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ABSTRACT: We present a multiscale quantum mechanics/
classical (QM/MM) approach for modeling surface-enhanced
infrared absorption (SEIRA) spectra of molecules adsorbed on
plasmonic nanostructures. The molecular subsystem is described at
the density functional theory (DFT) level, while the plasmonic
material is represented using fully atomistic, frequency-dependent
Fluctuating Charges (wFQ) and Fluctuating Charges and Dipoles
(wFQFu) models. These schemes enable an accurate and
computationally efficient description of the plasmonic response of
both graphene-based materials and noble metal nanostructures,
achieving accuracy comparable to that of ab initio methods. The
proposed methodology is applied to the calculation of SEIRA
spectra of adenine adsorbed on gold nanoparticles and graphene
sheets. The quality and robustness of the approach are assessed through comparison with surface-enhanced Raman scattering
(SERS) spectra and available experimental data. The results demonstrate that the proposed framework provides a reliable route to
simulate vibrational responses of plasmon—molecule hybrid systems.

q(w),u(w)

1. INTRODUCTION (EM) mechanism at the molecule—substrate interface, which is
primarily linked to the excitation of the localized surface

Surface-enhanced vibrational spectroscopies, including surface-
plasmon. However, while SERS enhancement depends on the

enhanced infrared absorption (SEIRA) and surface-enhanced

Raman scattering (SERS), selectively amplify molecular vibra- fourth power of the local field, SEIRA exhibits a quadratic
tional signals by exploiting the intense local and inhomogeneous dependence, yielding intrinsically lower intensities as compared
electric field enhancement near plasmonic nanostructures.' to SERS.!
SERS is among the most widely employed techniques in Theoretical modeling plays a crucial role in predicting and
(bio)sensing due to its high sensitivity to the molecular interpreting SEIRA and SERS spectra.’” Full Quantum
fingerprints, which can be enhanced by several orders of Mechanical (QM) approaches have typically considered
magnitude, even allowing single molecule detection.’ SEIRA has molecules adsorbed on small noble metal clusters.'**>**
found applications in diverse fields, including the in situ However, such models fall short in reproducing the optical
monitoring of metal surface catalytic reactions,”” electro- response properties of realistic plasmonic substrates.'”*> To
chemical studies,” "’ nanoparticle design,'"'* and analytical overcome this limitation, multiscale approaches have been
biosensing platforms.'*~"¢ developed that couple a QM description of the molecule with
First reported in 1980 via attenuated total reflection classical electromagnetic models of the plasmonic environment.
measurements,’’ SEIRA was initially studied for molecular Continuum models, such as the Boundary Element Method
monolayers adsorbed on Hllgtﬁ)l films (e.g, Au, Ag, Cu, Pt), and (BEM),*® which represent the nanostructures as a continuum
on core—shell substrates. "~ These configurations typically dielectric, have been adopted for this purpose.'”””** Never-

yield enhancement factors up to 10%'7*° More recently, the
interest has shifted toward resonant SEIRA, which seeks to
further improve sensitivity by engineering metal nanoantennas
or graphene-based structures to make the plasmon resonance
frequency (PRF) resonate with the vibrational modes of target
molecules, i.e., in the infrared region.21 In particular, graphene
and its derivatives have gained significant attention as SEIRA
substrates due to their tunable plasmonic response in the mid-IR
range.”” Similarly to SERS, the dominant enhancement
mechanism in SEIRA arises from the local electromagnetic

theless, to fully account for atomistic details such as edges, tips,
defects, and junctions, which are critical to achieving high local
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field enhancement, atomistic methodologies must be ex-
ploited.”>™*" In this framework, we have recently introduced a
multiscale QM/classical approach for simulating SERS spec-
tra,”” based on the fully atomistic frequency-dependent
fluctuating charges (wFQ)*"** and dipoles (wFQFu)*
approaches. These models, rooted in the Drude conduction
theory with phenomenological corrections for quantum
tunneling, enable the simulation of the optical response of a
wide range of plasmonic materials, including alkali metals,*!
noble metal nanoparticles,"””~** nanoalloys,” and graphene-
based substrates,** even in the presence of structural defects, "
solvent effects,*> and subnanometer gaps.41’43’48 Their classical
formulation allows simulations of systems with more than one
million atoms,*” yielding an almost perfect agreement with full
ab initio methods,””*""*’ while retaining a fully atomistic
resolution.

In this work, we extend the QM/wFQ(Fu) approach to
SEIRA spectroscopy and apply it to adenine, one of the DNA
nucleobases, adsorbed on gold nanostructures and graphene
disks. Adenine represents a particularly relevant test system for
SEIRA studies, as it has been extensively investigated both
experimentally and theoretically.'**°~>® SEIRA spectra of
adenine have been reported on a variety of gold-based
substrates, including Au(111) and Au(100) electrodes,**>*>
as well as silica core—gold nanoshells.® More recently, SEIRA
on graphene oxide (GOEIRA) has also been explored,
highlighting the potential of carbon-based platforms.’

