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ABSTRACT: Unlike metal or semiconductor electrodes, the
surface charge resulting from the protonation or deprotonation
of insulating mineral oxides is highly localized and heterogeneous
in nature. In this work the Stark active CN stretch of potassium
thiocyanate is used as a molecular probe of the heterogeneity of the
interfacial electrostatic potential at the α-Al2O3(0001)/H2O
interface. Vibrational sum frequency generation (vSFG) measure-
ments performed in the OH stretching region suggest that
thiocyanate species organize interfacial water similarly to halide
ions. Changes in the electrostatic potential are then tracked via
Stark shifts of the vibrational frequency of the thiocyanate stretch.
Our vSFG measurements show that we can simultaneously
measure the vSFG response of SCN− ions experiencing charged
and neutral surface sites. We assign local potentials of +308 and −154 mV to positively and negatively charged aluminol groups that
are present at pH = 4 and pH = 10, respectively. Thiocyanate anions at positively charged surface sites and negatively charged
surface sites and those participating in contact ion pairing adopt similar orientations and are oppositely oriented relative to
thiocyanate ions near neutral surface sites. All four species followed Langmuir adsorption isotherms. Density functional theory−
molecular dynamics (DFT-MD) simulations of SCN− near the neutral α-Al2O3(0001)/H2O interface show that the vSFG response
in the CN stretch region originates from a SCN−H−O−Al complex, suggesting the surface site specificity of these experiments.
To our knowledge this is the first spectroscopic measurement of local potentials associated with a heterogeneously charged surface.
The ability to probe the evolution of local charges in situ could provide vital insight into many industrial, electrochemical, and
geochemically relevant interfaces.

■ INTRODUCTION
The structure of water at interfaces plays an important role in
many chemical, biological, and environmental processes.1

Previous work has demonstrated that interfacial water structure
at both charged and neutral interfaces can differ greatly
compared to the bulk.2 The presence of an interface can
change the properties of the solvent, such as vibrational
energy-transfer rates, hydrogen-bonding strength, and structure
of the hydrogen-bonding network.3,4 Mineral oxides are
covered with surface hydroxyl groups, e.g., α-Al2O3(0001)
(∼15 OH groups/nm2),5,6 and thus allow for access to neutral,
positive, and negative solid/H2O interfaces through modu-
lation of the bulk pH.7 Deprotonation of surface aluminol
groups creates a negatively charged surface at pH > 8, and
protonation results in a positively charged surface at pH < 6,
yielding a point of zero charge (PZC) range of ∼6−8.8,9
Furthermore, the insulating nature of alumina gives rise to
local surface charges and a heterogeneous charge distribution
at the surface.7

One of the driving forces in the reorganization of interfacial
water is the surface charge. Water molecules orient themselves
to minimize their free energy with respect to local charges,10

and this reorganization of interfacial molecules can change the
free energy of adsorption for solutes, affecting interfacial
chemistry, e.g., heterogeneous catalysis.11,12 The interfacial
electric fields generated via photoexcitation or applied
potentials can affect rate-determining steps in heterogeneous
catalysis,13 electrochemistry,14 solar-energy generation,15,16

and layered-material synthesis.17 Thus, it is paramount that
we have a detailed understanding of the local structure of polar
solvents at charged surfaces.
The reorganization of interfacial water induced by surface

charging has been characterized using vibrational sum
frequency generation (vSFG), a surface-specific vibrational
spectroscopy, at a variety of oxide/water interfaces: SiO2/
H2O,

18 quartz/H2O,
19 hydrophobic/H2O,

20 TiO2/H2O,
21 and
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α-Al2O3/H2O.
4,9 While these experiments can indirectly track

charge accumulation via the interfacial solvent response, direct
spectroscopic measurements of the surface charges at buried
solid/liquid interfaces have remained elusive. vSFG allows us
to probe molecular vibrations located at the solid/liquid
interface because it is an inherently surface-specific technique
within the dipole approximation.19,22 To investigate the
interfacial hydrogen-bonding environment using vSFG, a
narrowband visible pulse is combined with a broadband IR
pulse resonant with the O−H stretching vibrations. This allows
for surface-specific vibrational spectroscopy of surface
hydroxyls and water molecules in the interfacial region.
vSFG is limited when it comes to studying surface charge,
however, as many different sources of surface charge including
protonation/deprotonation of surface groups,3 specific adsorp-
tion of ions,2,23 and variation of diffuse layer thickness can all
give rise to similar changes in the intensity and shape of the
spectrum.24 Additional information is required to obtain a
detailed picture of the surface structure and charge distribution
at oxide surfaces, which are crucial parameters in under-
standing geochemically relevant buried interfaces.25

