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ABSTRACT: Under the electric dipole approximation, second-order nonlinear optical
phenomena, such as vibrational sum frequency generation (vSFG) and second harmonic
generation (SHG), are forbidden in centrosymmetric environments, making them surface-
specific processes where the centrosymmetry is inherently broken and suitable for studying
interfacial chemistry. Although the underlying theory of vSFG/SHG pertaining to
centrosymmetry has been extensively studied, fundamental questions remain to be
addressed. For example, what leads to the breaking of centrosymmetry in a
centrosymmetric molecule at interfaces? Is the interface capable of perturbing the
environment of a centrosymmetric molecule, rendering it vSFG active? At what point does
the centrosymmetric molecule lose its centrosymmetry to become vSEG active? In this
work, we address such basic questions by studying the vSFG response from the azido
stretch of N7, a centrosymmetric molecule, at the a-Al,0;(0001)/H,O interface. We
observed the azido asymmetric stretch vSFG response at the aqueous alumina interface.
There are several possible mechanisms that render this centrosymmetric molecule vSFG active, including dipole and quadrupole
mechanisms. Therefore, we analyzed the possible vSFG mechanisms of the azide signal via electronic structure calculations and
AIMD simulations. We show that a uniaxial electric field acting on centrosymmetric azide, whose modes are either IR or Raman
active but never both, can make modes simultaneously IR and Raman active, but this turns out not to be enough to explain the sum
frequency activity that we observe. The electronic structure calculations revealed that azide has sufficiently large quadrupolar
susceptibility, which provides the dominant contribution in the azide vSFG response.

1. INTRODUCTION

1.1. Importance of Aqueous Interfaces and Mineral-
Oxide/Water Interfaces. Aqueous interfaces are ubiquitous
in nature and technology, making it crucial to study their
behavior and properties to gain a molecular-level under-
standing of interfaces. Mineral oxide—water interfaces,
specifically, play a significant role in mineral dissolution, soil

nonlinear spectroscopic techniques, such as vibrational sum
frequency generation (vSFG) and second harmonic generation
(SHG), overcome many of these challenges and have widely
been used to study interfaces with excellent selectivity and
sensivity.* ">

1.3. VSFG as an Interface Specific Technique. vSFG, a
second-order nonlinear optical process, is only generated from

corrosion, delta formation, heterogeneous catalysis, and
microelectronics.' > Hence, it is important to understand
how the solvent and presence of ions affect the interfacial
chemistry and microscopic properties of mineral-oxide
surfaces.

1.2. Challenges to Studying Interfaces. There are
challenges to studying buried interfaces using linear spectro-
scopic or electron-based techniques. Fourier transform infrared
(FTIR) spectroscopy, a linear spectroscopy, provides informa-
tion both from the bulk and the interface.®” The bulk signal,
typically orders of magnitude higher than the interfacial signal,
obscures the interfacial response. Electron-based techniques
have limitations of requiring vacuum conditions for experi-
ments and have issues with the penetration depth. Laser-based
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noncentrosymmetric molecules and environments, under the
electric dipole approximation.”” In liquids, molecules are
randomly oriented and the medium is isotropic, making the
bulk vSFG inactive.'"”'”> Centrosymmetry is broken at any
interface between two bulk media, making vSFG an inherently
interface specific and surface-sensitive technique.'"'?
conventional vSFG experiment, an infrared (IR) beam is
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spatially and temporally overlapped with a visible (Vis) beam
at an interface of interest, generating sum frequency photons at
the summed frequency of the input IR and Vis frequen-
cies."*'® The input IR beam frequency is chosen to be in
resonance with molecular vibrations at the interface of interest.