The manuscript is organized as follows. First, the computa-
tional framework used to investigate SEIRA and SERS spectra is
introduced. The approach is then applied to predict the SEIRA
signals of adenine (ADE) nucleobase in proximity to gold
nanostructures, with a focus on the influence of molecular
orientation and adsorption site on the spectral response. The
results are compared with SERS spectra and validated against
the available experimental data. In the final section, we assess the
potential of graphene as a SEIRA substrate by analyzing how its
structural and electronic properties modulate the molecule-
graphene response in the IR range. Summary, conclusions, and
future perspectives end the paper.

2. METHODS

SEIRA spectra are computed using a multiscale QM/ classical approach.
In this framework, the plasmonic nanostructure and its interaction with
external radiation, leading to the formation of localized surface
plasmons, are described through the fully atomistic @FQ and
©FQFu models, whereas the molecular subsystem is treated quantum
mechanically at the DFT and TDDEFT levels. In this section, we briefly
recall the theoretical foundations of ®WFQ and wFQFy, and then
present their coupling to a QM region and its extension to SEIRA
simulations.

2.1. wFQ and wFQFu Models for Nanoplasmonics

wFQ s a classical, fully atomistic, and frequency-dependent model able
to describe the plasmonic features of various materials, including alkali
metals*' and graphene-based materials.”* In wFQ, each atom is
endowed with a complex electric charge, and the charge exchange
between the atoms is assumed to be governed by a Drude-conduction
mechanism mediated by a phenomenological damping, which limits the
charge flow between nearest neighbors and mimics the physics of
quantum tunneling.*' The charges are obtained by solving the following
linear system defined in the frequency domain*’

[KTH — z(0)y]lq(w) = —-RV™(w) (1)
I is the identity matrix of order N, where N is the number of atoms. K is
a N X N matrix whose elements read

1920

R.=K, — Z K5,
ij ij ikYij
k ()

where §; is the Kronecker delta. The elements of the K matrix take the
following form

(1 - f(rij)]ﬂi
i "
0

if i # j

ifi=j (3)

The left-hand side of eq 1 is composed of a real frequency-
independent matrix with a diagonal shift of the complex scalar
frequency-dependent z,(®), which is a function of the relaxation time 7,
a friction-like constant that accounts for scattering events, and the
electron density of the system, n

)
z(w) r— (07 + 1) (4)
The charge flow between atoms results from the Drude conduction
mechanism, the interaction between charges, represented by the T
interaction kernel,*" and with the external potential V™ associated with
the external electric field oscillating at frequency . K is a real
symmetric Drude matrix, expressed in terms of the effective area A, of
atom i. f(r;) is a Fermi-like function effectively modeling quantum
tunneling effects

1
f("ij) =
1+ exp —d(l - 1)]
(s)
where 7; is the distance between atoms i and it

@FQ_can be extended to treat graphene-based nanomaterials,** by
introducing the effective mass m* (which is 1 au for pure metals).>® The
3D atomic effective electron density of graphene n reads

fly

o agVp =
m

Egag

hr

n=
(6)
where f, is the 3D atomic electron density, vg is the Fermi velocity, Eg is
the Fermi energy, 4 is the Bohr radius, and n,p, is the two-dimensional
electron density of graphene.”* In eq 6, we have used the relationship
between Ep and nyp: Ep = vy /7,y *® eq 6 shows that, for

graphene-based nanostructures, the Drude dynamics also depends on
the Fermi energy, which can be tuned experimentally, ' #>46/4759=62

While @FQ can properly describe alkali metals and graphene, it fails
to account for the optical response of noble metals, as it assumes that
the conduction electrons follow a purely Drude-like behavior and
neglects interband transitions.*> ™% To overcome this limitation, we
introduce an additional polarization source that accounts for the
polarizability of the d-shell.° In the resulting @FQFyu approach,* each
atom is represented by a charge g and a dipole , the latter depending on
the interband frequency-dependent atomic polarizability ag(w). The
equations of motion of charges and dipoles are coupled by solving the
following linear system of equations

[1_( 0 ][qu Tqﬂ]_ z(0)ly 0 q(®)
0 Ly)TH T 0 u(w)
{1‘( 0 )—Ve’“(w)
0 Ly | E™(w)

1

agp(w)

z(0)Ly

(7)

where

z,(w) = —
’ (8)
The left-hand side of the linear system in eq 7 comprises all of the

interaction kernels: charge—charge T%9, charge-dipole T%, dipole-
charge T#4, and dipole—dipole T**.°”°® The right-hand side of the
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system contains the external sources, i.e., the potential (V**) and the
electric field (E™).

2.2. QM/wFQFu for SEIRA

QM/wFQFu has recently been extended to the damped linear response
formalism to compute complex polarizabilities, from which SERS
signals can be calculated.* All of the technical details on the derivation
of the formalism in the time-dependent Kohn—Sham (TDKS)
framework, as well as the details of the ground-state (GS) coupling,
can be found in ref 39.