Vibrational Stark effect spectroscopy (VSES) correlates the
shifts in vibrational frequencies of functional groups, e.g.,
nitrile, azide, and carbonyl bonds, to changes in the local
electrostatic potential, thereby providing a method to measure
the strength of local electric fields.26−30 Second harmonic
generation (SHG) has also been used to measure average
interfacial potentials, although it lacks the ability to resolve the
distinct local potentials associated with different sites.31,32

VSES has been used to study how local electric fields aid in
enzymatic function by inserting Stark active molecular probes
into proteins.33−36 VSES has also been used to investigate
charge accumulation at electrochemical interfaces via the Stark
shift of ionic liquids37 and electrolyte solutions38 and to probe
molecules embedded in chemically bound self-assembled
monolayers (SAMs) at electrochemical interfaces.39−41 The
frequency of the CN stretch is sensitive to the nature of the
local environment, making SCN− an excellent example of a
Stark active molecule. Bulk IR spectra of KSCN have reported
the SCN− stretch at 2056 cm−1 in D2O solutions,42 2057 cm−1

in methoxyethanol,43 and ∼2050/2067 cm−1 for the free

SCN− and contact ion pairs of K+ SCN− in glassy liquids.44

Recent vSFG studies have employed self-assembled mono-
layers (SAMs) containing Stark active molecules chemically
bound to working electrodes to track changes in the local
potential during surface charging and chemical binding.45−48

The nitrile stretch frequencies in these studies have been
reported at ∼2128 and ∼2100 cm−1 for chemically bound47

and unbound38 SCN−, respectively. While these experiments
yield information about the interfacial electrostatic potential,
they require chemical modification of the surface and a
conductive metal substrate. Furthermore, the potential
measured corresponds to the average charge density, which
is homogeneously distributed across the working surface, quite
different from the heterogeneous sites (charged and neutral) at
an insulating mineral oxide surface such as α-Al2O3(0001).
Unlike metals and semiconductors, characterized by

uniformly distributed surface charge, protonation and depro-
tonation of the terminal aluminol groups on the α-
Al2O3(0001) surface leads to highly localized charges on the
interface.49 The determination of the point of zero charge
(PZC) and isoelectric point (IEP) of various alumina oxide
surfaces remains controversial, with factors such as the exposed
plane,50,51 sample manufacturer,7 crystal miscut,7 choice of
electrolyte,7 and sample preparation affecting the observed
PZC obtained from streaming potential measurements.52

Many of these controversies arise from the inability to access
surface aluminol groups directly. SHG31 and vSFG9 experi-
ments at the α-Al2O3(0001)/H2O interface have explained the
bulk pH dependence of the nonlinear response with reference
to macroscopically determined surface acid dissociation
constants (pKa’s) of γ-Al2O3.

53 However, γ-Al2O3 is less stable
than α-Al2O3 and is described by a cubic unit cell, whereas α-
Al2O3 is composed of hexagonal unit cells. We believe that
previous authors have used γ-Al2O3 to describe the acid/base
dissociation rates of α-Al2O3(0001), because the pKa’s of the
α-Al2O3(0001) surface have never been measured directly,
highlighting the difficulty of accessing the nature of surface
aluminol groups. Clearly the surface preparation, as well as the
corresponding variation in the molecular architecture of
mineral oxides, leads to a wide range of macroscopic surface
properties. This is illustrated by the variation in reported PZCs

Figure 1. Snapshot of the α-Al2O3(0001)/H2O interface with KSCN as the molecular probe generated from our DFT-MD simulations. Here the
red, white, light blue, gray−blue, brown, yellow, and purple atoms are O, H, Al, N, C, S, and K, respectively.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c01366
J. Am. Chem. Soc. 2020, 142, 12096−12105

12097

https://pubs.acs.org/doi/10.1021/jacs.0c01366?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01366?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01366?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c01366?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c01366?ref=pdf


for heterogeneously charged mineral oxide samples, suggesting
that a local probe of the electrostatic potential could be more
informative than streaming potential measurements, which
measure the average surface property.54

