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ABSTRACT: We present quantum mechanics (QM)/frequency
dependent fluctuating charge (QM/wFQ) and fluctuating dipoles
(QM/wFQFyu) multiscale approaches to model surface-enhanced
Raman scattering spectra of molecular systems adsorbed on
plasmonic nanostructures. The methods are based on a QM/
classical partitioning of the system, where the plasmonic substrate
is treated by means of the atomistic electromagnetic models @FQ_
and wFQFy, which are able to describe in a unique fashion and at
the same level of accuracy the plasmonic properties of noble metal
nanostructures and graphene-based materials. Such methods are
based on classical physics, i.e. Drude conduction theory, classical
electrodynamics, and atomistic polarizability to account for
interband transitions, by also including an ad-hoc phenomenological correction to describe quantum tunneling. QM/wFQ_ and
QM/wFQFyu are thus applied to selected test cases, for which computed results are compared with available experiments, showing
the robustness and reliability of both approaches.

SERS

1. INTRODUCTION nanoscale.”> ">’ Indeed, specific morphological arrangements
can be designed, giving rise to hot-spots, i.e. regions in space
where the electric field is extremely confined and
enhanced.”'”"**" Recently, there has been increasing interest

Surface-enhanced Raman scattering (SERS) takes advantage of
the giant enhancement of the Raman scattering cross section of
a target molecule in the proximity of plasmonic nanostructured

materials." Enhancement factors (i.e., the ratio between the in designing novel substrates characterized by high chemical
Raman intensity for the nanoaggregate and the isolated/ inertness to be used in the investigation of biochemical species.
solvated target molecule) can reach values up to 1010—“,2_4 In this context, recent developments of SERS substrates based
thus allowing single molecule detection, down to a on carbon allotropes such as graphene and carbon nanotubes
submolecular resolution.’ For these reasons, SERS has gained (CNTs) are worth being mentioned.>' ™3

popularity and is widely used in a plethora of applications®™"' A theoretical understanding of the SERS mechanisms can be
because it inherits the general advantages of classical Raman particularly useful not only for the interpretation of
spectroscopy, solves its main weakness, consisting of generally experimental spectra but also for the in-silico design of novel
low scattering amplitudes, and add, possibly, spatial resolution materials and morphologies that can maximize spectral
on the nanometer scale and below."””'* From the enhancement factors for a specific analyte. For this reason, in
physicochemical point of view, it is generally accepted™'*™" the past years, various methodologies have been proposed to
that SERS enhancement results from the combination of two simulate SERS signals.34_46 The huge dimension of typical
factors: the so-called electromagnetic (EM) effect (yielding SERS substrates (tens/hundreds of nanometers) makes a full
enhancements up to 107~%), which is caused by the excitation quantum mechanical (QM) description of the molecule—
of surface plasmons in the substrate, which leads to a strong substrate system unfeasible, although small-size model systems

induced electric field in its proximity, and the so-called
chemical (CT) enhancement, for which a holistic theoretical
explanation is still missing. CT is associated with 10°73
enhancement factors and is mainly ascribed to charge-transfer
excitations between the analyte and the substrate.

Metal nanostructures, such as metal nanoparticles (NPs),
have been the most used substrates for SERS because they
provide highly confined plasmons and huge enhanced electric
field on their surfaces,"”'®>* also thanks to a substantial
advancement in experimental techniques for manipulating the

can be exploited to deal with specific features of the SERS
phenomenon (mainly related to the CT mechanism).*’>° To
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solve this problem, multiscale approaches can be used, where
the analyte is described at the QM level, while the substrate is
treated classically.***>*’~*"!=>% In particular, the nano-
structured material can be modeled as a continuum medium,
defined in terms of its complex-valued permittivity, or by
retaining its atomistic nature. Remarkably, in the latter case a
precise description of complex geometries, even characterized
by geometrical defects, is obtained.””®' Note that both
approaches neglect CT effects; however, for usual SERS
substrates, the EM enhancement is several orders of magnitude
higher than the CT.”

In this paper, we present QM/wFQ and QM/wFQFyu fully
atomistic multiscale QM/classical approaches to simulate
SERS spectra, where the analyte is treated quantum-
mechanically. To describe the nanostructured materials, we
exploit a family of atomistic models that we have recently
developed, which are able to correctly reproduce experimental
and ab initio plasmonic features of metal nanoparticles (®FQ
and @FQFu),°"*® and graphene-based nanostructures
(wFQ).°" These approaches are based on classical physics
and text-book concepts, such as Drude conduction theory,
classical electrodynamics, and atomistic polarizability, to
account for interband transitions. In addition, ad-hoc
phenomenological correction to describe quantum tunneling
is included in the model, to deal with nanojunctions and
aggregates in which hot-spots may originate. Within wFQ and
@wFQFu, each atom of the nanostructure is endowed with a
frequency-dependent complex-valued charge and supple-
mented by a complex-valued dipole in wFQFu, which
responds to the external radiation, thus mimicking the
oscillating electron density.

Different from previous classical atomistic ap-
proaches,3’4_36’42_46’59 Drude conduction, i.e. intraband
transitions, is taken into account by means of the equation
of motion of the charges placed on each atom, while induced
dipoles are included so as to model interband transitions.’!
This permits us to correctly catch the physics underlying the
plasmonics of generic s, p, and d metallic systems by also
allowing for a physical dissection of the two contributions.
Moreover, @FQ(Fu) is able to physically account for the
quantum tunneling between nearby nanoparticles by exponen-
tially modulating Drude conductance as a function of atom—
atom distances, which is particularly relevant for nano-
aggregates and nanojunctions, where plasmonic hot-spots are
created.®”®® Finally, it is worth noting that wFQ_is the only
atomistic classical approach to date able to physically describe
graphene plasmonics in terms of its fundamental physical
parameters, such as the Fermi energy, relaxation time, and two-
dimensional electron density.>**~*

Here, ®FQ_and wFQFu are coupled to a density functional
theory (DFT) treatment of the QM portion and the resulting
QM/wFQ and QM/@wFQFu methods are further extended to
the calculation of complex molecular polarizabilities through
the linear response theory. The robustness of the approaches is
showcased through their application to pyridine adsorbed on
noble metal NPs. Thanks to the generality of both approaches,
we also apply them to the simulation of graphene-enhanced
Raman spectroscopy (GERS) by exploiting graphene-based
nanostructures as enhancing substrates. For large pristine
graphene sheets, the absence of sharp edges is usually
connected to the low enhancement factors reported for
GERS.“%* Nevertheless, suitably engineered graphene-based
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nanostructures may enhance by several orders of magnitude
both the induced electric field and its spatial confinement.”’