The QM/wFQFu approach for SERS spectra assumes that the
perturbation operator includes both the electric potential of the external
field and the local field operator accounting for the plasmon-induced
field generated by the substrate.”®** These effects are incorporated into
the effective KS operator through the image field term, describing the
polarization induced by the nanostructure’s charges and dipoles, and
the local field term due to the plasmon, both evaluated self-consistently
with the perturbed TDKS density.”*** Solving the coupled-perturbed
TDKS equations yields the frequency-dependent complex molecular
polarizability tensor, which naturally includes the scattered and
reflected fields responsible for the electromagnetic enhancement
observed in SERS. A similar physical picture is followed here to extend
the QM/wFQFu to SEIRA intensities. In particular, in line with ref 69,
IR absorption intensities can be calculated from the geometrical
derivatives of an “external” dipole moment, which is the sum of the gas-
phase molecular dipole moment, d, and an additional dipole moment, d,
induced on the nanostructure by the molecular density, ie., that
accounts for local field effects.”””" The induced dipole d can be
expressed as

N
_J'Eext — z [qPVext(rp) _ ﬂp.Eext(rp)]
p=1 (9)

where g, and p,, located at position r,, represent charges and dipoles
induced by the GS QM density on the plasmonic substrate. These are
calculated through eq 7 by substituting the external field with the
electric potential V! and field E? generated by the oscillating
molecular density. Thus, the induced dipole is obtained from the GS
QM electric potential and field, and the local field charges and dipoles
oscillate at the normal-mode frequency.

2.3. Computational Details

QM/wFQ(Fyu) is applied to the calculation of SERS and SEIRA spectra
of the adenine (ADE) nucleobase adsorbed on gold and graphene
substrates. ADE is chosen because it is of broad interest in biosensing
due to its role as a DNA building block."*”>~”* The gold nanoparticle is
characterized by an icosahedral morphology, comprising 10,179 atoms
(Auyg;7 Ih) with a radius of about 3.83 nm and 14 gold shells, and its
dipolar plasmon resonance frequency (PRF) is 2.21 eV (calculated at
the @FQFyu level). Two additional gold substrates, Augp4 Ih and
Auygyy3 Th, are considered, with PRFs falling at 2.21 and 2.18 eV,
respectively, to showcase the dependence of SERS and SEIRA spectra
by enlarging the nanostructure. For graphene substrates, we consider
graphene disks, with geometries taken from ref 46. and39, characterized
by diameters ranging from 24 nm (17,269 atoms) to 100 nm (300,695
atoms) and a Fermi energy of 0.40 eV. In addition, we examine a 32 nm
graphene disk for which the Fermi energy is tuned from 0.40 to 0.09 eV.
The gold and graphene substrates are treated at the WFQFu and wFQ
levels by exploiting the parameters from refs 43 and 42, respectively.

In all molecule—substrate configurations, the 9H tautomer of
adenine (ADE), shown in Figure 1, is described at the DFT level by
using the BP86 functional and the TZP basis set, in agreement with
previous studies,®**’ with the default DFT integration grid for adenine
on gold and a finer grid for adenine on graphene (see also Figure Slain
Supporting Information — SI). The distance between the ADE nitrogen
atom and the closest gold atom of the NP is set to 3 A. For specific
configurations, v_N9, v_N10, f N1, f N7, and f N10, the N—Au
distance is increased to 3.4 A to avoid steric interactions between
molecular Hydrogen and Au atoms.

Normal-mode displacements are obtained from the isolated QM

molecule since the effect of the plasmonic substrate is negligible.**”
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Figure 1. Molecular structure and atom labeling of adenine.

Geometrical derivatives of frequency-dependent dipoles (SEIRA) and
polarizabilities (SERS) are obtained using a three -point central
numerical procedure with a differentiation step of 0.001 Bohr. For
completeness, Figure S1b in the SI reports a numerical stability test
carried out with a step size of 0.0005 Bohr. SERS spectra are simulated
by setting the Raman incident field at the PRF of the substrate, and we
use a lifetime of 0.10 eV, in agreement with previous studies.***” SERS
and SEIRA raw data are convoluted by using a Lorentzian band shape
with a full width at half-maximum (fwhm) of 10 cm™. All QM/wFQ
and QM/wFQFu calculations are };erformed by using a locally
modified version of the AMS software.”®”” By following the procedure
reported in ref 39, for SERS, QM/FQ(Fu) contributions to the GS
were neglected, as their effect on SEIRA signals is only marginal (see
also Figure S2 in the SI).

To quantify spectral enhancements due to the presence of the
plasmonic nanostructure,>” we introduce the averaged enhancement
factor (AEF) and the maximum enhancement factor (MEF), which are
computed from the IR/Raman enhancement factor (EF) associated
with each i-th normal mode

o)
L ()’

MEF(w) = maxEF'(w)

RO

EF(w) = = ;
( ) ZzI\Irac(w)

AEF(w)

(10)

The i-th normal mode showing the maximum enhancement factor is
indicated as i-MEF.