In this work we use potassium thiocyanate, a reporter of
local electrostatic potentials, to investigate the heterogeneous
development of the surface charge at the α-Al2O3(0001)/H2O
interface as the bulk pH is modulated (Figure 1).38 We also
investigate the adsorption behavior of the SCN− at the
interface at a range of bulk pH values. Quantitative analysis of
the vSFG spectra indicate that at all surface charge conditions
one common SCN− species, as well as another SCN− species
unique to each surface charge of varying relative orientation,
exists at the α-Al2O3(0001)/H2O interface. By extracting the
vibrational Stark shifts from the spectral fitting, we can
correlate the vSFG response of SCN− ions experiencing the
charged and neutral surface sites and determine local potentials
of +308 and −154 mV assigned to positively and negatively
charged aluminol groups, respectively. Density functional
theory−molecular dynamics (DFT-MD) simulations of
SCN− near the α-Al2O3(0001)/H2O interface show that the
vSFG response in the CN stretch region originates from a
SCN−···H−O−Al complex, supporting the surface-site specif-
icity of these experiments. Deconvolution of the individual
amplitude and phase of thiocyanate species achieved by
quantitative analysis of the vSFG spectra facilitates simulta-
neous measurement of the behavior (e.g., adsorption
isotherms) from ions experiencing neutral and charged surface
sites, allowing for in situ characterization of heterogeneously
charged surfaces. The ability to measure the local electrostatic
potential of heterogeneously charged solid/aqueous interfaces
in situ using a nondestructive spectroscopic technique should
prove useful for a wide audience.

■ EXPERIMENTAL SECTION
Sample Preparation. Acidic and basic H2O solutions were made

using concentrated HCl (Sigma-Aldrich, Trace SELECT grade) and
NaOH (Fluka Analytical, analytical grade), respectively. These
solutions were added dropwise while measuring the pH of KSCN
solutions to adjust the pH. The contribution to the total ionic
strength from the pH-adjusting solutions was at most 1% at the lowest
KSCN concentration used. The BioXtra-grade potassium thiocyanate

used was 99.0% pure (Sigma-Aldrich). Additional sample preparation
details can be found in the Supporting Information.

Optical Setup/Data Normalization. The optical setup and data-
normalization techniques have been described previously.2,3 Details
can be found in the Supporting Information.

Computational Details. We modeled KSCN at the α-
Al2O3(0001)/H2O interface, initializing the system with ClayFF55,56

and KSCN parameters from Vincze et al.57 The α-Al2O3(0001) slab
was cleaved from the crystalline geometry with one unit cell and an O-
terminated surface, which we passivated with H and replicated to
obtain a surface area of (8.25 × 9.25) Å. We combined this slab with
128 H2O molecules and one pair of K+ and SCN− ions in a unit cell
with a z dimension of 50 Å, generating initial positions with
PACKMOL.58 We ran an NVT simulation for 1 ns and then an NPTz
simulation for 1 ns to determine the z lattice value (36.81 Å). We
then deformed the unit cell to this length over a 1 ns period and
finally equilibrated the system in the NVT ensemble for 1 ns.

We subsequently performed Car−Parrinello molecular dynamics
(CPMD) simulations using Quantum Espresso (v. 6.2.1), the
SCAN59 functional, HSCV pseudopotentials,60 an electron mass of
200 au, and a time step of 1.0 au. We initially ran a combination of
NVT and NVE simulations with a 90 Ry cutoff to equilibrate the
structure followed by a production simulation for 4 ps with a cutoff of
130 Ry.

We calculated the SFG spectrum from the MD simulations and the
TholeL model to compute the polarizabilities.61 The dipole moment
of the system is computed by using a variant of the QEQ method62

with the Mulliken electronegativities and fitted idempotential
parameters constrained to best reproduce the dipole moments of
the TABS database.63 To compute the response of only one surface,
we apply a profile to the atomic charges and effective polarizabilities,
such that only the atoms that are within 19 Å of the interface
contribute to the vSFG spectrum.

The vSFG spectrum is computed as a Fourier transform of the
correlation function between the polarizability and the dipole moment
derivatives (eq 1),

χ ω α μ= [⟨ ̇ ̇ ⟩]t( ) ( ) (0)(2) (1)

where α̇(t) is the time derivative of the polarizability and μ̇(t) is the
time derivative of the dipole moment. To remove any origin
dependence of the dipole moment, we compute μ̇(t) as

∑μ ̇ = [ ̇ + ̇ ]t r t q t r t q t( ) ( ) ( ) ( ) ( )
i

i i i i
(2)

Figure 2. vSFG spectra of 1 × 10−2 to 4 M KSCN solutions at the α-Al2O3(0001)/aqueous interface for bulk pH = (A) 4, (B) 6, and (C) 10. The
vSFG spectra for all pH values are compared in panel (D). Spectra are offset for easier comparison. All measurements employed PPP vSFG
geometry, are normalized with respect to the IR profile, and are Fresnel factor corrected.
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■ RESULTS AND DISCUSSION

