the SSP polarization

combination reveals a consistently symmetric vSFG response
for the nitrile mode at all pH values for both interfaces (Figure
3A,B). Moreover, there is no significant shift in the central
frequency versus the pH of the bulk solvents compared to the
PPP response. The amplitudes of the vSFG responses at SSP
and PPP polarization exhibit a consistent pattern, with higher
intensity observed on surfaces with more negative charges. It is
worth noting that the difference in the full-width half-maxima
in both interfaces could be attributed to variation in the
spectral resolution of the setups.
Unlike the PPP vSFG spectra (Figure 1A,B), we did not

observe any asymmetry or frequency shift for the SSP
polarization combination where a single Lorentzian oscillator
was sufficient to fit the spectra (Figure 3A,B). The SSP nitrile
mode shows almost no shift (Figure 4A) compared to the PPP
polarization (Figure 2A,B). The acetonitrile species probed by
the SSP polarization combination appear to have less
sensitivity to the charged sites at the interfaces. It has been
demonstrated that the CN frequency of acetonitrile molecules
becomes less sensitive to electrode potentials as the molecules
tilt away from normal incidence.57 Thus, the central frequency
of the CN peak shows no change when the molecule is lying
flat to the surface, i.e., when the CN bond is perpendicular to
the electric field. Therefore, we can argue that the acetonitrile
molecules probed in the SSP polarization combination do not
significantly respond to the electric field.
The contribution of net-oriented molecules at the interface

can be described using the ratio of the amplitude and the line
width (|Ai|/Γi) since χR(2) is proportional to |Ai|/Γi (eq 1). For
the PPP polarization, the |Ai|/Γi ratios for the C�N stretch
(ω1, ω2) and the H2O combination band (ω3) increase as the
α-Al2O3(0001) becomes more negatively charged (Figure 2C).
For the PPP vSFG response of the silica interface, the ω3 mode
becomes prominent at pH 12, making it difficult to resolve the
subtle changes in |Ai|/Γi of ω1 and ω2 (Figure 2D). For the
SSP spectra where only one C�N oscillator dominated, |Ai|/Γi
was nonmonotonic at the SiO2 surface with increasing pH
(Figure 4B). The decrease in |Ai|/Γi at high pH is consistent
with previous work monitoring the methyl vibrational modes
of acetonitrile at the silica/aqueous interface, where we
proposed that the acetonitrile was depleted from the interface
owing to the more negatively charged silica.16 In contrast, |Ai|/
Γi linearly increased at the α-Al2O3(0001) surfaces versus bulk
pH similar to that observed for the PPP polarization (Figure
2C).
As the α-Al2O3(0001)/H2O−acetonitrile interface becomes

negatively charged, the |Ai|/Γi of the C�N ω1 stretch
increases and the H2O combination band (bend + libration)
appears above pH 6 (Figures 1A and 2C). At the positively
charged α-Al2O3(0001) surface (at pH 4, some terminal
hydroxyl groups are protonated to Al−OH2+),58 we hypothe-
size that the acetonitrile molecules that dominate the surface
vSFG response are oriented with the −C�N polar head
(partially negatively charged) directed toward the oxide surface
based on the observations of acetonitrile at positively charged
metal surfaces.43,45 This orientation would direct the hydro-
phobic −CH3 predominantly toward the bulk H2O,43,45 which
we propose leads to fewer H2O molecules oriented in the
interfacial region. The absence of the H2O combination band

(bend + libration) (ω3) at the positively charged surface
compared to the negatively charged surface supports this
hypothesis (Figure 2C). Yet we note that we expected to see
more net-oriented H2O molecules at the positively charged α-
Al2O3(0001) surface compared to the neutral surface based on
observations for the alumina/H2O interface,59 which could
suggest that the H2O combination band is sensitive to the net
orientation of H2O or that the acetonitrile minimizes H2O
ordering at the positive surface.
At the negatively charged surface, we hypothesize that the

