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ABSTRACT

Surface enhanced spectroscopy, which enhances the signal intensity of molecules on a surface, facilitates the study of molecular properties,
even down to a single-molecule level if a scanning probe is used. To realize the full potential of surface enhanced spectroscopy, a clear theoretical understanding is indispensable. However, quantum chemical calculations for surface enhanced spectroscopy are not simple because of
the violation of the widely used dipole approximation. The spatial structure of electric near-field in the close proximity of a surface strongly
depends on the geometry of the metal nanostructure as well as on the incident wavelength. Therefore, in principle, a universal model for
electric near-field cannot exist. To address this issue, we have developed a generalized light–matter interaction model from first-principles
quantum chemical calculations by using the multipolar Hamiltonian, in which the spatial structure of the electric field is fully considered.
Here, we incorporate computational electrodynamics for surface enhanced infrared (IR) absorption spectroscopy in the model, where electric
near-field around a Ag ellipsoid is obtained and used for IR calculations. Furthermore, we have devised a method to successfully reproduce
the peak selectivity observed experimentally.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5143855., s

I. INTRODUCTION
Infrared (IR) spectroscopy is an indispensable technique to
provide fingerprint of various molecules in a non-destructive manner. The applicability of IR spectroscopic techniques is further
advanced by using surface plasmon, opening the field of “surface enhanced IR absorption spectroscopy (SEIRAS).”1–3 Another
technique called “surface enhanced IR scattering (SEIRS)” uses a
designed surface plasmon as an antenna along with Fano resonance in IR measurements.3–5 Furthermore, for microscopic applications, scanning near-field infrared microscopy (SNIM) facilitates nanometer-scale spatial resolution beyond the diffraction
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limit,6–10 as tip-enhanced Raman spectroscopy, which achieves a
very high resolution down to a single-molecule level.11,12 The surface
enhanced techniques not only enhance the signal intensity but also
provide an understanding of molecular properties at the nanometer
scale. Furthermore, they can be used to study the behavior of a single
molecule if combined with metallic probes. To realize the full potential of these techniques, further understanding based on theoretical
and computational frameworks is mandatory.
However, it is not simple to obtain surface enhanced IR spectra computationally. In contrast to conventional spectroscopy based
on a laser light or propagating light, the applied electric fields are
spatially non-uniform in surface enhanced spectroscopy.13,14 The
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light–molecule interaction with a propagating light has mostly been
studied under the dipole approximation because the wavelength
of light in IR or even in the visible region is much larger than
the molecular size in conventional experiments.15 For non-uniform
electric fields, widely available quantum chemistry software cannot calculate the IR spectra because they are based on the dipole
approximation. This is even true for just surface spectroscopy such
as IR reflection-absorption spectroscopy (IRRAS), where molecules
interact with a uniform electric field that is polarized along the
surface normal direction, as shown in Fig. 1(a).16 In most cases,
molecules are assumed to be randomly oriented in a system and
interact with incident light. Thus, the IR spectra can be calculated
for molecules isotropically interacting with a uniform electric field.
However, a recent study has demonstrated that the field gradient
plays a crucial role in determining the spectrum corresponding to
surface-enhanced Raman scattering (SERS).17 In plasmon enhanced
spectroscopy, molecules interact with an electric near-field highly
localized at the nanometer scale. The importance of the field gradient for understanding SERS is also discussed.18–22 In general, the
spatial distribution of the electric near-field is not unique. Since
there are a variety of techniques for surface enhanced IR measurements as described above, the experimental setups also have a broad
spectrum, in which the electric near-field depends on these setups.
Thus, we need a more generalized theoretical framework beyond
the dipole approximation that is practically tractable with moderate
computational cost.
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To address this issue, we have developed a computational
method to calculate the IR spectra using the multipolar Hamiltonian.23 The feasibility of this method was validated by using two
cases for IRRAS and SNIM, where we implemented model electric fields. For IRRAS, the electric field was uniform but polarized
along the surface normal. For SNIM, we considered the electric field
around a metal tip by an electric dipole field. Although the model
electric field used here provided a qualitative understanding of surface enhanced spectroscopy, it did not necessarily reproduce the
electric field around the metal nanostructure. To this end, numerical
calculation of electric field is necessary.
The near-field physics has been intensively studied based on
computational electrodynamics, where the Maxwell equations are
numerically solved.14 Owing to the development of computational
electrodynamics software, surface plasmon excitation spectra and/or
near-field distribution around nanostructures can now be obtained
using routine techniques such as the finite difference time-domain
(FDTD) technique and finite element method (FEM). It has been
observed that the near-field distribution strongly depends on the
nanostructure itself. Thus, the near-field should be properly considered to perform molecular computations for surface enhanced IR
spectra.
In this study, we propose a method to compute surface
enhanced IR absorption in techniques such as SNIM or SEIRAS by
combining quantum chemical computation with classical electrodynamics computation. Electromagnetic calculations were performed
to obtain the electric near-field around a metal nanostructure used in
experiments, while quantum chemical calculations were performed
to compute the electron densities of a molecule in the ground state
and the IR signal. The gap between these two methods was bridged
by the multipolar Hamiltonian in which an arbitrary electric field
could be incorporated.
II. THEORETICAL FORMULATION: IR ABSORPTION
BASED ON THE MULTIPOLAR HAMILTONIAN
Here, we briefly review our theoretical framework based on
the multipolar Hamiltonian in which a numerically obtained electric field can be incorporated. The detailed derivations and discussions on it can be found in our previous paper.23 The linear
interaction between the kth molecular vibration and electric field in
terms of the molecular polarization P(r) and electric field E(r) is as
follows:
k
Vint
= Qk ∫ (∂P(r)/∂Qk ) ⋅ E(r)dr ≡ Qk ∂Vint /∂Qk ,