1.4. Previous Centrosymmetric Examples. Under the
electric dipole approximation, vSFG requires the interfacial
molecules to be noncentrosymmetric, ie., only vibrational
modes that are both IR and Raman active provide a response.
The mutual exclusion principle requires that the vibrational
modes of centrosymmetric molecules are either IR active or
Raman active, making them vSFG inactive. Due to the inherent
surface-specific nature of the vSFG process, it is believed that
centrosymmetric (i.e, nonpolar) molecules at interfaces
cannot be probed by vSFG. Contrary to this belief, vSFG is
actually observed at the benzene/air,'’’~*' silica/fullerene,*”
and CaF,/fullerene®” interfaces even though benzene and
fullerene are both centrosymmetric molecules. Higher vSFG
intensities were observed for the A, vibrational mode
compared to the F;, mode at the CaF,/fullerene’” vs silica/
fullerene™ interfaces depending on the interfacial surface
charge and Cgj-surface interactions.”” The larger ratio of the
to F,, vSEG responses at the CaF,/fullerene interface” was
attributed to stronger perturbation of Cg, molecules due to the
negatively charged surface of CaF, (ionic crystal, presence of
F~ ions at the surface) than the SiO, surface (neutral or
slightly negatively charged). It was concluded that the
molecular symmetry of Cg, films was broken at the interface,
due to the chemical asymmetry of the interfacial environment,
and that the higher-order quadrupole contribution to the vSFG
was quite small.”* The liquid benzene—air interface has been
studied experimentally and theoretically,"*™>"** and its vSFG
response was determined to have dipole (surface) and
quadrupole (bulk) contributions, indicating that vSFG cannot
be solely explained within the framework of the dipole
approximation and that quadrupole transitions play a crucial
role.'®*%?% Hence, there is a lack of consensus in the literature
as to whether the quadrupole terms or the perturbation due to
interface causes the origin of noncentrosymmetry in a
centrosymmetric molecule at interfaces.”*™>°

1.5. Our Work. Though the underlying theory has been
reported, unanimity regarding the origin of vSFG/SHG
response from noncentrosymmetric molecules at the interface
has not been reached. Is the interface capable of sufficiently
perturbing the environment of a centrosymmetric molecule to
render it vSFG active? Do higher-order multipole terms always
contribute to vSFG? Do both of these factors act
simultaneously? In this research, we address these basic
questions by studying the vSFG response from the asymmetric
azido stretch of N;7, a centrosymmetric molecule, at the a-
Al,0,(0001)/H,0 interface. The vibrational modes of N;~ are
either IR or Raman active; consequently, it is hypothesized to
be vSFG inactive. However, we observed the azido asymmetric
stretch peak at the aqueous alumina interface, which suggests
that the interface sufficiently perturbs the centrosymmetric
environment of the azide ion, making it vSFG active, thereby
proving the surface specificity of the vSFG technique.

Additionally, N;™ is an IR probe molecule whose vibrational
frequency is sensitive to the local solvent environment and
shifts as a function of applied electric potential or depending
on solvent polarity.””** The asymmetric azido stretch red-
shifts in aprotic solvents (such as THF, DMSO), where H-
bonding is absent, compared to H,0 and D,0.” a-

Al,05(0001) is covered with terminal hydroxyl groups that
can be protonated/deprotonated depending on the bulk
solution pH, resulting in the formation of localized char%ed
sites that are heterogeneously distributed over the surface.'>*°
The shifts in the central frequency of the asymmetric stretch
mode of N;~ can, in principle, report on the interfacial
localized surface potential of Al,O; surfaces.

There are three possible mechanisms of vSFG from the azide
ion at the alumina—water interface®"**

(1) ¥®: dipole response originating from azide whose
centrosymmetry is broken at the interface.

(2) #% response from the quadrupole of azide at the
interface via the interaction with the local field gradient.

(3) X'¥: direct quadrupole response from the azide.

The first term, »'°, describes the conventional dipole
mechanism of SFG from noncentrosymmetric systems, where-
as the latter two terms, '¢ and »'®, are the quadrupole
sources. The possibility of quadrupole mechanisms has been
suggested for other molecules, including the bend mode of
water'® and C—H stretch modes of benzene.”’ We
quantitatively evaluated these three terms in the present
system by molecular dynamics (MD) simulation and quantum
chemical calculations of susceptibilities.”