CH3 headgroup would direct toward the oxide surface.43,45 At
the α-Al2O3(0001) surface, due to the presence of a higher
density of surface OH groups (∼15 OH groups/nm2)
compared to the SiO2 (∼5 OH groups/nm2) and greater
surface charge (Al2O3:13 μC/cm2 at pH 10 compared to SiO2:
4.5 μC/cm2 at pH 9), we expect to observe a higher population
of the net-oriented acetonitrile and H2O molecules in the
interfacial region.21,22,24,60 This hypothesis is supported by our
results. For example, |Ai|/Γi for all the interfacial species for pH
10 at the α-Al2O3(0001) has a higher value compared to the
SiO2 surface at pH 9 (Figure 2C,D). Unlike the positively
charged surface, we propose that at the negatively charged
alumina surface the polar −C�N will attract and help to align
the H2O molecules in the interfacial region leading to a
contribution from the H2O combination band. Previous work
has shown that for negatively charged α-Al2O3(0001), the
vSFG response of the OH stretch (2800−3800 cm−1) is higher
compared to neutral surfaces as a result of a higher population
of net-oriented H2O molecules.16,59 The presence of the
combination band at pH 12 for the silica interface is also
consistent with earlier work where the amount of oriented
H2O based on the vSFG response in the OH stretching region
increased sharply between pH 9 and 12 for the silica interface
in the presence of an aqueous acetonitrile solution (Figure
2D).16

The PPP and SSP polarizations can be used to extract
information regarding the orientation of the transition dipole
moment of the C�N stretch of acetonitrile at both interfaces
(the details can be found in the Supporting Information).54 On
the positively charged α-Al2O3(0001) surface, the angle of the
molecular axis with respect to the surface normal is largest 66
± 3° (Table 1); we assume that this corresponds to a net
orientation away from the surface normal owing to the positive
charged surface. At pH 6, the tilt angle of acetonitrile at the α-
Al2O3(0001) decreases to 46 ± 3°, while the SiO2 surface

Table 1. Tilt Angle of the Acetonitrile Molecule; Schematic
Definition of the Tilt Angle Range (Black Wedge) from the
Surface Normal (Vertical Black Arrow) Is Shown on the
Right-Hand Side of the Table, at the SiO2 and α-
Al2O3(0001) Interfaces Determined UsingEq S6. Error Bars
Have Been Determined by Using Multiple Sets of Data
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exhibits an angle of 31 ± 2° with respect to the surface normal.
As the surface becomes more negatively charged, the
acetonitrile species probing the neutral sites orients more
toward the surface normal (Table 1). Our results demonstrate
that the average tilt angle of the net-oriented acetonitrile
molecules, which appear to probe the neutral sites at both
interfaces, is to some extent surface charge-dependent. Tilt
angle analysis of acetonitrile molecules probing the charged
sites (ω2) is not feasible, as it necessitates |Ai|/Γi for both PPP
and SSP polarizations. While we detect SSP and PPP signals
for neutral sites, the SSP response of the acetonitrile probing
the charged sites is not as discernible, as a single Lorentzian
suffices to fit the spectra.
VSES has utilized a range of nitrile and carbonyl probes as

electric field reporters.41,61 However, nitrile (−C�N) probes
have a relatively strong absorption coefficient and, unlike
carbonyl (−CO), are in an IR spectral region uncluttered by
strong water modes.40 Our previous work using SCN− as a
probe molecule at neutral pH revealed a species ∼60 cm−1

blue-shifted with respect to ions experiencing neutral sites,
which was attributed to K+ SCN− contact ion pairs at the
interface.1 However, in this study, we did not observe a shift of
the C�N stretch compared to its bulk value (∼2250 cm−1) at
the neutral α-Al2O3(0001) which corresponds to an average
electric field of 0 MV/cm. In our previous work, we quantified
the local electrostatic potential associated with the charged
aluminol groups using 65 cm−1/V Stark tuning corresponding
to an externally applied bias across a platinum electrode.1