To characterize thiocyanate ion adsorption at the charged and
neutral α-Al2O3(0001)/H2O interface, we performed steady-
state vSFG measurements as a function of bulk pH and KSCN
concentration. Steady-state spectra show resonant features
with central frequencies in the ∼2100−2130 cm−1 range.
These features grow in amplitude as the concentration is
increased from 0.01 to 4 M. The features are also broad, with a
FWHM of ∼100 cm−1 at concentrations > 0.5 M. By varying
the bulk pH, the surface charge of the α-Al2O3(0001) substrate
is modulated by protonating/deprotonating the surface
aluminol groups.7 We stress that at pH 6 the surface should
have a net neutral surface charge.64

For all spectra presented in Figure 2, the central frequency of
the resonant species appears to follow this trend: ωpH4 < ωpH6
< ωpH10. There is also a broad featureless contribution to the
spectra in the ∼1950−2250 cm−1 spectral region, which is
more apparent at lower concentrations (0.01−0.5 M) and has
a bulk pH dependence (Figure S1). Its spectral profile is
similar to the H2O bend plus libration combination mode of
bulk water.65 Because of the relatively flat nature of the
spectrum, with and without electrolyte solution in the ∼2100
cm−1 region (Figures S1 and S2), we assign the resonant
features to the thiocyanate ion.
Because the CN stretch frequency of thiocyanate ions is

sensitive to the local electrostatic potential, the ωSCN− was
monitored using the vSFG response as a function of surface
charge.38,45,47,66 At pH = 6, where the interface is neutral, the
spectra (Figure 2) at the lowest concentration (0.1 M) display
a resonant feature at ∼2160 cm−1. At concentrations > 0.5 M, a
second feature appears at ∼2110 cm−1 in addition to the
∼2160 cm−1 peak, which becomes dominant in the 1−4 M
KSCN spectra. At the positively charged interface (pH = 4),
lower-concentration spectra (0.01−0.1 M) appear to contain
two features with central frequencies at ∼2075 and ∼2125
cm−1. At higher concentrations (>0.5 M), the spectra merge
into a single feature at ∼2100 cm−1. For pH = 10 (negatively
charged surface), a resonant feature does not become
distinguishable from the nonresonant background until 0.5
M. At concentrations of 0.5−4 M, the pH = 10 spectra also
appear to have a bimodal character, with two resonant features
at ∼2050−2065 and ∼2135−2150 cm−1. Concentration-
dependent spectra for all bulk pH values investigated can be
found in Figure S3. Steady-state vSFG spectra of KSCN at the
α-Al2O3(0001)/H2O interface show that the thiocyanate ion’s
vibrational frequency is sensitive to the surface charge and
suggest that more than one species exists at all bulk pH values
studied.
VSFG lineshapes are sensitive to the orientation of the

contributing species, and the unique shape of the vSFG
response in the low-concentration regime (0.1−0.5 M) at
various bulk pH values prompted further analysis of the steady-
state vSFG spectra.67 The Fano-like spectral lineshapes
observed for 0.1 M KSCN pH 4 spectra and 0.5 M KSCN
pH 10 spectra (Figure 3) were unexpected, as even at working
electrodes this behavior has not been observed.45−47 Because
vSFG spectroscopy samples the squared modulus of all
resonant responses within the IR pulse bandwidth, spectral
interference can be observed in vSFG spectra, especially at
charged interfaces.32 The pH 6 KSCN vSFG spectra do not
contain this behavior but possess a shoulder that is blue-shifted
compared to the central peak. Spectral interference patterns are
more apparent in low-concentration (0.01−0.5 M) KSCN

vSFG spectra at the positively (pH 4) and negatively (pH 10)
charged interface, as seen by the Fano-like up−down (pH 4)
and down−up (pH 10) shape of the vSFG response. The
vSFG lineshapes displayed by KSCN at the positively and
negatively charged interfaces could arise from two possibilities:
(a) one species interfering with the χNR contribution (Figure
S4) or (b) two species with opposite net orientations at the
interface.
We determine how the interfacial structure yields the

observed Fano-like vSFG response by fitting the normalized
vSFG response of SCN− molecules at the interface using eq 3,

∑

∑

χ χ χ

χ
ω ω

∝ | | = +

= +
− + Γ

ϕ

ϕ

I I I I I

A
i

I I

e

e

i

v

i

v

v

v v

SFG
(2) 2

Vis IR NR
(2)

R
(2)

2

Vis IR

NR
(2)

IR

2

Vis IR

NR

NR

(3)

where χNR
(2) and χR

(2) represent the nonresonant instantaneous
electronic response of the system and the vibrationally
resonant modes summed over the available infrared
bandwidth, respectively. The ϕ term denotes the phase
between the χNR