In our first attempt to explain the observations of sum
frequency activity in the centrosymmetric molecule, we applied
a static electric field to the molecule breaking its
centrosymmetry to allow its vibrational modes to be both IR
and Raman active. However, this approach was not sufficient
to explain the sum frequency response from the azide
molecule. Hence we carried out ab initio molecular dynamics
(AIMD) calculations of azide ions located at the alumina—
water interface to investigate the orientation and deformed
structure of the azide ion. Then we calculated the hyper-
polarizability components of azide by quantum chemical
calculations. By combining the calculated hyperpolarizabilities
with the information on the orientational distribution,
structural deformation of azide, and Fresnel factors, we
evaluated the susceptibility amplitude relevant to each of the
above three mechanisms and thereby identified the dominant
mechanism in the present system.

2. EXPERIMENTAL DETAILS

2.1. vSFG Experimental Setup. Details of the optical
setup are provided in the literature and briefly summarized in
the Supporting Information, page 2.'>'°

2.2. Sample Preparation. The alumina sample prepara-
tion is described in the Supporting Information, page 1. The
azide solutions are basic in nature (the acid HNj has a pK, =
4.8), and their pH varies from 6—9 depending on their
concentration. The acidic and basic H,O solutions were made
by using concentrated HCl (Sigma-Aldrich, Trace SELECT
grade) and NaOH (Fluka Analytical, analytical grade),
respectively.

3. THEORY AND COMPUTATION

3.1. Ab Initio Calculations. Geometry optimization and
vibrational frequencies calculations were performed in the gas
phase and in aqueous solution using the implicit solvation
model IEFPCM at the B3LYP and MP2 level of theory with
basis sets 6-311+G(d), 6-311++G(d), and 6-311++G(d,p) to
resolve the ground state minimum geometry of the azide ion.
Scaling factors for B3LYP** and MP2** of 0.9679 and 0.9646,
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respectively, were used to correct for systematic errors and
contributions from the inclusion of HF character to
approximation of the vibrational frequencies for all basis sets.
The vibrational frequencies are computed analytically using the
MP2 and B3LYP methods as second derivatives of the energy,
with respect to the Cartesian nuclear position of the molecule.
In addition, Raman intensities are calculated by MP2 by the
numerical differentiation of dipole derivatives with respect to
the electric field applied. IR and Raman intensities were then
computed in the gas phase and aqueous solution in the
presence of an external electric field ranging from 0.005 to 0.5
V/A, which was applied along the x, y, and z axes of the
molecule (z is along the molecular axis) at the MP2/6-311+
+G(d,p) level of theory. All calculations were performed on
Gaussian16 software.*

3.2. MD Calculation. AIMD simulations were performed
to investigate the azide at the water/a-alumina(0001)
interface. The simulations were executed usm§ the Quickstep
module of the CP2K program package.”””® The density
functional theory calculations were carried out with the
Perdew—Burke—Ernzerhof (PBE) functional®”*" with the
variant of the Grimme D3 correction for dispersion,”"
Goedecker—Teter—Hutter (GTH) pseudopotentials*” for all
constituent atoms, and a combined plane-wave (400 Ry cutoff)
and the DZVP basis set. The time evolution was conducted
with maintaining the temperature at T = 300 K (NVT
ensemble) with the Nosé—Hoover thermostat,"** and the
time step was set to 0.5 fs. The three-dimensional periodic
boundary conditions were adopted with the cell dimensions of
L,XL,xL,=824Ax9.52AX36.80 A, and a cell contained
136 O, 128 H, 48 Al, 3 N, and 1 Na. The initial configuration
was prepared on the basis of a previous AIMD simulation work
for the water/alumina interface'® by replacing SCN with NNN
and K with Na. The 1 ps equilibration run and the 6 ps
production run were conducted to sample the structure and
orientation of azide at the water—alumina interface.