The paper is organized as follows. The first section recalls
the theoretical foundations of @FQ_and wFQFyu and presents
their coupling with a DFT Hamiltonian for the ground state
and linear response theory. We note that the EM field
associated with the induced density in the nanoparticle is
neither a purely real nor a purely imaginary perturbation.
Therefore, we exploit a general complex linear response
formulation. QM/wFQFyu is then applied to simulate SERS
spectra of pyridine adsorbed on different plasmonic substrates
(silver, gold, and graphene). Finally, GERS of a widely used
anticancer drug, ie. methotrexate, adsorbed on a graphene
disk, is taken as a case study to showcase the potentialities of
the method. Summary, conclusions, and future perspectives
end the paper.

2. THEORY

2.1. ®FQ and wFQFu. wFQ endows the atoms of the
nanostructure with a charge. In the presence of an external
monochromatic electric field E®(w), the charge can be
exchanged with nearest neighbor atoms as a result of Drude

.69 . 63
conduction” and quantum tunnelling effect.”” For a system
composed of N atoms, charges q can be calculated by solving
the following set of linear equations:*®

(A" - z(w)I)g =R (1)
where A is a real nonsymmetric matrix, which reads:
N
q_ 99 _ 799
Ay = Z Kik(Tkj T;
ket (2)

T is the charge—charge interaction matrix,”® while K is
defined as

A,
_ - Syl ifi #
i ij

0 otherwise

3)

Quantum tunneling effects are taken into account by means of
the Fermi damping function f(r,-i), which exponentially decays
as a function of the interatomic distance r; = Ir;, — r}l (r; is the
position of the i-th atom). Aj;j is an effective area connecting

atoms i and j. Its value is based on the geometry of the system
and has been chosen to best reproduce reference ab initio
values.”"**** It is worth noticing that the A? matrix only
depends on the geometry of the wFQ_system, because it is a
function of the interatomic distance r; only.

The frequency-dependent complex-valued factor z(w) in eq
1 is defined as

w

(wr + i)

2ngt )
where n, is the electron density of the system and 7 is the
scattering time. The electron density depends on the

composition and the morphology of the nanostructure. In

general, for 3D systems n, = ”O/*T
m

z2(w) = —

where o, is the static

conductance of the material and m™* is the effective electron
mass, which for metallic systems is usually approximated to
1.”' For graphene-based structures, this approximation is no
lor61§7ezr valid. Therefore, the electronic density can be written
as

https://doi.org/10.1021/acs.jctc.3c00177
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graphene __ ) _ LOIEN)
ns =—=—
m [7n,n /ve (3)
N
n = a—
7 (6)

where 7,5 is the 2D numeral electronic density of the system,
ay is the Bohr radius, vg is the Fermi velocity, S is the total
surface of the graphene system, and « is the fraction of doping
electrons per carbon atom. Such a number, and thus graphene
plasmonic properties, can be tuned by varying the external
gating, which is directly related to the Fermi energy (Eg),
which determines the numerical value of n, (and thus «) by

Ep = hvg [7nyp (7)

Finally, the right-hand side in eq 1 is defined as®®
N

_ ext ext
Ri - Z (Vi - Vj )Kij
j=1 (8)

where V5™ is the electric potential associated with the external
oscillating field evaluated at position r;, which implies we are
assuming the quasistatic approximation to full EM equations.*®

@FQ has successfully been applied to the simulation of the
plasmonic response of sodium nanostructures and graphene-
based materials.”*™* However, the underlying Drude con-
duction mechanism is not able to reproduce the plasmonic
response of d-metals, as for instance silver and gold
nanoparticles, because interband (IB) transitions play an
essential role.”*””” @FQFu correctly models such effects.”’
There, each atom is endowed with both an oscillating charge g;
and an oscillating dipole p;. The plasmonic response is then
assumed to originate from two different mechanisms: the
Drude conduction, taken into account by the charges, and the
aforementioned IB transitions, which are treated by means of
the dipoles, which account for the polarizability of the d-shell.
By taking into account both terms, and their interaction, the
plasmonic response of metal nanostructures, made by Ag/Au,
could be correctly described.®' The resulting @FQFy equation
reads:

(Aq Aﬂ]_ zZ(w)I 0 (q‘j_[ R ]
TH THH 0 ()1 ||\ 1 B E ©)

where A%, z(w), and R have been already introduced by eq 1.
T#Y and T are the dipole—charge and dipole—dipole
interaction tensors,”’ whereas A* and z'(w) are defined as
follows:
N
B Qi _ Tau

Af = 2K(T = T
k=1 (10)

1
ap(@) (1)

where a(@) is the IB polarizability, which is extracted from
the experimental permittivity function (after removing the
Drude part, see ref 61 for further details). Similarly to @FQ, all
the frequency-dependent terms are collected into a diagonal
shift through the z, z’ functions, and the other terms depend
on the geometry of the system only.

2.2. Coupling to a QM Hamiltonian. wFQ and wFQFu
can be coupled to a QM description of a molecular system in a
QM/MM fashion.”*”®* ®FQ and @FQFu describe the

Z(w) = —

response to an external oscillating electric field. Thus, they
can naturally be translated into a linear response formalism.
However, to achieve a physically consistent description of the
molecule/substrate system, their interaction needs to be
modeled also in the ground state (GS). To this end, the
analogous frequency independent force fields, FQ and
FClF,u,m’géf93 can be exploited. In the following, we first
briefly recall FQ and FQFy for the GS. Then, we present the
linear response formalism for the novel QM/wFQ(Fu)
approaches.

2.2.1. Description of the Ground State. The total energy of
a two-layer QM/FQ(Fu) system can be written as

& = Equ + Equ/rqees) + Erqeen) (12)

where Eqy and Erpq,) are the self-energies of the QM and
FQ(Fu) portions, whereas Eqyrqqr,) indicates their inter-
action energy. The latter term is described as the electrostatic
interaction energy between the QM charge distribution and
the cl';lgsical fluctuating multipoles of the FQ or FQFu force
fields:

N
M
Equseq = D, quQ (r,)
p=1

N
Equ/rqen = Z [quQM(l‘p) - ﬂp'EQM(l‘p)]
p=1 (13)

where the sums run over MM atoms, g, and g, indicate the p-
th FQ and Fu, which are located at position r,, while V& and
EQ are the electric potential and field generated by the QM
portion, respectively.