(2) and χR
(2) responses of the system. Each

vibrationally resonant mode possesses a Lorentzian lineshape,
where ωIR is the frequency of the driving infrared pulse and Aν,
ων, and Γν are the amplitude, central frequency, and damping
coefficient of the νth vibrational mode, respectively.
Two Lorentzian oscillators of opposite amplitude were

required to properly fit the KSCN spectra at the α-
Al2O3(0001)/H2O interface for all the pH values studied
using eq 3 (Figure 4, Figures S5−S7, and Tables S1−S3). The
spectral contributions from the oscillators with the larger
positive amplitudes were assigned as the major contribution
because their shape qualitatively best described the total vSFG
response. Resonant oscillators with the negative smaller
amplitudes were denoted as minor species, as these peaks
mainly interfere with the dominant contribution, giving rise to
the asymmetry present in the total vSFG response. The ∼2100
cm−1 central frequency of the major peaks appears to have no
concentration or surface-charge dependence (Figure 4A and
C), while the central frequencies of the minor peaks vary
slightly with increasing concentration and are affected by the
surface charge (Figure 4B and D). The major and minor

Figure 3. vSFG spectra of KSCN solutions at the α-Al2O3(0001)/
H2O interface using PPP experimental geometry. These spectra
display spectral interference patterns for 0.1 M pH 4 spectra (blue)
and 0.5 M pH 10 spectra (red) with 1 M pH 6 spectra (green) for
comparison.
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contributors also have opposite signs associated with their
amplitudes, indicating that the net orientation at the interface
is opposite to one another. The absolute values of the
amplitudes divided by the damping constant, Γν, are also
plotted because at resonance the χR

(2) contribution reduces to
this quantity. While all pH 4 and pH 6 extracted amplitudes
appear to follow Langmuir adsorption (Figures S8 and S9 and
Table S4), the pH 10 spectral amplitudes remain relatively
constant (Figure 4C). The behavior exhibited by SCN− at pH
10 is discussed in detail later.
The extracted vSFG central frequencies of the major and

minor SCN− species suggest that thiocyanate ions in the
interfacial region experience multiple distinct local environ-
ments, which can be independently sampled simultaneously.
The broad nature (∼100 cm−1) of the vSFG response suggests
that SCN− experiences a more heterogeneous local environ-
ment than that observed for SAMs at working electro-

des.45−47,66 The bandwidth of the observed vSFG features is
similar to that reported for SCN− at the electrode interfaces
(∼150 cm−1).38,68 The extracted width (Γn) of the minor
species led us to consider its identity as the bend plus libration
combination mode of H2O, but spectral shifts as large as those
observed in our vSFG measurements versus electrolyte
concentration have not been reported in previous bulk IR
studies.65 In addition, recent work suggests that vSFG spectral
density in the 1700−3000 cm−1 region arises mainly from
nonresonant contributions, which could not be reproduced
computationally by including solvated H+, OH−, or the bend
plus libration combination mode.69 In addition to these
concerns, the probability of probing a combination band is
much lower than the CN stretch and a strong IR Raman-
active mode. Hence, we conclude that the multiple resonant
contributions to the vSFG response originate from the

Figure 4. Lorentzian lineshapes extracted from fitting the normalized vSFG data presented in Figure 2 using eq 3. All fits required two oscillators of
opposite amplitudes. The positive amplitude peaks were classified as the major contributions (A), while the negative amplitude features were
denoted as minor contributions (B). The fit parameters are graphically shown versus concentration for the dominant (C) and minor (D) peaks.
The tabulated fit parameter values can be found in the Supporting Information.
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response of thiocyanate species experiencing distinct local
environments.
The concentration-dependent vSFG response can track the

adsorption behavior of thiocyanate species in the interfacial
region.70 However, the broad nonresonant background in the
0.01−0.5 M KSCN spectra made direct comparison difficult,
leading us to fit this vSFG data using eq 3. The extracted
amplitudes (Figure 4C and D) describe the adsorption affinity
of thiocyanate species at varied KSCN concentrations and
surface charges. Both the major and minor species present at
bulk pH = 4 and 6 appear to exhibit Langmuir adsorption
(Figure S8). While all of the assumptions of the Langmuir
adsorption model are not fulfilled by our interface, fitting the
data using this model as an approximation can provide
information regarding the relative surface affinity of SCN− at
various bulk pH values. The pH 6 major and minor isotherms
yielded ΔGAds values of −6.5 and −8.0 kJ/mol, while
adsorption of the pH 4 major and minor gave values of −7.9
and −5.7 kJ/mol, respectively (Table S4). At pH 10, however,
the extracted amplitudes associated with the major and minor
species remain relatively constant. The plotted Aν/Γν versus
concentration suggest that thiocyanate species adsorb more
rapidly under pH = 4 conditions compared to pH = 6.
While the adsorption of thiocyanate at the positively charged