3.3. Susceptibility Calculation. The total effective
susceptibility for vSFG is given by the sum of three terms
mentioned above

)(eff :){ID +)(IQ +){IQB 1)

for either SSP or PPP polarization. The susceptibility terms
relevant to the SSP, SPS, PSS, and PPP polarizations are given
as follows

Xosp = L,(SFG)L,(vis)L, (IR )sin Q(IR))(WZ

(X = 1D, IQ, IQB) (2)
ops = L,(SFG)L, (vis)L,(IR)sin e(uis);(y’; 3)
pss = L.(SFG)L,(vis)L,(IR)sin 9(SFG);(ZW 4)
Joop = —L(SEG)L,(vis)L,(IR)cos O(SFG)cos 6(vis)

sin O(IR)y *

XXZ

—L,(SFG)L,(vis)L,(IR)cos O(SFG)sin O(vis)cos O(IR)y X

xzx

+L,(SEG)L,(vis)L,(IR)sin O(SFG)cos O(vis)cos O(IR )y~

zZxXx

+L,(SFG)L,(vis)L,(IR)sin (SFG)sin O(vis)sin O(IR)y*

zzz

©)

where the superscript X denotes either ID, IQ or IQB. L
denotes the Fresnel factors, and 8(vis), (IR), and O(SFG) are
the incident/radiation angles of the visible, infrared (IR), and
sum frequency photons, respectively. These angles and the
Fresnel factors were determined from the experimental
conditions at the a-alumina/water interface, as shown in the
Supporting Information, page 18.

)(zfq, (p,gr = x,y or z) on the right-hand side of eqs 2 and S
are the susceptibility tensor components in the space-fixed
coordinates, and are represented as follows

pq, _f (SFG)f (VlS)f (IR)p< pqr space> (6)

x—z of (vis
7t = 23, (SFG)

N

f(IR)p< pqu Space>

f(R) o

quS space)

+, (SFG)f (vis)

o, (SFG)
+ ————f (vis)f, (IR)p( @k space)
(7)
;;}B _ lf (SFG)f (Vls)f (IR) n(alumina)Q cos O(SFG)
,0< pqrz space> (8)

where p and (@}, oc.) (Y = DO, D1, D2, Q) are the number
density and hyperpolarizability components of the azide ion,

respectively. f and ‘;—f denote the local field correction factor

and its gradient, respectively. n (alumina), Q, ¢ in eq 8 are the
refractive index of the alumina substrate, the vSFG frequency,
and the speed of light in vacuum, respectively.

The hyperpolarizability components in the space-fixed
coordinates were calculated from those in the molecule-fixed
coordinates by the rotation matrix D

pqr space> = < Z p q r’ moI>
p'qr
Y
<apqrs,space> = < Z Dpp’ qq"rr’ ’ap’q’r/s/ m01>
pars
(Y=D1,D2, Q) 9)

where p’, ¢, v/, s’ are the suffixes x ~ z in the molecule-fixed
coordinates, and () denotes the statistical average. The
rotation matrix D and its distribution were obtained from
the MD simulation.

The molecular hyperpolarizabilities in the molecule-fixed
coordinates apq,rlmol (Y = DO, D1, D2, Q) in eq 9 were
calculated using Qsac,”” as detailed in the Supporting
Information, page 10. To briefly summarize the procedure,
we obtained a},’/q/,/ymol by the calculations of dipole, dipole
polarizability, quadrupole, and quadrupolar polarizabilities of
azide and their transition properties (derivatives with respect
to the normal mode coordinate) by B3LYP and aug-cc-pVTZ.
Those properties were calculated for the azide of deformed
geometries and under external fields, since the contribution of
noncentrosymmetric molecules is essential in the dipole
mechanism of vSFG, " in eq 6. The calculation of eq 9
took into account both the molecular orientation and the
deformation that were sampled from the MD simulation.
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4. RESULTS AND DISCUSSION

4.1. Experimental Spectra. 4.1.1. vSFG Spectra of N5~ at
Al,05(0001)/H,0 Interface. 4.1.1.1. Effect of Azide Concen-
tration. To probe the azide asymmetric stretch and investigate
the adsorption behavior of azide ions at the Al,0;(0001)/H,0
interface, we recorded the vSFG spectra of N3~ at different
NaNj; concentrations (0.01—2 M) revealing a feature in the
1900—2150 cm™" frequency region (Figure 1) which was

Azide

r —2M
-_— 1M
- 0.5M

S
a

0.3

0.2

0.1

Normalised SFG Intensity x 10”

XJV

0.0 1 1 1 1 )
1900 1950 2000 2050 2100 2150 2200

Wavenumber (cm™)