(1)

where Qk is the kth normal coordinate and V int = ∫P(r) ⋅ E(r)dr.
To obtain the generalized IR intensity, we consider the expectation
k
value of Vint
using electronic and vibrational wave functions such as
|Ψn ⟩|vi ⟩,
FIG. 1. (a) Schematic of IRRAS, where molecules are adsorbed onto the Ag
thin film supported by a substrate. The black arrows show the incident and
reflected light beams. Red vectors represent the electric fields of the incident and
reflected lights and their superposition, creating an electric field polarized normal
to the surface. (b) Schematic of SEIRAS, where the Ag ellipsoid represents the
nanoparticles on a substrate and the molecules adsorbed by the nanoparticles.
For molecules, red, blue, gray, and white spheres represent O, N, C, and H atoms.
The Ag atom is shown by the silver sphere.
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k
⟨v1 ∣⟨Ψ0 ∣Vint
∣Ψ0⟩∣v0⟩ = ⟨v1 ∣Qk ∣v0⟩

∂⟨Ψ0 ∣Vint ∣Ψ0⟩
.
∂Qk

(2)

Since ⟨v1 |Qk |v0 ⟩ is constant under the harmonic approximation,24
the generalized IR intensity of the kth vibrational mode can be
expressed as follows:
∂A 2
Ik ∝ ∣
∣,
(3)
∂Qk
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A. Molecule: Quantum chemical calculations

where
A ≡ ⟨Ψ0 ∣Vint ∣Ψ0⟩.

(4)

Using the exact form of polarization operator,25
1

P̂(r) = ∑ eα (q̂α − R) ∫

0

α

dλδ(r − R − λ(q̂α − R)),

(5)

where eα and q̂α are the charge and the position operator of the αth
particle such as an electron or nucleus, and the expectation value of
V int can be expressed as23,26
A = ⟨Ψ0 ∣Vint ∣Ψ0⟩ = − ∫ δρ(r)(r − R) ⋅ Eeff (r; R)dr,

(6)

where the electron density difference δρ(r) = ρ(r) − ρatom (r) is
defined as the difference between the electron density ρ(r) of a
molecule and the sum of the electron densities of the neutral atoms
ρatom (r) = ∑α Zα δ(r −Rα ) in the molecule, where Zα and Rα are the
charge and position of the αth nucleus, respectively. The SIESTA
code utilizes δρ as a main variable.27 By using the electron density difference, the molecular polarization made up of the electron
and nuclear parts can be summarized into one term. The detailed
discussion can be found in our previous papers.23
The effective electric field Eeff is defined as follows:
1