If we exploit a DFT description of the QM portion, the
ground state density can be determined by means of the
effective Kohn—Sham (KS) equations, which are expressed in
terms of the KS operator hyg. In this work, we use the current
implementation of QM/FQ and QM/FQFu in the Amsterdam
Density Functional (ADF) module”® of the Amsterdam
Modeling Suite (AMS) software package.”” There, the solution
of KS equations is performed through a numerical integration
scheme, in which the KS operator is built over a grid of points
r in the molecular space of the QM portion, i.e.:

N
his(x) = hes(e) + D5 9, 7(d,)
p=1

N
his(x) = his(r) + Y (g, 7°(d,) + 1, T(d,))
p=1 (14)
In eq 14 h¢(r) indicates the KS operator associated with the
isolated QM system, and the QM/FQ and QM/Fu interaction
tensors are introduced. They are defined in terms of the

distance d, between the p-th atom and the grid point (d, = r —
r,) as follows:

d
T(O)(dp) - Ler{_p)
dp a

d d 2d d>
(1) _ P 14 P P
T = ‘H - "P[‘—]

https://doi.org/10.1021/acs.jctc.3c00177
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where d, = Id,| and a = 0.2 au.”® Since the molecular grid is
constructed independently of the MM portion, in order to
avoid numerical instabilities in eq 15, a screened interaction
tensor between the QM grid points and the MM positions is
considered, by analogy to what is reported in ref 97.

2.2.2. Linear Response Theory and SERS Spectra. By
following the approach reported in ref 35, SERS spectral
intensities can be evaluated through the frequency-dependent
complex polarizability tensor (7,1/,((1) ; ). To this end, the first-

order variation of the molecular density under the effect of a
time-dependent perturbation is required, which can be
accessed by means of the linear response theory. In particular,
as a perturbation, we consider a monochromatic uniform
electric field E™(w), linearly polarized along the direction a =
%, ¥, z. The perturbation operator, which acts on the electronic
density, can be written as

VP, w) = V(r, w) + V°(r, @) (16)
where V™ is the electric potential associated with the external
field ™ and V! is the local field operator, which takes into
account the electric field generated by the plasmonic substrate
(PS) as induced by the external field.*® Within wFQ(Fy), the
local field operator reads:

loc

mFQ(r; w)

Z g2 (@)T(d,)

ﬁw“®—2f%ﬁ%ﬂ+ﬂmn@m)
i=p

(17)

gy (®) and p*(@) can be calculated from eqs 1 and 9 by
using V' as the source potential. In the following, we use the
common notation for identifying the molecular orbitals
(MOs): indices i, j for the occupied, a, b for the virtual and
t, 5, t, u for general MOs; moreover, given a quantity X we will
indicate its variation at the first order with respect to the
external electric field component o with X% Given that, the
first order density p*(r, ) can be written as

(@) = Y P @) () + PAw)h (OB (x)
’ (18)

where P%(w) is the first-order density matrix expressed on the
basis of the KS MOs. The nonzero elements of P*(w) are the
off-diagonal ones, which are associated with the occupied-
virtual and virtual-occupied MOs. They can be computed
through the Time-Dependent Kohn—Sham (TDKS) equa-

tions, which read:”®
SR
J\Y Q (19)

(A B
B* A"
where X;, = Pj and Y;, = Pj. Also, the phenomenological
damping factor I', which takes into account the finite lifetime
of the QM excited state, is introduced.”” In addition, the

following quantities are defined:

] W+m(
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Ay = (e, — €)4, w05 + (ailbj) — c (ablij) + lem b
+ CQM/mFQiFﬂ)
B,y = = (ailbj) — ¢ (ajlib) + CgNwaQ’(F")

= <¢i|V(l,pert(r, (U)l@) (20)
where ¢ indicates MO energies, (rsltu) two-electron integrals,
and ¢, and ¢; define whether a pure (c, = 0) or hybrid (c, # 0)
DFT functional is exploited. Two additional contributions to
TDKS equations arise for QM/@wFQ and QM/@wFQFyu: the
local field in the right-hand side (see the definition of Q, and
eq 17), and the so-called i 1ma§e field or direct contribution to
the left-hand side (CXW“FUFK)) 52 The atter is also introduced
in the context of polarizable embedding, such as FQ and FQFpu
for nonabsorbing media, and determines the response of the
MM variables to the perturbed density. Its expression for both
QM/FQ and QM/FQFu methods can be found else-
where.*””%'% On the other hand, the explicit contribution
to the right-hand side is associated with the surface plasmon
resonance and is responsible for the EM enhancement
mechanism in surface-enhanced properties.

Once eq 19 is solved for the input frequency w, the

frequency-dependent polarizability tensor (Yaﬂ(w; ') is

. 101
obtained as

¥,p(w; @) = —t[H ()P’ ()] (21)
where H*(w) is the dipole matrix of the QM system, which
involves both the dipole and the local field operator along the
direction a, i.e.:

H(w) = ($ly, + V"(w)l) (22)
From the physical point of view, the presence of the local field
operator in eq 22 can be explained by the fact that the total
scattered field from the molecule—nanostructures composite
system contains two contributions: the scattered field from the
molecule and the reflected field, which is generated by the
molecule and reflected on the plasmonic nanostructure. In
order to calculate Raman intensities, both fields need to be
taken into account.”’’

Given the frequency-dependent polarizability tensor @(w),
Raman intensities can finally be evaluated by resorting to
Placzek’s theory of Raman scattering.'”>'”® By assuming the
perturbation field to be linearly perpendicular-plane polarized
and the scattered light to be collected perpendicularly to the
incident direction, the Raman intensity associated with the k-th
normal mode can be calculated as'**

(0 — wk)4

Wy

I* {48[af(@; @) + 7[y(w; )]}

(23)

where @ and w;, are the frequencies of the external field and of
the k-th normal mode, respectively, while a’ and y’ are the
isotropic and anisotropic polarizability derivatives with respect
to the k-th normal mode coordinate Q, i.e.:

2
o (w; @)

0Q,

e _ 1L
=3 D

i=x,y,z

[a)(w; )]
(24)

https://doi.org/10.1021/acs.jctc.3c00177
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0(71.1.(@; ') §

0Q,

0a(w; w')

0Q,

3

4

)

! ’ 1
[Vk(w3 w)]2 = E
ij=x,,2

— 9la(w; @)
(23)
The functional form of eq 23 has been obtained under the
assumption that the frequency difference between the incident

and scattered light is negligible.M’104’105 In the general case, the
Raman intensity can be calculated as

(0 — wk)4

IF {45[a)(@ — wy; )’

Wy
+ 7w — wy @) + S[8iw — w; o)} (26)

in which [6'(w;@’)]* is the square of the antisymmetric
anisotropy of the polarizability tensor derivative, i.e.:

0 (w; @) 0T (w; @') §

0Q, 0Q,

! ’ 3
[6i(w; ) = < D
ij=x,y,z

(27)

In the case in which the incident and scattered frequencies are
the same, the latter term is exactly zero and the Raman
intensity is reduced to the one reported in eq 23. If the
difference between the frequencies is large with respect to the
broadness of the plasmonic absorption peak, this approx-
imation may induce some differences in the final computed
SERS intensity. In this work, similarly to other approaches,”***
we have relied on this approximation, and its implications will
be topic of future communications.