Figure 1. vSFG spectra at the ALO;(0001)/H,O interface with
different concentrations of N;~ ions (0.01 M—2 M) in the azido
stretching region measured in the PPP (polarizations of the vSFG,
visible, and IR photons listed in the order of decreasing photon
energy) polarization combination.

assigned to the asymmetric stretch mode. The water
combination band (bend + libration) ~2100 cm™ is a broad
peak with fwhm ~200 cm™"**® was ruled out as the origin of
the feature because the vSEG response in the 1900—2150 cm ™
region was low (Figure 1, light blue curve) compared to vSFG
response from Al,0,(0001)/H,O (with azide ions) (Figure 1).
Initially, there is an enhancement in the vSFG signal with
increasing azide molarity (0.01—0.5 M). At high azide
concentration (1—2 M), we observed a decrease in the vSFG
intensity at the lower frequency region (~2000 cm™') and
increase in the vSFG signal at higher frequency region (~2100
cm™h).

The vSFG results are similar to the work by Philpott et al.
who studied the in situ infrared vibrational spectroscopy of
specifically adsorbed azide on a silver electrode and observed a
peak and a shoulder for N~ asymmetric stretch.”® The main
peak at 2050 cm™" (not dependent on the applied potential of
the electrode) corresponded to bulk N3~ asymmetric stretch
and the shoulder at ~2083 cm™" (dependent on the applied
potential of the electrode) was attributed to the N;~
asymmetric stretch that probes the electric field at the
electrode surface.”

The alumina surface is covered with hydroxyl groups that
can be neutral, protonated, or deprotonated based on the bulk
pH of the solution being used.'® Previous reports of SCN™ at
the Al,05(0001)/H,0 surface revealed that the anion probed
the different localized sites on alumina and measured their
respective electrostatic potentials.'® We wanted to expand the
library of probe molecules using N3~ a Stark active molecule,
to measure the electrostatic potentials at the heterogeneously
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Figure 2. Concentration and pH-dependent vSFG spectra at the Al,0;(0001)/H,0 interface with azide ions (0.01 M—2 M) at pH 4 (A), pH 6
(B), pH 10 (C), and comparison of vSFG spectra of 0.5 M azide solution at the Al,0;(0001)/H,O interface at pH 4, 6, 9 (neat azide solution), and
10 (D) using the PPP polarization combination (P-polarized vSFG, Vis, and IR).
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distributed localized sites on Al,05(0001) as well as test the
reliability and robustness of the site specific nature of the
technique. This led us to perform vSFG experiments at the
Al,0,(0001)/H,0 interface with azide ions at bulk solution
pH 4, 6, and 10, corresponding to a positively charged, neutral,
and negatively charged surface. We observed that the neat
azide solutions with different concentrations had pH in the
range 7—9 (Supporting Information, Table S1).

4.1.1.2. Effect of pH. The neat azide solutions with different
concentrations (0.0001—2 M) had bulk pH ranging from pH 7
to pH 9 (Supporting Information, Table S1) that resulted in
pH-dependent charging of the Al,O; surface due to
protonation/deprotonation of terminal hydroxyl groups.'*'**’
Thus, changing the concentration of the azide meant varying
not just one parameter but two parameters (azide concen-
tration and alumina surface charge) simultaneously. Hence,
next we performed experiments by having a constant pH for all
the azide solutions. The commonly reported PZC of Al,O; is
in the range pH (6—8) where the surface is charge
neutral.®*™>° At pH 4 and 6, the vSFG response from the
azide solutions was low and a clear peak was not observed
(Figure 2A,B), whereas at pH 10, a distinct peak correspond-
ing to the azide asymmetric stretch was observed (Figure 2 C).
The possible reason for not observing the N;~ asymmetric
stretch peak at acidic pH is the absence of azide ions and
formation of HN; (pK, = 4.8), which shows up at a higher
frequency ~2150 cm™, at the edge of our probe window.”">*
The concentration of HNj is 4 times higher than that of N;™ at
pH 4 (detailed calculation shown in Supporting Information
page 18).