Eeff (r; R) = ∫

0

dλE(R + λ(r − R)),

(7)

where R is the center of gravity of a molecule. The integral with
respect to λ originates from the polarization operator, Eq. (5), where
the infinite number of multipoles can be expressed by a compact
closed form. By its definition, Eeff is an average electric field between
points r and the molecular center R. It should be noted that a
molecule interacts with E(r) itself, not Eeff , where the latter appears
in our formulation by moving the λ integration from the polarization operator to the electric field for numerical applications. The
IR intensity given in Eq. (3) is independent of the origin of the
coordinate because it is a difference.
For numerical calculations, the effective electric field is
expressed in a finite difference form as follows:
M

1
i
Eeff (r; R) = ∑ E(R + r),
M
M
i=0

(8)

where M is the number of points for the numerical integration. IR
intensity is calculated by the square of the absolute value of the
derivative of Eq. (6) with respect to the normal coordinates. In the
present framework to obtain SEIRAS, the calculation of Eq. (8) is
needed only once for every r where ρ(r) is nonzero.
III. COMPUTATIONAL DETAILS
In this study, we focus on an experiment by Osawaet al.,28
where IR, IRRAS, and SEIRAS spectra for p-nitrobenzoic acid
(PNBA) and m-nitrobenzoic acid (MNBA) molecules were reported.
Figure 1 shows the scheme of IRRAS and SEIRAS, where the Ag
thin film and islands are formed on the CaF2 substrate, respectively.
The molecules are vertically chemisorbed onto the Ag surface, forming a monolayer. The parameters concerning the IR signals used
in the present study are based on our previous paper,23 where the
numerical accuracy was tested.
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In the IRRAS and SEIRAS experiments, the CO−2 group of
PNBA and MNBA molecules was vertically chemisorbed onto the
Ag surface, while IR spectra were recorded for a PNBA/MNBAK salt in KBr pellet.28 To simulate this, we replaced one H atom
from the carboxyl groups of these molecules with Ag3 for IRRAS
and SEIRAS and with K for IR to coincide with the experiment.
For IRRAS and SEIRAS calculations, we use a very simple model of
PNBA-/MNBA-Ag3 with bridge configuration, as shown in Fig. 4,
to reduce the computational cost, which is found to be energetically
preferred to with atop configurations by 0.63 eV (see Fig. S1). For the
adsorption geometries of molecules onto the Ag nanodiscs, PNBAAg20 are also used to see the preferred adsorption configurations,
starting from several initial geometries, where Ag20 of T d symmetry have four (111) faces. The results for PNBA-Ag20 are shown in
the supplementary material (Fig. S2), which also support that the
bridging geometry is preferable. It should be noted that the present
calculations were performed for neutral systems.
The geometry optimization, generation of the electron density difference, and normal modes analysis were performed using
a density functional theory code SIESTA27 based on the Perdew–
Burke–Ernzerhof (PBE) functional29 and the numerical basis sets of
double-zeta plus polarization (DZP).30 The unit cell was calculated
to be 25 × 25 × 25 Å. In this size of the unit cell, there were many
points at which the electron density was zero, as schematically shown
in Fig. 3. For practical applications, however, a larger unit cell having
enough vacuum area would be desirable in order to neglect intermolecular interactions. Only the gamma point was sampled. The
electron density differences were generated on a cube file. The mesh
cutoff was set to 200 Ry. Consequently, the unit cell of the system
had 216 × 216 × 216 points with grid spacing of 0.12 Å. It should
be noted that, in the present framework, the molecular properties
such as geometric and electronic structures, as well as the vibrational properties, are not affected by the near-field. In the future,
we will investigate the effect of IR near-fields on the molecular
structure.
B. Electric field: Electrodynamic calculations
In IRRAS, it is well known that the electric field is polarized
along the surface normal due to the interference between the incident and scattered light.16 Thus, electrodynamics calculation was not
performed. To simulate IRRAS experiment, a uniform electric field
parallel to the molecular axes defined by Ag and the nearest C atoms
was used. This model has been used in earlier studies to analyze the
experimental results in which the derivative of the dipole moment
with respect to the normal coordinate was projected to the surface
normal.31
In contrast, the electric near-field is not generally known in
SEIRAS, and thus, we computed the scattered near-field around a
Ag nanoparticle. The Ag nanoparticle is modeled by an ellipsoid,
as shown in Fig. 2, where the major axes (x and y) are parallel to
the surface. As shown in Figs. 1(b) and 2, the incident light propagates along the minor axis (z axis) of the ellipsoid and the electric
field is polarized along the x axis. The intensity of the incident
electric field was set to 1 V/μm∼2.7 × 105 W/cm2 . The scattered
electric field around the ellipsoid was calculated by using scuff-em,
an open-source software implementation of the boundary-element
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C. Effective electric field
The next step is to calculate the effective electric field Eeff (r)
using Eq. (8). In the present model for SEIRAS, the midpoint of two
bridging Ag atoms and the edges of a Ag ellipsoid were matched.
The electric near-field was calculated on equally spaced grid points
from the center of gravity of the molecular system R to a point r.
In this study, the number of the grid points was taken as M = 30,
which was used in our previous study as well.23 The effective electric field was not calculated at the points where δρ(r) was 0 to reduce
the computational cost. In the SIESTA code, as shown in Fig. 3(a),
there are many such points because the numerical atomic orbital
employed has a cutoff at a certain distance from the atom center
where the atomic orbital becomes zero, thereby realizing a sparse
density matrix for O(N) calculations.27 For the points where δρ≠0,
as shown in the colored area in Fig. 3(b), the effective electric field
is calculated by using M points from R to r. In the present case, we
needed to calculate E(r) for about 10 000 000 points depending on