Unlike SCN−, for acetonitrile, only one study reported the
Stark shifts of the C�N vibration of the adsorbed acetonitrile
molecules on a gold electrode to be around 4 cm−1/V.44

To quantify the local electric field at the heterogeneously
distributed charged sites associated with the charged hydroxyl
groups at the α-Al2O3(0001) and the SiO2 surfaces, we use this
reported Stark tuning rate of 0.44 cm−1/(MV/cm) for the C�
N stretch of bulk solution of acetonitrile62,63 while tracking the
spatially heterogeneous development of the localized surface
charge by modulating the pH of the bulk solution. The vSFG
spectra at PPP polarization reveal the existence of two types of
acetonitrile species at the interface, with the central frequency
of one of the oscillators being dependent on the surface charge.
Hence, it appears that one acetonitrile species probes the
neutral sites (or is oriented away from the interface) and the
other probes the charged sites at the α-Al2O3(0001) and the
SiO2 interfaces.
The impact of an external electric field on vibrational

frequency of an oscillator (linear vibrational Stark effect) can
be calculated using eq 2.

·F0 ext (2)

where ω and ω0 are the frequencies at the applied and zero
electric field, respectively, Δμ is the Stark tuning rate expressed
in the units of cm−1/(MV/cm), and Fext is the applied external
electric field.40,41,64,65

The Stark effect sensitivity of the C�N stretch of
acetonitrile gives us an opportunity to measure the local
electric field.41 The constant frequency oscillators (ω1) are the
major contributors at each pH and serve as a reference
frequency for 0 MV/cm electric field (Figure 2A,B). At the
positively and the negatively charged α-Al2O3(0001) surfaces,
the variable frequency oscillators (ω2) experienced a shift of
∼+10 and ∼−36 cm−1 with respect to the constant frequency
oscillator at 2250 cm−1, respectively. This corresponds to a

local electric field of 4.3 MV/cm, 0 MV/cm, and −16 MV/cm
at the positively, neutral, and negatively charged sites of the α-
Al2O3(0001) surface, respectively (Figure 5). At pH 6, the
SiO2 surface is negatively charged (PZC ∼ pH 2−4) and by
increasing the pH from 6 to 9 to 12, the oscillators with
variable central frequency (ω2) experienced a shift of ∼7 cm−1

compared to the reference frequency at 2260 cm−1. This shift
corresponds to electric fields of −3.2, −3.0, and −3.4 MV/cm
experienced by acetonitrile at the SiO2 surface, respectively
(Figure 5). This value is in the ballpark for the average static
electric field present in the Stern layer at pH 10 with 10 mM
NaCl electrolyte in the absence of acetonitrile (−4.1 MV/cm,
vide supra; the details can be found in the Supporting
Information).31 Yet surface potential and zeta potential
measurements at aqueous silica interfaces exhibit significant
pH dependence over this pH range from pH 6 and 9 and
above.30 The spectral shift observed here suggests that the
acetonitrile molecules that sample the static electric field
emanating from the silica surface only experience single
negative sites even at pH 12.
The increased electric field and corresponding larger Stark

shift at the α-Al2O3(0001) compared to the SiO2 surface are
likely due to the higher density of charged hydroxyl sites. Using
potentiometric titration data for the α-Al2O3(0001) and SiO2
surfaces, along with the number of hydroxyl groups present on
each surface, it can be inferred that if every charged site
produces 1 elementary charge, then at pH 10, approximately 1
out of 15 groups/nm2 and 0.5 out of 5 hydroxyl groups/nm2

are deprotonated, respectively.21,60,66 The higher density of
deprotonated sites for α-Al2O3(0001) is consistent with our
observation of a greater shift for the negatively charged
alumina (pH 10: ∼36 cm−1) compared to SiO2 (pH 6−12: ∼7
cm−1).
For alumina, the magnitude of the electric field differs

between the positively charged (4.3 MV/cm) and the
negatively charged (−16 MV/cm) alumina surfaces. The
measured value for the positively charged site is in close
agreement with the calculated value (eq S6: electric field for a
point charge), 3.9 MV/cm (Table S6). For the negatively
charged sites, the measured value exceeds the calculated value
by 4.8 MV/cm. One possible explanation is that individual
acetonitrile molecules that exhibit pH-dependent frequencies
at the alumina interface experience several local charged sites at