The concentration dependent vSFG spectra at pH 10 have
only 1 peak (Figure 2C). The highest vSFG intensity occurs
for the 0.01 M azide solution. Then, the vSFG signal decreases
and blue shifts with increasing azide concentration (Figure
2C). This observation differs from the previous concentration
dependent vSFG spectra reported (Figure 1) where the pH of
the solutions was not kept constant but rather shifted to more
basic values with a higher SCN™ concentration.

4.1.1.3. Effect of Different Polarization Combinations. To
probe the different elements of the ¥ tensor, vSFG spectra
were recorded with different polarization combinations (egs
2—5). No response, that could be associated with the azido
stretching vibrations, was observed in the PSP, SSP, and SPP
polarization combination vSFG spectra (Figure S2) at the
AL,0;(0001)/H,0 interface over the concentration range of
N, ions (0.01 M—2 M) explored. This suggests that the azide
molecules are mostly adsorbed perpendicular to the surface.

4.1.1.4. Ab Initio Calculations. The azide ion in the bulk
solvent should be vSFG inactive, as it is a centrosymmetric
molecule (its vibrational modes are either IR or Raman active
under the mutual exclusion principle) in an isotropic
environment (bulk water). The vibrational modes of N;~ in
aqueous solutions are the 2-fold degenerate bending mode
(640 cm™, TR active), the symmetric stretch mode (1340
cm™!, Raman active), and asymmetric stretch mode (2050
em™!, IR active).”””® The vSFG spectra show that the
interaction of the azide ions with the oxide surface and the
presence of an interface (oxide/water) have the potential to
break the symmetry of the molecule and introduce IR and/or
Raman activities in the vibrational modes where it was initially
absent.

To understand the effect of applied external electric fields on
the azide ions, first, the vibrational frequency of the azide

asymmetric stretch was benchmarked with different levels of
theory and basis sets (Table 1) to identify a reliable method

Table 1. Vibrational Frequency of the Symmetric Stretch
Mode of the Azide Ion (cm™)

gas aqueous solvatochromic

method/basis set phase solution shift
B3LYP/6-311+G(d) 1996 1965 -31
B3LYP/6-311++G(d) 1996 1965 -31
B3LYP/6-311++G(dp) 1996 1965 -31
MP2/6-311++G(d,p) 2078 2121 43
MP2/6-311++G(d) 2078 2121 43
MP2/6-311+G(d) 2078 2121 43
exp 1986 2048 62

that can predict its nature without the presence of an external
electric field. Experimentally, the asymmetric stretch of azide in
the gas phase is at ~1986 cm™" and in aqueous solution it blue
shifts to 2048 cm™' due to H-bonding with H,0.””" The
B3LYP hybrid function of the DFT method does not give an
accurate qualitative description of the solvatochromic shift
(shift in the vibrational frequency between the gas and aqueous
phases), showing a red-shift rather than a blue-shift in an
aqueous solution compared to the gas phase. The ab initio
MP2 method was found to accurately describe the direction of
the solvatochromic shift but still underestimates its magnitude
by 19 cm™". The size of the basis set was found to have no
effect on the vibrational frequency when computed both in the
gas phase and in an aqueous solution. As a result, we continue
to investigate the effect of applied external electric fields on the
IR and Raman intensity of azide ions at the MP2/6-311+
+G(d,p) level of theory.