3. RESULTS AND DISCUSSION

3.1. SEIRA and SERS Spectra of Adenine on Gold
Nanostructures

Multidentate binding modes render the preferred orientation of
ADE on gold and silver surfaces challenging to resolve.>” In fact,
in its 9H tautomeric form, adenine has five nitrogen atoms as
potential coordinating sites for metal surfaces. Several
adsorption models for adenine have been proposed in the
literature.”> Adsorption via the N3/N9 side (see Figure 1 for
atom labeling) is supported by combined SERS and SEIRA
spectra on gold nanoshells,'* electrochemical tip-enhanced
Raman sg)ectroscopy (EC-TERS) studies on protonated
adenine,”® X-ray absorption and DFT calculations,”’ and
SERS spectra on gold nanoparticles.”” Adsorption via N7/
N10 sites is backed by SEIRA and cyclovoltammetry studies on
gold electrodes,””**>> where surface-enhanced ring stretching
modes (N7—CS, N7—C8) and scissoring of the amino group
were observed. Similarly, the N1/N10 adsorption model is
supported by subtractively normalized interfacial Fourier
transform infrared spectra (SNIFTIRS) on Au(111)*° and
EC-TERS studies for deprotonated adenine at higher potentials,
suggesting a tilted flat orientation.”® Although recent SERS and
SEIRA experimental evidence proposes a vertical or tilted
orientation of adenine on gold,”” computational studies, relying
on molecular dynamics simulations, indicate that a flat
orientation may occur at low concentrations.*”** To account
for all possible adsorption sites, in this work, we consider six
binding modes of ADE on gold: four “end-on” modes involving
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Figure 2. Molecular configurations of ADE adsorbed on the vertex (a) and face (b) positions of the Auyg;7o Ih NP.

each purine ring nitrogen atoms (N1, N3, N7, and the
protonated N9), one “face-on” mode with the adenine rings
oriented parallel to the surface (p), and one mode involving the
exocyclic amino group (N10).'* To investigate the influence of
these binding orientations at different adsorption sites on a
model Au, ;o Ih nanostructure, 12 configurations are generated,
six at the vertex and six at the face of the gold nanostructure, as
shown in Figure 2a,b. The corresponding structures are named
using the following nomenclature: v, (vertex) or f.om (face),
where atom indicates ADE atom binding to the metal surface
(see Figure 1 for atom labeling). We then exploit QM/@wFQFu
to analyze the sensitivity of SEIRA and SERS signals to the
specific adsorption sites of various ADE orientations on the Au
NP. The resulting spectra are graphically reported in Figure 3,
where they are compared with IR and Raman spectra of the
isolated molecule, which are used as a reference to quantify the
surface-induced variations.

In the gas phase, the ADE IR spectrum (black dashed line in
Figure 3a) features four main peaks: the most intense (1605
cm™") corresponds to NH, scissoring and C5—C6 and C6—N10
stretching modes, and is accompanied by a shoulder peak at
1575 cm™!, which is associated with N9—H and C8—H bending
and N3—C4, N1-C6, C5—N7, and N7—C8 stretching (see
Figure S3 in the SI for a graphical depiction of ADE normal
modes). Less intense bands are present at 1448 cm™’, assigned
to the stretching of N7—C8, N1-C6, and C2—N3 and the
bending of C2—H and C8—H, and at 1292 cm ™', corresponding
to the stretching of C2—N3 and CS—N7, together with the
bending of C2—H, C8—H, and N9—H.

Most SEIRA spectra closely resemble the gas-phase IR
spectrum, especially v_N3, v_N9, and v_N10 (vertex
configurations) and f N3, f N9, and f N10 (face config-
urations), suggesting that the IR-active vibrational modes of
ADE are largely preserved upon adsorption. All configurations

1922

exhibit their most intense peak at 1605 cm™, except for v_N1
and f p configurations. In particular, v_N1 presents the
dominant peak at 1292 cm™', which corresponds to an in-
plane normal mode involving stretching of the C2—N3 and C5—
N7 bonds, along with bending motions of the C2—H, C8—H,
and N9—H bonds. In contrast, for f p, the strongest signals
correspond to out-of-plane modes at 808 cm™' (C8-H
wagging) and 932 cm™' (C2—H wagging), the latter also
reporting the MEF (5.9, see Table S1 in the SI). Such bands are
also particularly intense for the v_p configuration. The f N1
configuration also deviates from the typical pattern, displaying
two intense peaks at 1292 and 1575 cm™, linked to pronounced
deformations of the adenine rings. Remarkably, the spectra
obtained for ADE adsorbed on the vertex or face binding the
same atom to the metal surface display a similar spectral profile,
suggesting the relevant role of the binding site. To further
deepen this point, in Figure S4 in the SI, we report the SEIRA
spectrum as obtained by simply averaging the spectra over the 6
configurations on the vertex and the face of Au, ;7 Ih. The two
obtained spectra are characterized by the same profile,
confirming that the adsorption site (face or vertex) does not
significantly alter the overall spectral shape.