3. COMPUTATIONAL DETAILS

Silver and §old NPs’ geometries are constructed by using
OpenMD.'” In particular, cuboctahedron (¢TO), icosahedron
(Ih), and ino-decahedron (i-Dh) morphologies are considered.
Graphene disks’ (GDs) geometries are generated by using the
VMD package'”” by cutting a graphene sheet in a circular
shape with radius r and removing dangling bonds, which only
marginally affect GDs’ plasmonic response.”® For both metal
NPs and GDs, we study SERS signals as a function of the PS
size. To this end, we consider GDs with radius 20 < r < 160 A
and metal NPs composed of a maximum of 10179 atoms (see
also Tables S2 and S3 in the Supporting Information (SI)).
The dipolar plasmon resonance frequency (PRF) of each PS
(see Tables S2 and S3 in the SI) varies from 3.64 to 3.42 eV
for Ag, and from 2.31 to 2.17 eV for Au. In the case of GDs,
the PRF varies from 0.61 to 0.24 eV. In QM/wFQ(Fu)
calculations, pyridine (PY) is described at the QM level by
using BP86 or B3LYP DFT functionals, as coupled with a
double—¢ }golarized (DZP) or a triple—{ polarized (TZP)
basis set.'” To simulate Raman/SERS spectra, frequency-
dependent polarizabilities @(@) are calculated'*”"'® by setting
[ (see eq 19) to 0.10 eV.** The @(w) geometrical derivatives
are obtained by means of a numerical differentiation
scheme'''™'"* by using a constant step size of 0.001 A.
Similar results are obtained by using a step size of 0.0005 A
(see Figure SI in the SI). In this first application, normal
modes of displacement are calculated on the isolated QM
molecule because we expect vibrational frequency shifts
induced by the nanostructure to be negligible, as has been
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shown by previous studies (see for instance refs 35, 40, and
10S). Frequency-dependent polarizabilities and SERS spectra
are calculated by setting the frequency @ as the PRF of each
plasmonic substrate (see Tables S2 and S3 in the SI);
moreover, the final SERS spectra are obtained by convoluting
raw data with Lorentzian band-shapes (full width at half-
maximum (fwhm) of 4 cm™"). The wFQ parameters for GDs
are taken from ref 64, whereas @FQFu parameters for silver
and gold are taken from ref 61. Al QM/wFQ and QM/
@FQFy calculations are performed by using a locally modified
version of the AMS software.”*">

In the following, we evaluate the Raman enhancement
associated with the k-th normal mode in terms of the
enhancement factor (EF):

Ill,cs(w)
I‘l:ac(w)

where I5(w) and I, (w) are the Raman intensities of the k-th
normal mode evaluated for the molecule-PS and the molecule
in gas-phase systems, respectively (see eq 23). Since EF clearly
depends on the selected normal mode, it is convenient to
define a spectrally averaged enhancement factor (AEF) as

follows:*’

EF(w) =

(28)

Zk II’:S(CU)
Y L)

where the indices k and [ run over the normal modes of the
target molecule (in the selected spectral region). As an
additional measurement of calculated enhancement, we also
introduce the maximum enhancement factor (MEF), i.e.:

AEF(w) = 9
29

_ k
MEF(w) = max EF (w) (30)

4. NUMERICAL RESULTS

In this section, we first discuss the capability of QM/@wFQ and
QM/wFQFu to correctly describe the physicochemical
features of the molecule-plasmonic substrates system. To this
end, QM/wFQ and QM/wFQFu approaches are first applied
to the simulation of SERS spectra of pyridine (PY, see Figure
1a), which has been the first molecular system for which SERS
was experimentally observed."”'®''* Also, thanks to its small
size, PY is a perfect prototype to test our novel approach. PY is
adsorbed on two PSs: metal NPs and graphene disks (GDs).

ZT

OH

NS

N

(a) Pyridine

0”7y 0H

(b) Methotrexate

Figure 1. Pyridine (a) and methotrexate (b) molecular structures. In
panel b, we highlight the position { (red), which indicates the center
of MTX aromatic rings, the N8 atom (blue) and the OH (green) of
the y-carboxyl group.
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Figure 2. a) Graphical depiction of PY-Ag cTO (left), Ih (middle), and i-Dh (right) systems; (b) color plot of normalized SERS spectra as a
function of the NP radius; (c) normalized SERS spectra of PY adsorbed on the largest NP structure for each shape; (d) AEF and MEF as a function
of the NP radius. SERS signal is computed at the PRF of each Ag NP (3.54—3.42 eV for cTO; 3.64—3.51 eV for Ih; 3.52—3.42 eV for i-Dh; see also

Table S2 in the SI).

We first validate our novel approach by studying the
dependence of Raman enhancements on the morphology
and the PS chemical composition, the molecule-PS distance,
and spatial arrangement. Finally, we present an application of
the approach to the simulation of a real-case scenario, i.e.
methotrexate (MTX, see Figure 1b), adsorbed on a graphene
disk.

4.1. Model Testing. 4.1.1. Metal Nanopatrticles.
4.1.1.1. Dependence of Enhancement Factors on the
Nanostructure Properties. In this section, we study how the
morphology, the size, and the chemical composition of the PS
affect the SERS signal. To this end, PY is adsorbed on silver
and gold ¢TO, Ih, and i-Dh NPs with a radius varying from
about 6 to 40 A (see Figures 2a and 3a and Table S2 in the SI).
PY is adsorbed standing on the vertex of each structure along
the y axis by setting a distance of 3 A between the Nitrogen
atom and the NP vertex, similarly to previous studies.> The
results obtained by treating PY at the B3LYP/DZP level of
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theory are graphically reported in Figures 2 and 3, for Ag and
Au NPs, respectively (see Figure S2 in the SI for their
analogous calculated at different levels of theory). In particular,
in Figures 2b and 3b SERS spectra of the three different
configurations as a function of the NP radii are reported,
whereas in the corresponding c panels, the dependence of both
AFEF and MEF on the NP radii is graphically depicted. Note
that the introduction of such a screening function guarantees
the stability of the results by changing the DFT integration grid
(see Figure S3 in the SI).

Let us first discuss the results obtained for Ag NPs. By
focusing on Figure 2b, it can be noticed that SERS intensities
strongly depend on the NP size, increasing as the NP size
increases. The enhancement is not the same for all normal
modes. Indeed, the vibrations modulating the components of
the electronic polarizability orthogonal to the NP surface are
associated with larger SERS intensity, because both the
incident radiation and the scattered field benefit from the
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Figure 3. a) Graphical depiction of PY-Au cTO (left), Ih (middle), and i-Dh (right) systems; (b) color plot of normalized SERS spectra as a
function of the NP radius (A); (c) normalized SERS spectra of PY adsorbed on the largest NP structure for each shape; (d) AEF and MEF as a
function of the NP radius. SERS signal is computed at the PRF of each Au NP (2.27-2.17 eV for cTO; 2.29—2.21 eV for Ih; 2.31-2.17 eV for i-

Dh; see also Table S2 in the SI).