FIG. 2. Schematic of the computational model of SEIRAS. One molecule is
adsorbed onto the Ag ellipsoid with a major axis of 15 nm and minor axis
of 5 nm.

method (BEM) of electromagnetic scattering for the analysis of electromagnetic scattering problems.32 The computational cost with
the BEM techniques is smaller than FDTD/FEM methods because
BEM only computes the electromagnetic field outside the scatterer.
This is an advantage for the present purpose because we need
to use very fine grids for calculations of the molecule. The computational mesh of the ellipsoid was automatically generated by
gmsh.33 The Drude model was adopted for the dielectric constant
of Ag.34 The electric near-fields were calculated for the incident
light with wavenumbers of 1000 cm−1 , 1500 cm−1 , and 2000 cm−1
to examine the wavenumber dependence of the peak intensity of
SEIRAS. It should be noted that the electric field is only calculated
for the Ag ellipsoid without adsorbates, even though the adsorbed
molecule is shown in Fig. 2 to indicate the configuration of the
adsorbate.

FIG. 3. Schematic of (a) molecular electron density in the unit cell. The points
used for further calculations are color shaded. (b) The schematic for the calculation
of E eff .
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FIG. 4. Optimized structures of (a) PNBA-K, (b) PNBA-Ag3 , (c) MNBA-K, and (d)
MNBA-Ag3 , along with the bond lengths in Å.

152, 164103-4

The Journal
of Chemical Physics

ARTICLE

scitation.org/journal/jcp

FIG. 5. (a) Side and (b) top views of the
relative intensity map of the electric nearfield. The intensity of incident light is considered as 1. (c) Side and (d) top views of
the electric fields around the Ag ellipsoid,
shown by the red arrows whose intensity
is normalized to show the directions. See
Fig. 2 for axes.

FIG. 6. Intensity plot and map for (a) the
xy-plane at z = 0 and (b) the xz-plane
at y = 0. Electric field vectors for (c) the
xy-plane at z = 0 and (d) the xz-plane
at y = 0. The red vectors are normalized
just to show the directions.

J. Chem. Phys. 152, 164103 (2020); doi: 10.1063/1.5143855
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the molecular systems to obtain Eeff . These electrodynamics calculations can be independently performed with the parallel efficiency of
almost 100%.
D. IR spectrum
The normal coordinate derivative of A[Eq. (6)] can be obtained
by a matrix transformation from the Cartesian coordinate derivative
of A, ∂A/∂bi , where bi is the atomic displacements of the nucleus
in the x, y, z coordinates (i.e., i = 0 . . . 3N). For the Cartesian coordinate derivative of A, each atomic coordinate was displaced in the
positive direction from the equilibrium coordinates by 0.04 a.u. as in
our previous study.23 The electron density difference was calculated
for these shifted structures. Finally, the generalized IR intensity was
evaluated by Eq. (3).
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enhancement in the electric field) for SEIRAS is independent of the
wavenumber used in the present study.
The computed IR, IRRAS, and SEIRAS spectra of PNBA-K and
-Ag3 are shown in Fig. 7(a), and the assignment and wavenumbers
for representative peaks are listed in Table I. These values are the raw
frequencies obtained under harmonic approximation, which generally overestimate the vibrational frequencies. The overestimation
could be corrected by taking into account anharmonicity. PNBA-K
and PNBA-Ag3 show similar vibrational frequencies and coordinates. Peaks 1 and 2 in the IR spectra disappear in the case of IRRAS
and SEIRAS. The derivative of the dipole moment with respect to the
kth normal coordinate, ∂⃗
μ/∂Qk , for each vibrational mode is shown
by a red arrow in Fig. 7(b). This suggests that the peaks disappear
because ∂⃗
μ/∂Qk is almost orthogonal to the electric field. On the
contrary, the derivative of the dipole moment for peaks 3 and 4 are