The face and vertex adsorption configurations are associated
with substantial differences in the enhancement factors. In fact,
as can be appreciated by Figure 3a and Table S1 in the SI, the
MEFs calculated for ADE adsorbed on the vertex of the gold
icosahedral are generally 1 order of magnitude larger than the
corresponding values computed for face dispositions. This is not
surprising and is related to the so-called tip effect, which arises
from the highly localized and inhomogeneous electric fields at
metallic nanostructures “hot spots” (sharp tips and vertices)."*’
The normal modes associated with MEF (i-MEF) in most
configurations are in-plane vibrations (see Table S1 in the SI),
which is expected considering that the NP induced electric field

https://doi.org/10.1021/acs.jpcc.5c07549
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Figure 3. Normalized QM/wFQFu SEIRA (a) and SERS (b) spectra of the six configurations of ADE adsorbed on the vertex and face of Ay, Ih.
SERS spectra are calculated at the PRF of the gold substrate (2.21 eéV/560 nm). Stars denote the i-MEF. MEF values are also reported.

is supposed to display the largest variations perpendicularly to
the gold surface. It is also worth noting that the most intense
band of the spectrum is generally not associated with the normal
mode, reporting the largest MEF, except for v.N10 (MEF =
13.1) and f N10 (MEF = 4.6).

An enhancement of the IR signal (AEF) is observed across all
configurations except for v_p, where the IR signal is overall
quenched (AEF < 1, see Table S1 in the SI). For the latter
structure, a strong enhancement is detected at 1460 cm™
(involving the NH, group) which also dominates the MEF
profile in v_ N7 and v_N9 (see Figure SS in the SI). This
suggests a particularly favorable orientation of the NH,
oscillating dipole relative to the local electromagnetic field.
Notably, the MEF of the 1460 cm™! band in these three
configurations is the largest across all of the considered
geometries. The raw data reported in Table SI in the SI also
highlight that SEIRA spectra for face configurations show lower
AFEFs compared to vertex configurations, coherently with the
comment above regarding the MEFs. Interestingly, by plotting
the enhancement factors for each normal mode (see Figure SSb
in the SI), we note that, for the face configurations, the
enhancement factors are uniform across vibrational modes,
clustering around the AEF, with the i-MEFs depending on the
specific binding pose of the molecule. On the contrary, the
vertex configurations plots (Figure SSa in the SI) are dominated
by the specific normal modes that report the MEF. This is again
a consequence of the so-called “tip effect.” Overall, our
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calculated AEFs average around S, with v_N10 showing the
highest value (9.2), and MEFs reach approximately 30, which
aligns well with the typical SEIRA enhancement range, generally
expected on the order of 10—100."7"%*°

We now move on to comment on the SERS signals of ADE
adsorbed on AuNP. The gas phase Raman spectrum (see Figure
3b) is characterized by a dominant peak at 705 cm™,
corresponding to the “breathing” of the purine rings, along
with characteristic peaks in the 1300—1500 cm™' region,™
primarly in-plane bending normal modes, most of which involve
the NH, group. In Figure 3b, the SERS spectra of each
adsorption configuration are graphically reported. Each vertex
geometry displays a distinct most intense peak: 986 cm™ for
v_N1, 705 cm™" for v_N3, v_N7, and v_N10, 1327 cm™" for
v_N9, and 778 cm™ for v _p. Differently, most face
conﬁguratlons report the most intense peak at 705 cm™" (ring
breathing), with the exception of f NI. The f N1 SERS
spectrum is in fact dominated by peaks in the region 1200—1500
cm™, with the most intense peak appearing at 1327 cm™ (in-
plane stretching mode involving C8—N9, C6—N1, and N3—C4
bonds, along with bending of C8—H and N9—H). This
highlights a significant difference with respect to SEIRA (Figure
3a). In fact, in SEIRA, the spectral profile is mainly determined
by the binding atom. The same is not valid for SERS, for which
face and vertex spectra of configurations exploiting the same
binding site substantially differ. Furthermore, the SERS spectra
of face structures mostly resemble the spectral profile of ADE in
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Figure 4. (a) Normalized QM/wFQFu SEIRA and (b) SERS spectra, calculated by averaging N3/N9, N7/N10, N1/N10, and all (Calc)
configurations of ADE on Au, ;54 Ih, together with the experimental results (Reproduced from ref 14. Copyright 2009 American Chemical Society.).

The characteristic regions of SEIRA and SERS spectra are highlighted.

vacuo. Figure S6b in the SI further illustrates this trend by
plotting the enhancement factors as a function of the normal
mode. For face configurations, these are relatively uniform
across Raman bands, reflecting a similar behavior as in SEIRA.
On the contrary, the SERS spectra of vertex structures
substantially deviate from the gas-phase, also activating quasi-
inactive normal modes in the gas phase. As an example, we
highlight the peak at 778 cm™ (out-of-plane ring deformation)
for the v_p configuration for which the highest MEF (6345) is
reported. This can also be appreciated in Figure S6b in the SI,
where the vertex configurations display a selective enhancement
profile as a function of the normal mode, with EF values varying
by up to 2 orders of magnitude. To further highlight the effects
of the adsorption site, as for SEIRA, the SERS spectra averaged
on the 6 face and 6 vertex configurations, separately, are reported
in Figure S4 in the SI Different from SEIRA, the two averaged
spectra show significant discrepancies, highlighting, in this case,
the substantial influence of the nanostructure-molecule
morphology and the adsorption site on the spectral profile.
The differences between face and vertex configurations are
also reflected in the calculated values of AEF and MEF. As for
SEIRA, the SERS enhancement factors are generally lower when
ADE is adsorbed on the face than on the vertex. In fact, AEF and
MEEF values for vertex configurations are, respectively, one and
two orders of magnitude higher than those observed for face
configurations. In most configurations, the MEF is associated
with normal modes involving in-plane atom displacements, as
expected, considering the electric field gradient induced by the
plasmon excitation in the nanostructure. As mentioned above,
the only exception is v_p, which is characterized by a flat
adsorption on the Au NP vertex, thus enhancing mostly out-of-
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plane normal modes, although providing an overall small AEF
(47.6). The average AEF and MEF values are one and 2 orders of
magnitude higher than those observed for SEIRA, and are of the
order of 10% and 10° (vertex) and 10' and 10 (face). This is
consistent with the electromagnetic enhancement theory, for
which in SERS, the local electromagnetic enhancement scales
with the fourth power of the local induced field, whereas in
SEIRA, it scales with the square.