EM enhancement. For instance, this is evident for the ring
breathing mode at 1008 cm™" (see Figure S4e in the SI) and
the symmetric bending modes of the a-hydrogen atoms at
1510 and 1622 cm™" (see Figure S4n,p in the SI), which are
characterized by the largest SERS intensities (see also Figure
2c where SERS spectra for the largest NPs are graphically
reported). It is also interesting to note that depending on the
morphology of the NPs, a different SERS spectrum can be
obtained. In fact, Figure 2b shows that SERS spectra obtained
by adsorbing PY on Ag Ih and i-Dh NPs display a significantly
different relative intensity patterns as compared to PY on Ag
cTO SERS spectrum. This is important to remark, as it shows
that the details of the local electric field distribution (such as
electric field gradients) are accounted for in the modeling and
have a visible effect on SERS spectra. A selection of all
enhancement factors of PY adsorbed on selected PS is reported
in Table S4 in the SL

3622

To further analyze such results, Raman enhancements can
be quantified in terms of AEF and MEF (see egs 29 and 30).
Their dependence on the NP radius is reported in Figure 2d,
which shows that the shape of the NP strongly affects their
values. In particular, ¢cTO-based structures yield the largest
enhancement factors as compared to the other considered
morphologies. Interestingly, for small nanostructures, the most
enhanced normal mode is the asymmetric bending of a-
hydrogen atoms at 1388 cm ™" (see Figure S4l in the SI), while
for the largest structures the MEF is associated with the
symmetric bending of the same a-hydrogen atoms at 1510
cm™' (see Figure S4n in the SI). In order to rationalize the
differences between the three different shapes, we can resort to

5 \which states that Raman

the so-called E* approximation,'”
enhancements are proportional to the fourth power of the
electric field induced on the NP. Thus, we define Y, as
follows:
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|Etot(w)|4

Yoo = _/ |Ee"*(w)|4 (1)

where V is the molecular volume, E®'(w) is the total electric
field, whereas E** is the incident external electric field aligned
with NP main axis. E®(w) is computed on a box, with sides
placed at a distance of 1 A from each PY atom. It is worth
remarking that in wFQFp the fluctuating multi goles are
associated with a spherical Gaussian distribution,”"*® which is
taken into account in the calculation of the electric field
intensity.”” The AEE-Y# correlation as a function of the NP
radius is depicted in Figure 4 for Ag cTO, Ih, and i-Dh
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Figure 4. AEF (circles) and normalized Y7, (solid line, see eq 31) for
PY-Ag as a function of the NP radius and morphology (cTO, Ih, and
i-Dh). The SERS signal is computed at the PRF of each Ag NP
(3.54—3.42 eV for cTO; 3.64—3.51 eV for Ih; 3.52—3.42 eV for i-Dh;
see also Table S2 in the SI).

substrates. Note that Y} values are normalized to the largest
AEF for each morphology. Absolute AEF and Y7 values are
reported in Table S4 in the SI. The two data sets quantitatively
differ, probably due to the high inhomogeneity of the electric
field in the proximity of the NP surface, in agreement with ref
3S.

The agreement between AEF and Y7, is almost perfect,
independently of the size and shape of the Ag NPs. Also, we
can justify the larger enhancement factors (AEF and MEF)
reported in Figure 2¢ for ¢TO with respect to Th and i-Dh
arrangements. Indeed, they are due to a greater induced field,
as shown in Figure 4. This is not surprising and is in line with
the results recently reported by us in ref 61, which highlighted
cTO as the most effective morphology to provide near-field
enhancement.

A similar analysis can also be performed by modifying the
chemical composition of the NPs. To this end, we consider the
same NPs shapes, but made of Au atoms (see Figure 3a). As
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recently reported in ref 61, ®FQFpu predicts a dipolar PRF only
for Au NPs with a radius larger than 15 A (see also Table S2 in
the SI). SERS spectra and the AEF/MEF of PY adsorbed on
Au cTO, Ih, and i-Dh arrangements as a function of the radius
are reported in Figure 3b,c,d, respectively.

Similarly to the Ag case, the most intense SERS signals are
associated with the normal modes involving the PY ring (1008
cm™!, see Figure S4e in the SI) and the a-hydrogen atoms
(1510 and 1622 cm™, see Figure S4n,p in the SI, respectively).
However, the computed SERS intensities are much lower as
compared to the PY-Ag case. By inspecting SERS spectra
calculated by considering the largest Au NP (see Figure 3c),
we can indeed notice that slight qualitative discrepancies are
reported with respect to PY-Ag (see Figure 2c). In fact, the
SERS spectra of PY on the selected morphologies are
characterized by similar relative intensities between the most
intense peaks, and the differences among the three spectra are
thus less accentuated than the PY-Ag case.

Computed AEF/MEF indices (see Figure 3d) are also much
lower as compared to the PY-Ag case, independent of the NP
shape. In this regard, it is worth highlighting that Au PRF is
lower than Ag PRF (~22 eV vs ~3.5 eV), and this also
numerically affects the Raman intensities of the molecule in the
gas phase. However, the noticeable decrease of AEF/MEEF is
primarily due to the fact that the electric field generated by the
dipolar plasmon of Au NP is much less intense than for Ag.
Therefore, a smaller enhancement of the Raman intensities is
observed. This is demonstrated by the numerical values of
AFF, and by the fact that the correlation between AEF and Y3
worsens (see Figure SS in the SI). The reported behavior of Au
nanoparticles (see Figure SS in the SI) has also been previously
reported by exploiting other QM/classical approaches.”

In case of Au, the E* approximation is less accurate, probably
because the local field is less intense. In fact, AEF results from
the mixing of vibrational normal modes that are enhanced
according to different powers of the electric field, up to E*.
When the local field experienced by the molecular system is
large, the E*-dependent vibrational normal modes will
dominate the AEF value, thus clearly complying with the E*
approximation (see Section SI in the SI for further details).

4.1.1.2. Dependence of AEF on PY-NP Distance. As it has
been stated in section 2.2, the local field plays a key role in the
enhancement of Raman intensities. In this section, we study
how AEF behaves as a function of the distance between the
molecule and the PS. As a proof of concept, we consider again
the case of PY adsorbed on the largest Ih Ag NP (10179
atoms, radius = 38.30 A, see Table S2 in the SI), for which we
compute the SERS spectrum by increasing the distance d
between the Nitrogen atom and the PS tip. QM/wFQFu
results are reported in Figure S for 3 < d < 10 A. Analogous
results for Au NP are given in Figure S6 of the SI.