α-Al2O3(0001)/H2O interface is consistent with Coulombic
attraction, the behavior at the neutral and negatively charged
interfaces requires additional explanation. The Langmuir
isotherm exhibited by pH 6 species suggests adsorption at
surface aluminol sites is energetically favorable (Figure S5). At
pH 10, however, the extracted amplitudes suggest that SCN−

species have saturated the surface at nearly all concentrations,
and the amplitude of the detected species remains similar
(Figure 4C and D). We hypothesize that the approach of
SCN− ions toward the negatively charged surface is facilitated
through K+···SCN− ion pair interactions because the approach
of an anion toward the negatively charged surface must be
Coulombically hindered.2 This could be accomplished by
primary adsorption of cations, with accompanying attraction of
the counterion SCN−.23 The extracted amplitudes from fitting
of pH 10 KSCN vSFG spectra suggest that the effect of cation
adsorption on SCN− attraction to the α-Al2O3(0001)/H2O
interface is saturated at all concentrations tested here. This is
supported by the fact that K+ has a high adsorption affinity for
the negatively charged α-Al2O3(0001) surface, previously
demonstrated by a 2 orders of magnitude attenuation of the
vSFG response in the O−H stretching region by 0.1 M KCl
solutions.23

While the manner in which Al2O3 surface sites contribute to
the vSFG spectra in the OH stretching region remains
controversial, it is widely accepted that the aqueous surface
is terminated with AlOH surface groups that adopt two main
configurations: ∼60% in the plane of the substrate and ∼40%
pointing out of the plane.25,71,72 We recover approximately the
same ratio of in- and out-of-plane aluminols by integrating the
generated angular distribution function from the simulated α-
Al2O3(0001)/H2O interface (Figure S10). To unravel the
origin of the local surface charge heterogeneity associated with
these adsorption sites, the percentage of aluminol groups that
are charged at bulk pH = 4 and pH = 10 must be considered.
The average surface charge of α-Al2O3(0001) particles versus
bulk pH values has been characterized via potentiometric
titrations.64 Using this data,64 and the fact that the α-
Al2O3(0001) surface is terminated with ∼15 aluminol

groups/nm2,5,6 as well as that charges are localized on AlO−

or AlOH2
+ sites, one can infer the number density per unit area

of charged surface sites at pH 4 and pH 10. Ntalikwa reported
a surface charge densities of 2 × 10−19 and −1 × 10−19 C/nm2

for bulk pH 4 and pH 10 solutions, respectively.64 If every
charged site generates 1 unit of elementary charge, this
suggests that, at pH = 4, ∼1.25 aluminol groups/nm2 are
protonated and, at pH = 10, ∼0.63 aluminol groups/nm2 are
deprotonated. This can be compared to the surface coverage
parameter θ([χbulk]) extracted from a Langmuir fit of the
extracted SFG amplitudes for each thiocyanate species (Figure
S11). The tabulated results suggest that, for our experimental
conditions, the maximum surface coverage densities for pH 4
and pH 6 major and minor species range from 0.83 to 1.28
SCN− reporter ions/nm2 (Table S5). The relatively small
number of charged sites at the surface, coupled with the
inability to redistribute surface charges homogeneously across
the insulating surface, implies that locally Stark active ions
would experience multiple distinct binding sites.
To quantify the local electrostatic potential associated with

the charged aluminol groups, we use the reported Stark tuning
rate for SCN− ions via SFG measurements of 65 cm−1/V
corresponding to an externally applied bias across a platinum
electrode.38,73,74 While the interaction of SCN− with a
platinum working electrode is certainly different in nature
than that with insulating oxide surfaces, the response of
reporter ions to a known applied potential is required for the
deductions made here. As stated earlier, the majority of
aluminol groups remain neutral at all pH values used in this
work. For this reason, we attribute the largest, concentration-
independent amplitude at ∼2100 cm−1 for all bulk pH values
to SCN− adjacent to neutral AlOH sites, which we assign to a
local potential of ∼0 V. As in streaming potential measure-
ments, this choice of 0 V potential serves as a reference
because, at all bulk pH values explored here, neutral (0 V) sites
are present, while the average surface potential varies with bulk
pH.7 The addition of KSCN can, in principle, affect the
interfacial electrostatic potential. When KSCN vSFG spectra in
the OH stretching region (Figure S12) are compared to
monovalent halide ions (Figure S13), the concentration-
dependent spectral profiles appear to be similar, suggesting
that the behavior of KSCN is comparable to that of halide
species.75 Because halide ions do not appear to affect the
surface charge of the α-Al2O3(0001)/H2O interface,76 we
propose that the SCN− ion can be used to measure the local
potential without impacting the net surface charge. The IR
spectra and vSFG spectra of KSCN at pH 6 in the bulk and at
the α-Al2O3(0001)/H2O interface for the CN spectral
region can be found in the Supporting Information. The vSFG
response of SCN− at the pH 6 interface is blue-shifted by 33
cm−1 compared to the IR signature in bulk H2O (Figure S14),
which we hypothesize originates from differences between the
bulk and the interfacial dielectric constants. If we consider the
average values of 2122, 2167, and 2095 cm−1 for pH 4, 6, and
10 KSCN minor species, respectively, and apply the 65 cm−1/
V Stark tuning rate, these values correspond to local potentials
of +0.308, +0.923, and −0.154 V, respectively.
Here we discuss the origin the potential sensed at pH 4 and