IV. RESULTS AND DISCUSSION
The optimized structures of K- and Ag-adsorbed PNBA and
MNBA along with the interatomic distances are shown in Fig. 4.
The K/Ag–O distance is the same for these two molecules, indicating a minor effect of the position of the NO2 group on the other
parts including the CO−2 group. From the Bader charge analysis, the
charges of the PNBA/MNBA parts for the neutral systems of PNBAK, PNBA-Ag3 , MNBA-K, and MNBA-Ag3 are −1.00, −0.71, −1.00,
and −0.71, respectively, suggesting that these molecular parts are
anionic.
Figure 5 shows the relative intensity and spatial distribution of
the near-field around the Ag ellipsoid. The electric field is dipolar. In
the relative intensity maps, the incident field strength is considered
to be one. It is evident from the relative intensity map [Fig. 5(a)]
that the local electric field at the edge of the particle is strong. The
intensity of the electric near-field around the Ag ellipsoid is larger
than that of the incident field by about five times. However, the
enhancement was considered as 70 in the experiment.28 Therefore,
the observed enhancement in the field strength is about an order of
magnitude smaller as compared to that reported in the earlier experiment. In the experimental condition, many metal particles exist,
and it is considered that the interaction between them may enhance
the electric field intensity due to the overlap of near-fields, i.e., an
enhancement at gaps between the metal nanoparticles.
Figure 6 shows the electric field over the region of adsorbed
molecule at the molecular scale, where the midpoint of two bridging Ag atoms is set to (x, y, z) = (0, 0, 0). In other words, the surface
of the nanoparticle is considered to be at the origin. Figures 6(b)
and 6(d) show that the electric fields are almost uniform, and the
intensity gradient exists at the molecular scale, which is about 1 nm.
The attenuation of |E| is well fitted by the −ln(x) function away
from the surface, where x is the distance. This is slower than 1/x
and much slower than the near-field (longitudinal part) of the electric dipole field, which is proportional to (x−3 ).14,35 Compared to the
dipole field, the calculated near-field exhibits much weaker intensity
gradient, which indicates that the use of the dipole field is inadequate and, therefore, highlights the importance of computational
electrodynamics. The field intensity and distribution are unchanged
when the wavenumber of the incident light varies as 1000 cm−1 ,
1500 cm−1 , and 2000 cm−1 , i.e., the near-field is independent of the
wavenumber. Therefore, the physical enhancement factor (i.e., the

J. Chem. Phys. 152, 164103 (2020); doi: 10.1063/1.5143855
Published under license by AIP Publishing

FIG. 7. (a) IR and IRRAS and SEIRAS spectra of PNBA-K and PNBA-Ag3 , respectively, from top to bottom. (b) Vibrational modes of peaks 1–4 and 1′ –4′ . Red
arrows show the normal coordinate derivatives of the dipole moment vectors, and
the angles relative to the electric field are shown alongside.
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TABLE I. Calculated and experimental wavenumbers of vibrational modes of PNBA-K
and PNBA-Ag3 in cm−1 . In the experiment,28 two peaks with higher wavenumbers
are missing due to the selection rule for IRRAS and SIERAS.

TABLE II. Integrated intensity ratio of the peaks 3′ and 4′ from Figs. 7 and 8.