As expected, Figure S clearly shows that Raman intensities
rapidly decay by increasing d (~d*). In particular, AEF
decreases from about 1000 at d = 3 A to about 14 at d = 10 A.
A similar behavior is observed for MEF. In particular, for d < 4
A, MEF is associated with the symmetric bending of the a-H
(1510 cm™, see Figure S4n in the SI), while for d > 4 A the
asymmetric bending of the same hydrogens (1098 cm™, see
Figure S4h in the SI) yields the maximum enhancement.

To rationalize these findings, AEF values as a function of d
can be compared to the aforementioned E* approximation. To
this end, we compute the induced electric field in the
molecular PY volume as a function of the PY-PS distance.
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Figure 5. (a) Graphical depiction of PY-Ag;;79 Ih system; (b) color
plot of normalized SERS spectra as a function of the PY-NP distance
d (A); (c) AEF, MEF, and normalized Y% as a function of d. The
SERS signal is computed at the PRF of the Ag NP (3.51 eV, see also
Table S2 in the SI).

Such values are graphically depicted in Figure Sc (see Figure
Séc in the SI for the Au NP case). As also commented above
for Figure 4, both the approximated estimation Y}, and
computed AEF rapidly vanish as the distance increases. Indeed,
it can be noticed that the curves follow a different trend as a
function of the distance, which can be ascribed to the fact that
AEF comes from the average of different enhancement factors
associated with vibrational normal modes according to
different powers of the electric field, up to E*. Also for Au
(see Figure S6c in the SI), small discrepancies are reported,
probably related to lower local field effects compared to Ag.
Absolute AEF and Y7, values are reported in Table S7 in the
SL

4.1.1.3. Dependence of AEF on Molecule-PS Config-
uration. In the previous examples, we have discussed how
SERS spectra might depend on the NP morphology and
chemical nature of the atoms constituting the NP, as well as on
the mutual molecule-NP distance. In this section, we discuss
how the relative configuration of the molecule-PS system affect
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the SERS spectrum and enhancement. As a proof of concept,
we consider three different PY adsorption positions on Ag;o;79
ITh NP. The most representative points of the icosahedral
structure are selected (see Figure 6, bottom): vertex (PY-V,
red dot), edge (PY-E, green dot), and face (PY-F, blue dot). In
all configurations, PY is adsorbed perpendicularly to the NP
surface at a distance of 3 A, with the nitrogen atom laying
closest to the NP. As for the previous cases, the Raman signal
is computed by means of eq 23, by irradiating the PY/Ag;4;79
system with an external electric field polarized along the x, y,
and z directions. Calculated QM/wFQFu SERS spectra are
graphically reported in Figure 6, together with the computed
Raman spectrum of PY in the gas phase.

As a result of the PY-NP interaction, the Raman spectrum
undergoes drastic changes when moving from the in vacuo to
the adsorbed case. This can be particularly appreciated by the
changes in relative intensities between the two most intense
Raman peaks in vacuo, which are associated with the ring
breathing (1008 cm™', see Figure S4e in the SI) and the
symmetric bending of the a-H (1053 cm™’, see Figure S4f in
the SI), respectively. Indeed, for all the selected absorption
sites, the relative intensity of the bending mode (1053 cm™)
decreases with respect to that of the ring breathing mode
(1008 cm™), almost vanishing in the case of PY-V (red).
Other major differences for PY-F (blue), PY-E (green), and
PY-V (red) are reported, for which the relative intensity
between the most intense peaks (1000—1100 cm™) and the
other dominant bands completely differ with respect to the gas
phase.

The spatial PY-PS arrangements not only affect the spectral
shape but also the enhancement factors. In this respect, AEF
for PY-V is 2 orders of magnitude larger than the values
computed for both PY-F and PY-E configurations. The same
trend is also observed for MEF, which is interestingly
associated with different normal modes depending on the
relative PY-PS position. In fact, normal modes involving a-H
atoms feature the maximum enhancements for all cases
(graphically highlighted in Figure 6 with a star): symmetric
bending (PY-V case, 1588 cm™', Figure S4n in the SI),
asymmetric bending (PY-F case, 1388 cm™}, Figure S4l in the
SI), and out-of-plane vibrations (PY-E, 956 cm™', Figure S4b
in the SI). Such differences are directly related to the relative
PY-PS arrangements and are intuitively associated with normal
modes providing the largest polarizability variation.

All the reported differences, in both computed SERS spectra
and AEF/MEEF values, can be related to the inhomogeneity of
the electric field induced by the geometrical shape of the Ag
NP, which clearly differs by moving for the vertex (PY-V) to a
face (PY-F) of the Ih morphology. In fact, the largest changes
with respect to the gas-phase spectra/values are predicted for
the PY-V configuration (red), for which we observe the largest
AEF (~10%) and a drastically different Raman spectrum. Such
findings are perfectly explained by the tip effect,’” which
characterizes most plasmonic materials. In fact, in the PY-V
configuration, PY is adsorbed to the sharpest region of the Ih
NP.

In order to show the effect of the inhomogeneity of the
electric field in the surroundings of metal nanoparticles, we
have performed additional calculations on the pyridine/Ag; ;7
system in the Ih morphology by changing the relative position
of the molecular substrate with respect to the tip of the Ih
nanostructure (see Figure S7 in the SI for more details). For
each of these configurations, SERS spectra and AEF values
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have been computed, and the results are reported in Figures S7
and S8.

4.1.1.4. Comparison with Available Experiments. To
conclude the discussion, we compare our QM/wFQFu
calculations with experimental data available in the literature
(Figure 7 (a-Ag, b-Au)."'*""” We note that our calculations are
based on an ideal representation of experimental conditions.
Instead, measured spectra result from the interplay between
several effects which are not necessarily accounted for in the
modeling, such as solvent effects, the coating of the metal
electrode, external bias applied, impurities and the roughness
of the metal surface. For these reasons, similarly to previous
computational studies,®® the comparison between our results
and experiments may only be qualitative.

Let us first focus on PY SERS on the Ag electrode, for which
experimental spectra at different bias potential have been
measured (see Figure 7).''® The experimental spectrum at
zero bias (0.00 V) is dominated by two bands at about 1000
and 1050 cm ™, whose relative intensities are inverted at higher
voltages (see bottom panels). Remarkably, the same bands are
also the most intense in computed QM/wFQFu SERS spectra,
for all investigated PY-PS configurations. Another relevant
feature of experimental SERS spectra is the band at about 1200
cm™, which only becomes visible by increasing the external
bias (see bottom panels in Figure 7). For this reason, such a
band has been commonly associated with a CT mechanism. As
stated above, QM/wFQFu only accounts for the EM
mechanism. Remarkably, and differently from previous
models,”® our approach is able to predict such a feature,
because the 1200 cm™ peak is almost absent in the SERS
spectrum of the most intense configuration (PY-V, top panel),

thus confirming previous hypotheses assigning that band to CT
effects.