Considering that the alumina surface has heterogeneously
distributed, localized charged sites generating an interfacial
electrostatic potential that causes shift in the vibrational
frequency of IR probe molecules (such as SCN™,'® and N;™,),
we wanted to investigate the effect of a static electric field on
the N;~ ions in solvent using MP2 calculations. The
calculation of the vibrational modes of N3~ in the gas phase
predicts two degenerate bending modes (IR active, Raman
inactive), symmetric stretch (Raman active, IR inactive), and
asymmetric stretch (IR active, Raman inactive) (Figure 3A).
The IR intensity of the asymmetric stretch of the azide ion in
an aqueous solution (using implicit solvation model IEFPCM)
grows with an increasing external electric field (0.005—0.5 V/
angstroms) applied along the x, y, and z axes (Figure 3C).
There is no Raman activity in the azide asymmetric stretch
when the electric field is applied along the x and y directions
(perpendicular to the molecular plane) (Figure 3B). However,
Raman activity is observed and enhanced as the external
electric field is applied in the z direction (molecular plane)
(Figure 3B), the molecular axis that corresponds to the
maximum electron density and, hence, maximum induced
polarizability anisotropy with the application of the electric
field. The MP?2 results show that an external electric field of the
order 0.005 to 0.5 V/A, mimics the range of observed
electrostatic potentials and double layers at interfaces.””>*~>>
This introduces Raman activity to the asymmetric mode that
was initially Raman forbidden, leading to the vibrational mode
being vSEG active. Whether this breaking of the centrosym-
metry is sufficient to explain the experimental observations is
addressed in the AIMD calculations discussed below.
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Figure 3. MP2/6-311++G(d,p) calculations of the N;~ ion showing the four different vibrational modes (A), effect of an external electric field
applied in the x (red curve), y (blue curve), and z (green curve) direction on the azide asymmetric stretch Raman intensity (B) and on the IR
intensity (C). The z direction is along the molecular axis. The blue curve is on top of the red curve and hence not visible in plot B. Similarly, the red
curve is on top of the blue curve in plot C and not observed. The effect of the external electric field along the x and y directions is the same.

4.1.1.5. MD Results. The MD simulations presented here
evaluate the surface environment that the azide experiences at
the a-alumina (0001)/water interface, as illustrated in Figure
4(a). In this figure, r; (r,) represents the distance between N1
and N2 (N2 and N3), where the nitrogen sites N1, N2 and N3
are labeled in order of increasing distance from the alumina
surface. Figure 4(b) shows the intramolecular configuration of
azide, where the asymmetric deformation is defined with Ar =
rL— Ty

The MD simulation results allow for the probability
distributions about the azide configuration at the alumina
surface to be determined. Figure 5(a) shows that there is a
broad distribution of tilt angles and the perpendicular
orientation (cos @ ~ 1) is rather minor. The cosine of N;—
N,—N; is close to —1 in Figure 5(b), indicating a nearly linear
molecular geometry and the bend deformation is negligibly
small. In Figure S(c), the distribution of asymmetric
deformation, Ar = r;—r,, tends to be positive and the mean
Ar is 0.019 A. The positive deformation Ar > 0 is induced
when the N site is attached to a hydrogen of the alumina
surface and slightly assumes the character of electronic

(a) o “ébn (b) zZ '

Figure 4. (a) Snapshot of AIMD simulation for azide at the a-
alumina(0001)—water interface. The nitrogen sites were labeled with
N1, N2, and N3 in the increasing order of distance from the alumina
surface. 6 is the tilt angle (0—90°) of the N1—N3 vector from the
surface normal n. (b) Azide ion and its asymmetric stretching mode in
the molecule-fixed coordinates.
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Figure 5. MD results of probability distributions about azide
configuration at alumina surface, (a) cos 6, (b) cosine of N;—N,—
Nj; bend angle, and (c) Ar =r; — r,.

structure [N] < N, N,]. The charge distribution and
electronic structure of azide is sensitive to the antisymmetric
deformation.”® The valence-bond structure of azide at the
equilibrium conformation consists of the main resonance
component [NT=Nj;=Nj] and two equivalent minor
components [N7 « N, = N;] and [N] = N, — Nj]. The
asymmetric deformation breaks the centrosymmetry and
enhances the character of minor components. The MD results
of the orientation and deformation are used to estimate various
vSFG mechanisms below.

4.1.1.6. Estimated Susceptibility Components. By combin-
ing the above MD results of orientation and deformed
conformation, quantum chemical calculations of the transition

properties, and the Fresnel factors, we evaluate the
susceptibility components y'®, 'Y and ¥'® of azide ion in
eqs 6—8, respectively. To compare the relative amplitudes of
these terms, we assumed p = 1 and f = 1 in these equations,
since these factors are common. df/dz was estimated to be ~1
nm™! from the density profile of the interfacial water layer.”’
The gradient of the optical local field is rather short ranged, as
its screening profile is correlated with the density profile of
water.”® The present estimate is sufficient to evaluate the
magnitude of ¥'% although the quantitative optical screening
profile depends on the conditions of the interface. The relative
magnitudes of these terms were represented with the
integrated amplitudes S[y*] (X = ID, IQ, IQB) over the
frequency range of the asymmetric stretching band

Sl Y1 = fb (@40 (X=1D,1Q, 1QB)

(10)
S[¥*] (X = ID, IQ, IQB) were derived for SSP and PPP
polarizations (see eqs 2 and 5) and is summarized in Table 2.