PNBA
Peak number

Expt.28

Calc. PNBAAssignment

K

Ag3

IR

IRRAS

SEIRAS

IRRAS

Vs (NO2 )
Vs (COO− )
Vas (NO2 )
Vas (COO− )

1347
1394
1592
1649

1359
1394
1605
1625

1345
1383
1515
1577

1351
1388

1338
1387

SEIRAS

parallel to the electric field, and these peaks are observed in the spectra corresponding to IRRAS and SEIRAS. The peak disappearance
is not caused by changing the counter-cation/substrate from K to
Ag3 . To show this, IR, IRRAS, and SEIRAS of PNBA-Ag are shown

scitation.org/journal/jcp

Expt.28
Calc.
Expt.28
Calc.

3

′

1.0
1.0
1.0
1.0

MNBA
′

′

4

3

4′

0.9
1.4
1.3
1.1

1.0
1.0
1.0
1.0

0.6
0.5
1.4
0.4

in Fig. S3 where the same system is used to compare these spectra.
Our computational results are in excellent agreement with the experimental results.28 Accordingly, we infer that the present method can
be used to study the surface selection rule, where only the vibrational
modes whose dipole-moment derivative vector is perpendicular to
the surface are allowed for IRRAS and SEIRAS. Our method is based
on the first-principles calculations, and thus it can be used to analyze
more complex molecules without any symmetry, whose adsorption
configurations are unknown.
Similarly, the result for MNBA is shown in Fig. 8. Here, peak
1 corresponds to an antisymmetric stretching vibrational mode of
CO2 . In the case of IRRAS and SEIRAS, this peak disappears because
the vibrational mode is tilted by 87○ and 108○ with respect to the
electric field for MNBA-K and MNBA-Ag3 , respectively. In the
experiment, this missing peak is assigned to the same CO2 vibrational mode. Again, the computational result agrees with Osawa’s
experimental result.28
Table II compares the intensity of the strong peaks 3 and 4
(Fig. 7) obtained by IRRAS and SEIRAS. They represent symmetric
stretching vibrations of CO2 and NO2 , respectively. For PNBA, the
ratio of the intensities of peaks 3 and 4 in the experiment is reversed
in SEIRAS as compared to that in IRRAS. Furthermore, the same
trend is observed for MNBA. It is considered that the intensity gradient affects the intensity ratio because the peak of CO2 is stronger
in SEIRAS than in IRRAS. The integrated intensity ratio was evaluated by the spectral area from the previous report.28 It may be noted
that the computed intensity ratios do not match with the experimental results. The intensities should be decreased and increased
for the peaks 3 and 4, respectively, from IRRAS to SEIRAS because
the vibration motions are close to and far from the metal surface.
Therefore, the most probable origin of the discrepancy is the lack
of total absorbance of the system including the metal. Meanwhile,
another reason may be attributed to the use of one metal atom for
the adsorption on a surface. The use of the surface itself can provide
more accurate and quantitative results, but this necessitates treating the surface with periodic boundary conditions, which forms the
future scope of this study.
V. CONCLUSION

FIG. 8. (a) IR and IRRAS and SEIRAS spectra of MNBA-K and MNBA-Ag3 , respectively, from top to bottom. (b) Vibrational modes of peaks 1–4 and 1′ –4′ . Red
arrows show the normal coordinate derivatives of the dipole moment vectors, and
the angles relative to the electric field are shown alongside.

J. Chem. Phys. 152, 164103 (2020); doi: 10.1063/1.5143855
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We have developed a computational method for analyzing surface enhanced IR absorption by incorporating electrodynamic calculations in our quantum chemical model based on multipolar Hamiltonian. The practicality of this model was validated by examining
IR, IRRAS, and SEIRAS spectra of small molecules. For SEIRAS,
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the electric near-field around the Ag ellipsoid has been calculated by
the boundary element method. The local electric near-field is strong
around the edge of the ellipsoid, and the field is polarized along
the surface normal. The computed spectra based on these electric
fields have reproduced the IR spectra as well as the selection rule of
IRRAS and SEIRAS. The present method is based on first-principles
calculation and, therefore, exhibits immense potential to investigate
unknown and more complex molecules if metal nanostructures used
to enhance the electric field are characterized.
SUPPLEMENTARY MATERIAL
See supplementary material for further structures of
PNBA/MNBA-Ag3 and PNBA-Ag20 , and IR, IRRAS, and SEIRAS
of PNBA-Ag/Ag3 and MNBA-Ag.
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