Similar qualitative trends hold for the Au substrate. Indeed,
the experimental SERS spectrum (which refers to an unbiased
electrode) is dominated by the bands at about 1000—1050
cm™'. A similar behavior is observed in the computed
spectrum. In addition, the band at about 1200 cm™ is almost
absent in both experimental and theoretical SERS spectra.

4.1.2. Graphene Disks. In order to show the versatility of
QM/@FQ(Fu), here we extend the previous study to PY
adsorbed on 2D graphene-based substrates,""®"'? which to this
end, is a set of 8 GDs with a radius 20 < r < 160 A (see also
Table S3 in the SI). PY is assumed to be adsorbed on the GD
center of mass, parallel to the GD surface at a distance of 3 A
(see Figure 8a). Such a distance is chosen because it is close to
the equilibrium PY-GS distance reported in the literature."*’
For each PY-GD, GERS spectra are calculated at the B3LYP/
DZP level of theory, and the results are reported in Figure 8b.
Note that, in all calculations, E; = 0.4 eV, according to typical
reported Fermi energy values."”"'** We note, however, that
the PRF of graphene-based materials can be tuned by varying
the external bias, thus affecting Er. When applied to GERS,
such a feature can be exploited to make the PRF coincide with
a molecular excitation of the system under investigation, thus
resulting in a pragmatical method to yield resonance Raman
assisted by graphene plasmons. Although our approach is
general enough to account for such an effect, this is not
investigated in this first work.

From the analysis of GERS spectra, we first note that Raman
relative intensities are different from those reported in the case
of PY-metal NP systems (see Figures 2 and 3), with the
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presence of additional peaks. The latter are mainly related to
normal modes involving the vibrations of § and y H atoms of
the pyridine ring (1181 and 1274 cm™, see Figure S4ik in the
SI). This is the result of the PY-GD morphology under
investigation. In fact, the parallel configuration of the PY ring
with respect to the GD plane allows for a large variation of the
polarizability associated with the aforementioned normal
modes. Nevertheless, GERS spectra are still dominated by
the PY ring breathing and the asymmetric bending of the «
hydrogens (1000—1100 cm™"), as already reported for the case
of metal NPs. The most relevant dissimilarity between the two
substrates is the dependence of GERS spectra on the GD r. In
fact, Figure 8 clearly shows that for a large r (>120 A) the
Raman signal vanishes as compared to for a small r (<40 A),
thus reporting the opposite trend as compared to metal NPs
(see Figures 2b and 3b).

To rationalize this trend, AEF values as a function of r are
reported in Figure 8d. Absolute AEF and Y} values are given
in Table S5 in the SI. Different from metal NPs, in this case the
two data sets are almost in perfect agreement, even
quantitatively. This is related to the absence of inhomogene-
ities in the induced field at the center of the graphene disk.

A local maximum is observed for r = 40 A, which rapidly
decays for larger r values. As for the metal NPs, the electric
field generated by the GD increases with the radius. Therefore,
a larger enhancement of the Raman intensity is expected.
However, for the specific configuration of the GD system, the
electric field is much more intense on the edges (see ref 60).
Since the distance between PY (adsorbed on the GD center of
mass) and the GD edges increases with r, the enhancement

3626

factor and the Raman signal decrease as compared with small r
(see Figure 8b). The combination of such effects is responsible
for the local maximum in the 40 A case, in which the electric
field at the center of the GD is large enough to substantially
increase Raman intensities and therefore PY enhancement
factors. Indeed, the trend of AEF as a function of GD r can be
explained by means of the Y* approximation, analogously to
metal NPs. The correlation between AEF and Y7, is shown by
Figure 8d; the agreement is almost perfect, thus justifying the
reported behavior in terms of EM enhancement.

We finally remark that our methodology can in principle
simulate all possible PY-GD configurations. However, in this
work we have restricted the analysis to the selected geometry
because it better represents, from the physicochemical point of
view, the most favorable configuration of a target molecule
adsorbed on a graphene sheet, i.e. far from the edges. Within
this picture, in fact, we aim to mimic the common
experimental setup that is generally constituted of a graphene
substrate with intrinsic dimensions much larger than those
considered in this work.”” We point out that different PY-GD
configurations can provide higher enhancements, as we have
recently reported in ref 60.

4.2. Increasing the Chromophore Complexity: Me-
thotrexate Adsorbed on Graphene Disks. In this section,
we discuss the application of the model to a realistic case, i.e.
methotrexate adsorbed on a graphene disk (see Figure 1b for
the molecular structure). Differently from PY, MTX is a
flexible molecule. Therefore, reliable modeling needs to
account for the different conformations. To this end, we
perform molecular dynamics (MD) simulations by using
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J. Chem. Theory Comput. 2023, 19, 3616—3633


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00177/suppl_file/ct3c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00177/suppl_file/ct3c00177_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00177?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00177?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00177?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00177/suppl_file/ct3c00177_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00177?fig=fig7&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

a)
b)
__ 800 12
T 3
€ 1000 £
n =1
£ 1200 =
E I
5 1400 <
@ m
g 1600 -
1800 0 £
c)
5 1
£
&
2
n
C
3
c
C
g, " A
©
o T T T T T T
800 1000 1200 1400 1600 1800
d) Wavenumbers (cm™!)
10000 -
w
w
< 5000 A
0 T T

T T
120 160
Figure 8. (a) Graphical depiction of the PY-GD system. (b) Color
plot of normalized SERS spectra as a function of the GD radius r (A).
(c) Normalized SERS spectra of PY adsorbed on a GD with r = 40 A,

(d) AEF and Y{, as a function of r. The SERS signal is computed at
the PRF of each GD (0.61—0.24 eV, see also Table S3 in the SI).

ReaxFF,'*”"** within its dedicated engine'*” in the Amsterdam
Modeling Suite (AMS).” The ReaxFF force field developed in
ref 126, and which has been reported to reliably describe
graphene-based systems, is employed.'"”’ Temperature is
maintained at 300 K by using a Nosé—Hoover chain (NHC)
thermostat,"*® with a damping constant of 100 fs. In NPT
simulations, constant pressure is enforced by using the
Martyna—Tobias—Klein barostat with a damping constant of
100 fs."*” 20 layers of graphite, composed of S0 atoms each,
are prepared in a 3-D hexagonal periodic cell with lattice
parameters a = b = 12.3 A and ¢ = 67.1 A. A 100 ps NPT
calculation is then run by imposing a pressure of 1 atm in all
directions. At this point, the simulation box is enlarged so that
a="b=6252A and c = 100 A, and only 10 layers of graphite,
formed by 1250 carbon atoms each, are kept. Then a 50 ps
NPT simulation is performed by imposing a pressure of 1 atm
in the planar directions. No substantial changes in the values of
a and b are detected during pressure equilibration. After this,
MTX is thermalized in an empty 3-D hexagonal periodic box

3627

with lattice parameters a = b = 62.52 A and ¢ = 100 A by
means of a 62.5 ps NVT simulation. Thermalized MTX is then
placed at a distance of ~10 A from the equilibrated graphitic
surface and a production NVT simulation of 375 ps is
performed. After 125 ps, the temperature is equilibrated and
the center of the aromatic rings of MTX ({-point in Figure 1b)
is adsorbed at an average distance of ~3.42 A from the first
graphitic layer, in agreement with previous studies.'*° Notably,
during the adsorption process, we observe the intramolecular
hydrogen transfer between the y-carboxyl group (green circle
in Figure 1b) and the N8 atom (blue circle in Figure 1b).