Figure 5. Calculated local electric field probed by acetonitrile in
H2O/acetonitrile mixtures at the α-Al2O3(0001) and the SiO2
surfaces versus bulk pH.
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high pH. However, we would anticipate that the nitrile
frequency of acetonitrile probing the neutral sites should also
be influenced. Nevertheless, the presence of ordered H2O
molecules which could potentially replace acetonitrile at these
neutral sites may explain why we do not observe a shift in their
frequency, as the acetonitrile molecules do not interact with
the neutral sites. Another contributing factor could be the
increased number of acetonitrile molecules oriented toward
the bulk, which interact with ordered H2O molecules near the
interface through weak hydrogen bonding between the C�N
and OH groups, rather than with neutral hydroxyl sites. The
prior CH stretch study revealed an increased density of
oriented H2O molecules replacing acetonitrile molecules on
negatively charged surfaces, reflecting similar findings on SiO2
surfaces.16 Rehl et al. attributed this to the instability of
acetonitrile bilayers or the deprotonation of silanol groups to
create siloxides, which ultimately results in heightened H2O
solvation of the surface sites and the displacement of
acetonitrile that was originally bonded with or near the
SiOH groups.16 This reason could not apply for the positively
charged sites on the Al2O3 surface as the C�N head orients
toward the surface and not the bulk, and we do not observe
net-oriented H2O molecules based on the absence of the H2O
combination band feature. We conclude that the charge of the
hydroxyl groups at the interface can affect the orientation of
the probe molecules at the interface, consequently influencing
the magnitude of the electric field.

■ CONCLUSIONS
The molecular arrangement and local electric fields experi-
enced by the first few layers of H2O−acetonitrile mixtures at
the α-Al2O3(0001) and SiO2 surfaces were investigated as a
function of the surface charge using vSFG spectroscopy. An
asymmetric line shape was observed under basic conditions
that was attributed to interference between the H2O
combination (bend + libration) band and the nitrile stretch.
We propose that the presence of this H2O combination band is
correlated with the presence of oriented H2O due to the
interfacial polar nitrile group. At low pH values where the α-
Al2O3(0001) surface is positively charged, the polar −C�N
head of acetonitrile is expected to be directed toward the
surface, which we suggest leads to no combination band owing
to a smaller population of net-oriented H2O in the interfacial
region due to hydrophobic interactions with the −CH3 groups.
Under conditions where the surfaces are negative, the amount
of ordered H2O appears to increase with increasing pH based
on the growing amplitude of the H2O combination band.
After accounting for the interference in our spectral fitting,

we carried out vibrational Stark spectroscopy of the nitrile
stretch and found that α-Al2O3 has a greater local electric field
than SiO2 (−16 MV/cm vs ∼−3 MV/cm) at higher pH (pH
10 and 9−12, respectively). This significant difference in the
magnitude of the electric field at these negatively charged
oxides is attributed to a higher density of charged hydroxyl
groups at the α-Al2O3(0001) compared to the SiO2 surface.
Furthermore, the electric field at pH 10 for the alumina
interface is significantly greater than what would be expected
from a single negative site indicating that the acetonitrile
experiences local fields that are additive based on the close
proximity of multiple charged sites. In contrast, we observe a
pH-independent local electric field for the silica interface at pH
6, 9, and 12, which all correspond to net negatively charged
surfaces albeit with different expected surface charge densities

and interfacial potentials. These results suggest that the local
electric fields near a negative site are independent of pH until a
certain charge density is reached, whereby the electric fields
emanating from multiple sites overlap.
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