pH 10 conditions. Potentiometric titrations of α-Al2O3(0001)
powders suggest that ∼1.25 aluminol groups protonated per
nm2 at pH 4 and ∼0.63 aluminol groups deprotonated per nm2

at pH 10.64 If the ∼2.5 Å long SCN− ions can sense multiple
charged groups simultaneously, then this suggests that the field
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strengths associated with both protonated and deprotonated
aluminol sites are on the order of ∼150 mV per group, because
twice as many aluminols are charged at pH 4 compared to pH
10 conditions. DFT-based theoretical studies, however, have
suggested that Cl− is only able to disrupt local water molecules
within two hydration shells, which suggests that SCN− ions
should only be affected by one charged aluminol group at any
time, at the density estimated.77 In this scenario, the potentials
measured from the protonated and deprotonated aluminol
groups would be +308 and −154 mV, respectively. It should be
noted that the presence of K+ counterions near the negative
sites could influence the potential sensed by thiocyanate ions at
pH 10, but currently this cannot be revealed by our
experimental or theoretical methods.
The distance of the SCN− reporter ions from the charged

sites would affect the potential sensed. While vSFG cannot
spatially resolve the position of SCN−, previous vSFG
experiments at the SiO2/H2O and α-Al2O3(0001)/H2O
interfaces suggest that vSFG is sensitive to only the first few
layers of interfacial solvent so that the SCN− is likely at most 1
nm from the sites whose potential it reports and probably
much less.2,18,78 We have also included a calculation of the
distance-dependent Coulomb potential using different values
for the dielectric constant of the interface (Figure S15) to
show that SCN− are likely <5 Å away from charged sites at pH
4 and pH 10. Our DFT-MD simulations and vSFG spectra are
consistent with the largest component of the vSFG response at
all pH values originating from SCN− hydrogen-bonding with
neutral AlOH sites, further providing evidence of the surface
specificity of the results provided here. We hypothesize that
thiocyanate species experience the potential of one charged
aluminol group at a time, as generating like charges in close
proximity to one another should be unfavorable. These results
suggest that SCN− ions sense the entire local electric field near
the positively charged aluminol groups and a partially screened
charge, likely by K+, near the deprotonated aluminol groups.
To understand the origin of the ∼60 cm−1 shift associated

with the pH 6 minor species, we look to the literature and our
DFT-MD results for guidance. Recent work has shown similar
differences in the stretching-mode frequencies of Stark active
molecules in the Stern and diffuse layers.47 However, we do
not believe this is an adequate explanation for our results, as at
high salt concentrations the diffuse layer should be quite short,
and the amplitude of this peak would be expected to decline
with increasing electrolyte concentration. As stated earlier, one
could interpret the fitted pH 6 vSFG spectra to suggest that a
subpopulation of SCN− ions sense a +0.923 V potential near
surface sites; however, this is unlikely due to the small number
of charged aluminol groups present at neutral pH as indicated
by the PZC. Instead, we hypothesize that at pH 6 the minor
population originates from K+SCN− ion pairs. The close
proximity between ion-pair partners could be the origin of the
nearly +1 V sensed and the large blue-shift of the CN
frequency of thiocyanate ions participating in contact ion pairs.
Careful inspection of Figure S3A shows that the ∼2160 cm−1

species in pH 6 spectra is present before the 2100 cm−1 species
becomes separable from the nonresonant background. This
suggests that at low concentrations ion pairs adsorb more
favorably at the nominally neutral surface, consistent with
estimations that the interfacial dielectric constant is lower than
the corresponding bulk value (∼80), a factor that enhances
ion-pair binding.79,80 The large spectral blue-shift associated
with contact ion pairs at pH 6 is also supported by our DFT-