Table 2 is the main result of the present calculations from
which we derive the following two conclusions.

Comparing the PPP and SSP polarizations, the PPP
amplitude is several times stronger. This was confirmed by
the experimental observations (Figure S2).

Comparing the three mechanisms »'S #'°, and y'®, one
finds that the vSFG signal from azide is mainly attributed to
the ' term, indicating vSFG radiation from the quadrupole
interaction with the local field gradient at the interface. The y™
term, which refers to the dipole response from distorted
noncentrosymmetric azide at the interface, is relatively small in
the present system, and the direct quadrupole y'® term is
almost negligible.

The main purpose of the present calculations is to compare
the amplitudes associated with various vSFG mechanisms on
the same footing as discussed above. To illustrate their
influences on the spectra, we can expand the above discussion
and roughly estimate the spectral lineshapes. Here we assumed
a single complex Lorentz function for the IR frequency with
the center w, = 2100 cm™" and the width T’ = 70 cm™' and
simulated the y* lineshapes of various components (X = ID,
1Q, IQD) in the PPP polarization in Figure 6 (cf. Supporting
Information, page 16). We notice that the amplitude of »'is
dominant as argued above in Table 2, and the lineshapes of
those y* (X = ID, IQ, IQB) components are distorted from a
pure Lorentzian due to the complex Fresnel factors. The
simulated intensity spectra ™ + ¢+ ¥ for PPP and SSP
polarizations are shown in Figure 7, where nonresonant
background is assumed to be zero.

5. CONCLUSIONS

The vSFG spectra recorded at the Al,05(0001)/H,O interface
as a function of bulk pH and azide concentration revealed that
N;7, a centrosymmetric molecular anion, induces a nonlinear

Table 2. Integrated Amplitudes of ¥* (X = ID, 1Q, and IQB) in PPP and SSP Polarizations”

S
(a) PPP 55X 107° — 4.8 X 1073
(1.0)
(b) SSP —3.0X%X107° + 7.6 x 107*i
(1.0)

S S
1.1 X107 +9.4 x 1072 45X 107 =39 x 107
(19) (0.082)
61X 102+ 15x 1072 81X 107* =21 X 107%
(20) (0.27)

“Unit: Atomic Units. The Values in Parentheses Are the Absolute Ratio IS[y*]/S[/°]l.
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background.

optical response. The pH-dependent experiments concluded
that a vSFG signal was generated only at basic pH (pH > 7), as
in acidic pH, the azide ions were converted to HNj shifting the
vibrational frequency by at least a 100 cm™" and outside our
probing window. MP2 calculations revealed that application of
an external electric field lifts the centrosymmetry of the azide
ion, introducing some Raman activity to the IR active mode
(asymmetry azide stretch), thereby making the ion vSFG
active.

We also performed AIMD and quantum chemical
calculations of azide and evaluated the relative contributions
of the three distinct vSFG mechanisms (4, ¥ and y*®) on
the same footing. Comparing the three mechanisms, we found
that ' has the major contribution in the present system of
azide at the alumina surface, which indicates the dipole
radiation originating from the quadrupole coupled to the field
gradient at the interface. The dipole mechanism with broken
symmetry y'P is rather minor, and the quadrupole radiation
7' is almost negligible. The comparison of »® and y'¢
requires estimates of the extent of broken centrosymmetry
and the optical field gradient, besides quantum chemical
calculations of dipolar and quadrupolar molecular hyper-
polarizabilities. This work implies that the extent of broken
centrosymmetry of the azide is not large enough at the alumina
surface to make »'° dominate the vSEG signal. The azide ion
has intrinsically very strong quadrupole character of Ny=
N;=Nj3, and accordingly large quadrupole susceptibility. We
also note that the relative importance of dipole and quadrupole
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terms may depend on the systems, and further investigation is
desirable for other centrosymmetric molecules.
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