We finally note that the absolute values of AEF and MEF of
vibrational spectroscopies depend on the nanoparticle size
because of the larger induced field in the proximity of the
nanostructure surface.””*>*® To showcase such a dependence,
in Figure S8 in the SI, we report the SEIRA and SERS spectra of
ADE in v_N7 configuration on Au nanostructures composed of
49,049 (radius = 6.57 nm) and 104223 (radius = 8.49 nm) (see
Figure S7 in SI). By increasing the NP radius, the AEF and MEF
increase by approximately a factor of 2 in SEIRA and 4.5 in
SERS; however, all SEIRA and SERS spectra maintain the same
profile as that computed for the smallest nanoparticle,
demonstrating the robustness of our approach.

Figure 3 demonstrates that SEIRA and SERS selectively
amplify different vibrational bands, highlighting the comple-
mentarity of the two techniques, which has been widely
exploited to understand the orientation of adsorbed adenine
on metal substrates.’”> As commented above, three main
adsorption models, which depend on the specific binding site
of ADE on the Au surface, have been proposed in the literature
and validated through various spectroscopic techni-

es: 2015475678780 N3 /N9 N7/N10, and N1/N10.

To shed light on the most favorable configuration, in Figure 4,
we average the computed SEIRA and SERS spectra obtained
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from the corresponding sets of adenine-gold configurations
(N1/N10; N7/N10; N3/N9), together with the total averaged
computed spectra (Calc), and the experimental data (Exp) of
adenine adsorbed on gold nanoshells at neutral pH reported in
ref 14. The experimental SEIRA spectrum (Figure 4a, bottom) is
dominated by the in-plane symmetric NH, scissoring mode
(1625 cm™), and the in-plane ring modes (1058, 1286, 1310,
1595 cm™"), which is generally explained by suggesting that the
C6-NH, group is oriented perpendicularly to the surface with
the amino group far from the surface.'* The experimental SERS
spectrum (Figure 4b, bottom) shows a prominent “ring
breathing” mode at 735 cm™’, but it is also characterized by
the presence of a spectral fingerprint in the region 1300—1500
em™' (in particular peaks 1307 and 1337 cm™'), and the
presence of the weak out-of-plane ring mode at 787 cm™
suggests a slightly tilted adenine orientation."*

The spectra resulting from the three adsorption models show
a slight variation in the relative intensity of the peaks, in
particular, around 1300 cm™" for SEIRA and within the 1200—
1500 cm™' range for SERS, which are associated with the
differences in the enhancement profiles discussed above. Based
on our results, the N1/N10 configuration appears to be the least
accurate in reproducing the experimental findings, as it fails to
reproduce the experimental features. By contrast, both the N7/
N10 and N3/N9 models provide a satisfactory match with
experiment: in particular, the N3/N9 configuration offers the
best agreement with the experimental SERS spectrum,
successfully reproducing both the “ring breathing” band at 735
cm™! and the structured features in the 1300—1500 cm ™" region,
and its SEIRA spectrum also gives good agreement with the
experimental profile in terms of relative intensity. Our analysis
thus suggests that N3/N9 or N7/N10 are the most likely
adsorption models. Finally, in order to also consider all of the
configurations that can possibly contribute to the experimental
spectrum, we compare the total average spectra, denoted as
“Calc,” with the experiment (Figure 4). This remarkably
captures most experimental features with a good reproduction
of the overall spectrum, although some discrepancies are
reported, such as the overestimated intensity in the 900—1100
cm™ region of the calculated SERS spectrum.

3.2. SEIRA Spectra of Adenine on Graphene

Recently, IR spectra of small aromatic molecules, such as
rhodamines and purines, have been recorded on pristine
graphene,”” graphene oxide,”” and carbon dots,™ reflecting
the growing interest in graphene and its derivatives as potential
SEIRA substrates.”**® This interest arises from the possibility of
tuning graphene plasmons to fall in the mid-IR region, i.e., in the
region of molecular vibrations, consequently enhancing the
corresponding absorption signals.'” To achieve resonance
enhancement in the infrared range, the PRF of graphene
substrates can be tuned by either changing their size or geometry
or adjusting their carrier density through electrical gating or
chemical doping, i.e., by varying the Fermi energy Eg."