After MTX adsorption, we extract S000 snapshots from the
remaining 250 ps of the production run. MTX geometries are
processed by means of the GROMOS"" clustering approach
as it is implemented in the 2020.3 version of the
GROMACS"*'** software. As a result, only two MTX
geometries are selected, representing 68.7% (MTX1) and
28.8% (MTX2) of the total configurational space. The two
structures are reported in Figure 9b (see also Figure S9 in the
SI).

To simulate MTX GERS, we remove the graphitic substrate,
and we substitute the first layer by a perfect GD with r = 16 nm
(GD16, see Table S3 in the SI) on the center of which MTX is
adsorbed. MTX1 and MTX2 Raman (in gas phase) and GERS
spectra are finally computed at the B3LYP/DZP level of
theory, by setting Ex = 0.4 eV (PRF = 0.24 eV). Spectra are
reported in Figure 9a.

MTX1 and MTX2 Raman spectra, both in the gas phase and
adsorbed on GD16, qualitatively differ, as they are charac-
terized by a shift in vibrational frequencies, and in relative
intensities of the main bands. Indeed, while the MTX1 Raman
spectrum is dominated by the presence of intense bands in the
low energy region (between 600 and 800 cm™'), the MTX2
spectrum reports diverse intense peaks in the whole considered
spectral range. The different MTX1 and MTX2 spectral
fingerprints reflect the intrinsic dissimilarity in MTX
conformations, as expected from the clustering process.
When moving from the gas phase to the adsorbed
configuration, both MTX1 and MTX2 Raman spectra are
enhanced by an AEF of about 900. However, Raman spectra
undergo small qualitative variations. Such findings can be
rationalized by considering that the plasmonic electric field
generated by the GD is strongly inhomogeneous at the GD
edges, while at the GD center it is almost uniform. Therefore,
we expect that the electric field felt by each normal mode is
essentially uniform, although more intense than in vacuo. To
analyze this hypothesis from a quantitative point of view, we
compute for both structures the EFs associated with each
normal mode (see eq 28), which are graphically depicted in
Figure 10a. In particular, for each normal mode, EFs are
plotted with a color scale that follows the intensities of the
corresponding Raman peak.

Except for a few outliers, all computed EFs are almost equal
independent of the normal mode and fall around the AEF
(about 900). The normal modes featuring the highest EF are
depicted in Figure 10b. However, these modes are associated
with rather low-intensity bands. On the contrary, EFs
computed for the most intense Raman peaks, which dominate
the computed spectra, are almost constant at a value of around
900. As it can be noticed, it is difficult to find a correlation
between the most intense normal modes of both conformers
because they are localized on separated regions of the MTX
structure, independent of the distance with respect to the GD
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surface. In light of the above discussion, this is not surprising.
In fact, the presence of the GD yields an almost uniform
increase of the Raman bands as compared to the case in vacuo,
without greatly affecting their relative intensities. Thus, the
most intense peaks are related to the same normal modes that
provide the most intense bands in the gas-phase Raman
spectrum.

To conclude the discussion, in Figure 11 we report the
MTX/GD16 GERS spectrum as obtained by averaging MTX1
and MTX2 spectra, which are also graphically depicted.

The most important contribution to the Raman spectrum is
due to the MTX1 structure (68.7%). Therefore, only the most
intense peaks of MTX2 arise noticeably in the averaged
spectrum. MTX2 bands, however, drastically affect the final
GERS spectrum, which does not present anymore the spectral
fingerprints related only to MTX1 or MTX2. Moreover, the
final spectrum is particularly noisy, especially in the high-
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frequency region. This is essentially due to small differences
between the vibrational frequencies of the two conformers.

Finally, it is worth pointing out that, for the system under
consideration, graphene is able to provide a significant EM
enhancement, comparable to specific metal NPs, such as Au
surfaces.'**

5. SUMMARY, CONCLUSIONS, AND FUTURE
PERSPECTIVES

In this work, we have presented a new methodology to
simulate the Raman spectrum of molecular systems, described
at the QM level, adsorbed on plasmonic substrates, treated in
terms of wFQ and wFQFu classical atomistic and frequency-
dependent force fields. The resulting multiscale approach is
particularly versatile because the underlying wFQ(Fu)
approach is able to accurately describe the plasmonic response
of both metallic nanostructures and 2D graphene-based
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substrates.”>"*%® The performance of QM/wFQ(Fu) has
been tested on PY adsorbed on Ag/Au nanostructures and
graphene disks. The enhancement factors of the Raman
intensities have been studied as a function of the PS size, the
PY-PS distance, and the relative PY-PS orientation, and the
qualitative trend has been compared with the E* approx-
imation. The largest enhancement has been obtained for silver
cTO structures, with an average enhancement factor of about
5000. Such an analysis has allowed confirming that the
developed approach is able to correctly describe the EM
enhancement in SERS/GERS spectroscopies. Thus, as a final
application, we have presented an application of the approach
to a realistic case, i.e. methotrexate adsorbed on a graphene
disk, for which we also investigate the configurational
populations as computed by means of ReaxFF MD
simulations. The computed GERS spectrum shows that,
although GD is able to enhance the Raman bands by a non-
negligible factor of about 900, the GD substrate is not able to
discriminate between vibrational normal modes.

Our approach has the potential to become a reliable and
efficient tool for the simulation of optical properties of
molecular systems adsorbed on plasmonic substrates and
might become a viable tool for the experimental design of
innovative nanostructured materials able to maximize the
enhancement of Raman intensities of a target molecule. To this
end, it is worth noting that the current computational
bottleneck in QM/wFQFu is the cost associated with the
solution of ®FQ/wFQFy linear systems (see eqs 1 and 9),
which can be overcome by resorting to efficient approaches
that have been recently tested by some of the authors.’”® In
particular, with the aid of on-the-fly iterative techniques, we
can largely increase the size of the treatable plasmonic
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nanostructures, to reach the typical dimensions exploited in
real experiments. The latter would also benefit from taking into
account the interaction of the molecular system and substrate
with a solvating environment.
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