MD calculations, as the vibrational frequency derived from the
VDOS for SCN− is nearly 200 cm−1 red-shifted compared to
HSCN. While this shift is large, it supports the notion that the
contact ion pairs have vibrational frequencies that are blue-
shifted compared to groups interacting with aluminol groups,
consistent with bulk experiments.43 Thus, we believe that the
minor population at pH 6 originates from KSCN ion pairs. It
remains unclear why ion pairs were not detected at bulk pH 4
and pH 10 conditions.
The localized nature of the protonated and deprotonated

aluminol sites leads to large local potentials experienced by
adsorbed SCN− molecules. The same charge homogeneously
spread across a conductive substrate would lead to a much
smaller potential and associated vibrational Stark shift. Using
the extracted amplitudes from the fitted vSFG response for
major and minor lineshapes, and cross referencing with the
orientation sampled by pH 6 DFT-MD simulations, we can
propose relative orientations of all four species sampled in our
vSFG measurements (Figure 5). Our DFT-MD simulations

suggest that thiocyanate species interacting with aluminol
groups at pH 6 adopt an orientation with the S atom pointing
toward the alumina substrate. This orientation is correlated
with the positive amplitude fit results, and negative amplitudes
associated with the minor species must then represent a net N
atom down orientation. This picture is consistent with the
Coulombic attraction of the more electronegative N atom with
the positively charged sites and is compatible with an
aluminol···K+···−NCS complex at pH 10. We hypothesize
that the SCN− ions contributing to the minor lineshapes at pH
= 4 and 10 are in close proximity to charged sites and are
drawn to these sites first. Evaluation of the Langmuir
adsorption isotherms for pH 4 and pH 6 major and minor
species suggest that all four species spontaneously adsorb on
the surface, yet all share similar ΔGAds values (−5.7 to −8.0 kJ/
mol). This analysis was not possible at pH 10 because of the
flat nature of the adsorption isotherm for both pH 10 major
and minor species, which could be obscured by SCN−···K+

interactions near the surface. Increasing the concentration of
SCN− should not change the inherent nature of these charged
surface sites, consistent with the stability of the central
frequency of SCN− ions contributing to the minor lineshapes
at pH 4 and pH 10. The gradual blue-shift in the pH 10 minor
central frequency (Figure 4D) is attributed to accumulation of
the counterion (K+) at the surface, which can efficiently screen
interfacial charges, leading to a smaller potential emanating
from the negatively charged aluminol groups.23

Figure 5. Proposed schematic of all four thiocyanate species sampled
at the α-Al2O3(0001) interface. The major contribution to the vSFG
spectra, which exists at all bulk pH values, is shown in (A), while (B),
(C), and (D) depict the minor contributions from species only
sampled at pH 4, 10, and 6, respectively.
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■ CONCLUSION

vSFG spectra of potassium thiocyanate, a reporter of the local
electrostatic potential, were recorded at the α-Al2O3(0001)/
H2O interface as a function of bulk pH and KSCN
concentration. Steady-state vSFG spectra show accumulation
of SCN− ions at concentrations as low as 0.1 M. The vSFG
spectral peak position and shape are sensitive to the surface
charge. Deconvolution of normalized vSFG data via spectral
fitting shows that, at all surface-charge values, one species with
its S atom oriented toward the substrate is conserved, while a
total of three different species with S pointed toward the bulk
were identified, each unique to bulk pH 4, 6, and pH 10
conditions. The steady-state vSFG spectra allow adsorption at
charged and neutral sites to be tracked independently and
show that adsorption of thiocyanate species is spontaneous
with a Gibbs free energy of approximately −7 kJ/mol. DFT-
MD simulations of SCN− near the α-Al2O3(0001)/H2O
interface suggest that the major peak’s frequency of ∼2100
cm−1 can be attributed to the SCN− molecules hydrogen-
bonding with neutral aluminol groups. Two minor species exist
at pH 4 and pH 10 and are assigned to the SCN− molecular
ions experiencing local electrostatic potentials of +0.308 and
−0.154 V associated with protonated and deprotonated
aluminol groups, respectively. The secondary species at pH
6, which is ∼60 cm−1 blue-shifted from the SCN− ions
experiencing neutral sites, is attributed to K+SCN− contact ion
pairs. By directly probing the surface aluminol groups, whose
nature has been highly controversial due to the difficulty of
spectroscopically accessing them directly, we are able to assign
local potentials to the various charged and neutral sites on the
α-Al2O3(0001) surface. To our knowledge this is the first
spectroscopic measurement of local potentials associated with
heterogeneously charged surfaces, and the ability to measure
the heterogeneous charge evolution of working surfaces could
prove highly beneficial for future technologies using mineral
oxide nanoparticles as catalytic supports, monitoring the
charge evolution of nanoelectrode devices in real time, and
many other industrial and academic applications.
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