To showcase the capability of QM/wFQ to calculate SEIRA
spectra, we adsorb ADE on disk-shaped graphene nanostruc-
tures with diameters ranging from 24 to 100 nm (GD24—
GD100). An adsorption geometry with ADE placed parallel to
the graphene disk, at a distance of 3.5 A, is considered (see
Figure S), following experimental and computational evi-
dence.* "> For comparison, a geometry in which the N1
atom is oriented toward the graphene disk, at a distance of 3.5 A,
is also investigated; the corresponding results are reported in the
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Figure S. Graphical depiction of ADE adsorbed on a graphene disk in a
parallel configuration.

SI (Figures S8, S9, and S11). In Figure 6, we first focus on the
dependence of SEIRA signals on the structural parameters of the
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Figure 6. Normalized QM/@wFQ SEIRA spectra of ADE in the parallel
configuration adsorbed on GDs of increasing size. Stars denote the i-
MEFs; triangles indicate the PRFs. AEF and MEF values are also
reported.
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Figure 7. SEIRA enhancement factors computed for each normal mode of ADE in the parallel configuration on GDs of increasing size. EFs are plotted

with a palette following the SEIRA intensities.

graphene substrate (see Table S2 in the SI for the PRF of the
various structures). The Fermi energy of the §reéphene disks is
set to 0.4 €V, in line with previous studies.’”*

The most intense peak for all GD diameters appears at 1605
cm™!, which corresponds to the NH, scissoring and six-
membered-ring stretching modes, similarly to the gas-phase
spectrum (black dashed line). The SEIRA spectra show a clear
dependence on GD size. For the smallest GDs (diameter <40
nm), the IR peaks below 1400 cm™" are characterized by a very
low intensity with respect to the gas-phase spectrum, indicating a
partial deactivation of ADE’s normal modes at lower wave-
numbers. As the disk size increases (for diameter >60 nm), these
peaks gradually become more intense, and the spectra of larger
disks become increasingly similar to the gas-phase IR spectrum,
with its main spectral features largely recovered, even if with
different relative intensities. This trend, which is also observed
for the N1 configuration (see Figure S8 in SI), can be
rationalized by considering that the most enhanced peaks shift
to lower energy as the disk diameter increases, directly following
the trend observed for the PRF (see Tables S2 and S4 in SI). In
fact, for structures with a diameter <40 nm, which report the
PRF in the range 1734—2258 cm™!, the most intense peak at
1605 cm™ also coincides with the i-MEF. From GD50 onward,
the i-MEF shifts to normal modes that resonate with the PRF of
the graphene disk, which progressively redshifts with increasing
disk size.*” Such a distribution can be better appreciated by
plotting the enhancement factors for each normal mode as a
function of the disk size (from GDS0 to GD100), which is
reported in Figure 7. For larger disks, where the PRF aligns with
the considered IR spectral range of adenine, the most enhanced
normal modes shift to remain in resonance with the PRF of the
respective disk. For example, in GD60, the PRF is 1412 cm ™/,
and the dominant enhancements occur near 1400 cm™}, with i-
MEF corresponding to the peak at 1448 cm ™. A similar GD size-
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driven behavior is observed for ADE in perpendicular N1
configuration (see Figure S9 in SI); however, for the largest disks
(GD80, GD90, and GD100), the i-MEF no longer shifts with
disk size and consistently corresponds to the same in-plane
bending mode at 1224 cm ™

Figure 6 also reports the average and maximum enhancement
factors computed for each structure (see also Figure S7 and
Table S4 in the SI). For all of the structures, we report an
enhancement of the SEIRA signals (AEF > 1.0). In particular,
the largest AEF (20.5) and MEF (28.1) are reported for GDS0.
For larger disks than GDS0, both AEF and MEF values decrease
monotonically (see also Figure S10 in the SI). By looking at
Figure S11 in SI, we notice that, for ADE in the perpendicular
geometry, AEF and MEF trends are slightly altered: AEF and
MEF reach their maximum values for GDS0 (15.05) and GD60
(23.64), respectively, and then decrease with an increasing disk
size. These trends can be rationalized by considering that as the
disk radius increases, the induced plasmon field experienced by
ADE at the center of the graphene disk becomes more
homogeneous. At the same time, the edges, where the electric
field is maximally enhanced, are farther away from the ADE
molecule with a larger disk radius. Such effects counterbalance
the resonance conditions created by enlarging the size of the disk
(shifting the PRF to resonate with ADE vibrational modes).
This is indeed in line with what has been previously commented
on for SERS on graphene disks.”

As a final comparison, we note that available experimental
data from ref 57 report that the IR spectrum of adenine on
graphene oxide exhibits an AEF of approximately 30. In
particular, the MEF (36.9) is attributed to C=N stretching at
1418 cm™!, while other enhanced peaks correspond to C—H
bending modes (1241 and 1394 cm™"), C—N stretching (1080
cm™), and NH, scissoring and aromatic rings stretching mode
(1604 cm™).>” Although we focused on an ideal graphene
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substrate, our results are indeed in good agreement with the
experimental values.

To conclude this section, we study the SEIRA dependence of
ADE in the parallel configuration adsorbed on a graphene disk
with a fixed diameter (32 nm) as a function of Ey. In particular,
we exploit a peculiar property of graphene substrate: by reducing
the electron density (i.e., by lowering the Fermi energy), the
PRF redshifts.*>*” This allows us to mimic the electronic and
optical properties of large nanodisks by using smaller
nanostructures since such a feature is equivalent to increasing
the size of the graphene disk. Specifically, we tune the Fermi
energy from 0.09 to 0.40 eV, which results in the PRF graphically
displayed as colored down triangles in Figure 8 (see also Table
S3 in the SI). These are obtained at the @FQ level using the
open-source plasmonX software.””
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Figure 8. Normalized QM/wFQ SEIRA spectra of adenine in the
parallel configuration on GD32 as a function of the Fermi energy (in
eV). Stars denote the i-MEFs; triangles indicate the PRFs. AEF and
MEEF values are also reported.

As the Fermi energy decreases, the PRF of GD32
progressively redshifts, selectively activating ADE normal
modes that resonate with the PRF. The i-MEF follows such
redshift, while both AEF and MEF gradually decrease (as also
highlighted in Table SS in the SI). The maximum AEF (19.4)
and MEF (27.9) are observed at E; = 0.28 eV, which are more
than five times larger than those obtained when Ep = 0.4 eV
(AEF = 3.8 and MEF = §.5). This is also reflected by the fact that
the spectral shape gradually changes by lowering Ey, i.e., as the
PRF moves toward the IR spectral range of ADE’s vibrational
modes. This can also be appreciated by plotting the enhance-
ment factors for all normal modes as a function of Ey. (Figure S10
in the SI). In fact, specific vibrational modes become
preferentially enhanced according to their proximity to the
PRF. For example, at E; = 0.23—0.20 eV, the PRFs (1468—1371
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cm™") enhance modes in the 1300—1500 cm ™' region, whereas
at Ez = 0.13—0.09 eV (PRF 1081—919 cm™"), the enhancement
shifts toward lower-wavenumber modes with peaks around 900
cm™! emerging distinctly. This is in perfect agreement with the
behavior observed for graphene disks of increasing size,
highlighting again the direct correlation between the PRF and
adenine IR modes.

Interestingly, GD32 with Eg = 0.13 eV and GD100 with Eg =
0.4 eV exhibit nearly identical PRFs (1081 and 1089 cm™’,
respectively) with very similar AEF and MEF values (6.58 vs
7.12 and 14.30 vs 15.02), and the same i-MEF (at 1108 cm™").
This highlights that, by appropriately tuning the Fermi energy of
a smaller disk, the QM/wFQ method can effectively replicate
the SEIRA spectrum of a molecule adsorbed on a larger
graphene disk (GD100, containing roughly ten times more
atoms), by using smaller structures (GD32).

4. CONCLUSIONS

We have presented a fully atomistic multiscale method to
simulate the SEIRA spectrum of molecular systems adsorbed on
plasmonic substrates. The method couples a QM description of
the target molecule with a classical, fully atomistic model for the
plasmonic substrate. Specifically, the atomistic electromagnetic
models @FQ_and wFQFu describe the plasmonic behavior of
noble metal nanostructures and graphene-based materials.

As a first application, we have computed the SEIRA spectra of
the adenine nucleobase adsorbed on gold nanostructures,
systematically analyzing the influence of molecular orientation
and adsorption site on spectral features and enhancement
factors. By examining 12 configurations, six on the vertex and six
on the face of a icosahedral gold nanoparticle, we have directly
compared SEIRA and SERS spectra and enhancements and
benchmarked our results against available experimental spectra.
Our analysis reveals that SERS is generally more sensitive than
SEIRA, exhibiting higher enhancement factors. Nonetheless,
SEIRA and SERS offer complementary spectroscopic informa-
tion: while SERS is strongly influenced by the adsorption site,
which dictates the spectral profile and selectively activates
vibrational modes compared with the gas phase, SEIRA is
particularly sensitive to the molecular binding configuration.
Overall, both the adsorption site and the molecular config-
uration play decisive roles in shaping the spectral features and
modulating enhancement in the two spectroscopies. Following
the recent trend on graphene-based materials as SEIRA
platforms,”* we have also explored the SEIRA spectra of ADE
on graphene-based nanostructures, by systematically studying
the dependence of ADE SEIRA response on the size and Fermi
energy of graphene nanodisks, providing insights toward
optimizing molecular detection on graphene-based SEIRA
platforms.

At this stage, we can already provide a rationalization of the
experimental results; however, some discrepancies are still
present. These can arise from factors that are not currently
captured by our current model, e.g, solvent effects and
dynamical configurational phase-space sampling. This empha-
sizes the need for more realistic simulations, including explicit
solvent molecules, pH effects, nonideal substrates, chemical
effects,””®” and a statistically meaningful set of configurations,
potentially extracted from molecular dynamics trajectories.®
Addressing these aspects could, therefore, advance the
predictive power of our computational strategy.
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