THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY-NC-ND 4.0 @ ® @ @

pubs.acs.org/JPCC

Theoretical Procedure for Precise Evaluation of Chemical
Enhancement in Molecular Surface-Enhanced Raman Scattering

Published as part of The Journal of Physical Chemistry C special issue “Celebrating SO Years of Surface
Enhanced Spectroscopy”.

Roberto A. Boto,* Rubén Esteban,* Bruno Candelas, and Javier Aizpurua*

Cite This: J. Phys. Chem. C 2024, 128, 18293-18304 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: The enhancement of the molecular Raman signal in Enhancement contributions to SERS
plasmon-assisted surface-enhanced Raman scattering (SERS) Bi/B|  Electromagnetic e

results from electromagnetic and chemical mechanisms, the latter Fé * £ .

determined to a large extent by the chemical interaction between ‘\‘ ; 'E 10 Total SERS
the molecules and the hosting plasmonic nanoparticles. A precise . ; S

quantification of the chemical mechanism in SERS based on £ 102 Chemical
quantum chemistry calculations is often challenging due to the %

interplay between the chemical and electromagnetic effects. Based E Electromagnetic
on an atomistic description of the SERS signal, which includes the 10°

effect of strong field inhomogeneities, we introduce a compre- Cluster size
hensive approach to evaluate the chemical enhancement in SERS,

which conveniently removes the electromagnetic contribution inherent to any quantum calculation of the Raman polarization. Our
approach uses density functional theory (DFT) and time-dependent DFT to compute the total SERS signal, together with the
electromagnetic and chemical enhancement factors. We apply this framework to study the chemical enhancement of biphenyl-4,4'-
dithiol embedded between two gold clusters. Although we find that for small clusters the total SERS enhancement is mainly
determined by the chemical mechanism, our procedure enables removal of the electromagnetic contribution and isolation of the
contribution of the bare chemical effect. This approach can be applied to reproduce and understand Raman line activation and
strength in practical and challenging SERS configurations such as in plasmonic nano- and pico-cavities.

1. INTRODUCTION the molecules and the metallic surface of the plasmonic active
nanostructure.”* ' Quantum chemistry calculations within
density functional theory (DFT) of molecules interacting with
plasmonic surfaces predict that the CHEM mechanism can
contribute with a factor of up to 10° to the nonresonant SERS
enhancement.”” ™

The interplay between the EM and CHEM mechanisms is
not yet fully and systematically captured. Common approaches
to evaluate the contribution from both mechanisms to the total
SERS enhancement assume that both contributions can be
obtained independently using different approaches.*”*¥*>3
The EM contribution is calculated from the plasmonic
response of the hosting metallic nanostructure, as obtained
by solving the classical Maxwell’s equations. The contribution
of the CHEM mechanism is computed by solving the

Surface-enhanced Raman scattering (SERS) is a molecular
spectroscopy technique based on the enhancement of the
Raman signal of molecules located near metallic surfaces,
thanks to the excitation of localized surface plasmons."” First
discovered by Fleishman et al.® in 1974, SERS is today a
mature technique for molecular detection and quantitative
characterization with applications in strategic fields such as
biosensing,*° electrochemistry,” food industry,”” and photo-
voltaics cells,"”'" to cite a few.

The enhancement factor of the molecular Raman signals in
SERS is often estimated to ramge12 from ~10° to ~10'" and
has been traditionally ascribed to two independent mecha-
nisms: the electromagnetic (EM) and the chemical (CHEM)
mechanisms. The EM mechanism results from the enhanced
and strongly confined EM field sustained by the localized

surface plasmons, and it is usually considered to be the main Received: May 27, 2024
contribution to the SERS enhancement factor.”>”>* Under Revised:  August 20, 2024
certain conditions,”**® the contribution of the EM mechanism Accepted: August 22, 2024

to the SERS enhancement factor can be as large as 10'° In Published: October 17, 2024

contrast, the CHEM mechanism in (electronically) non-
resonant SERS arises from the chemical interaction between
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Schrodinger equation (typically using DFT) of a model system
consisting of a molecule interacting with small metallic clusters
that mimic the environment of the molecule in SERS
experiments. This later approach typically assumes that the
enhancement obtained from the DFT calculations is only due
to the CHEM mechanism and often approximates the Raman
polarizability with a two-state model.”>*”** However, the
solution of the Schrédinger equation also captures, in principle,
all the polarization-driven enhancing effects in the system,
including the local enhancement of the EM fields produced by
the polarization of the metallic clusters, which underlies the
EM mechanism. By assuming that only the CHEM mechanism
is responsible for the enhancement in such small metallic
clusters, its magnitude could be overestimated. Attempts to
isolate the contribution of the EM mechanism to the SERS
enhancement factor have also been implemented in previous
studies by solving the Schrodinger equation using semi-
empirical methods.”>*”

In this work, we present a comprehensive approach based on
full ab initio calculations to quantitatively extract the CHEM
contribution from the total SERS enhancement factor by
subtracting the EM contribution and apply this methodology
to a canonical system of an organic molecule in a metallic gap
formed by two clusters. This approach uses DFT calculations
to obtain the Raman polarizability of the molecule attached to
the small metallic clusters, time-dependent DFT (TDDFT)
simulations to obtain the EM fields induced by the metallic
clusters, and the calculation framework developed by Zhang et
al. to address Raman spectroscopy under inhomogeneous EM
fields.*>*' By applying this methodology, we are able to
quantify the CHEM contribution to the SERS signal emitted
by the molecule biphenyl-4,4'-dithiol (BPDT), embedded in
two gold clusters formed by up to 1, 4, 10, and 20 atoms each
that represent the chemical environment of the molecule when
it lies in a plasmonic cavity.

2. THEORETICAL METHODS

We optimize all the structures with the code Gaussian16"
using DFT. To obtain the structure of the gold clusters, we first
optimize the structure of the gold cluster formed by 20 atoms
with the exchange—correlation functional B3P86,"** as this
functional yields structures with harmonic frequencies that
agree well with experimental values,” and the basis set
LANL2DZ.*® We use this structure to obtain the structures of
the clusters of 10 and 4 gold atoms by removing 10 and 16
atoms, respectively. We then build the gaps formed by two
clusters in the tip-to-tip configuration. To optimize the BPDT
molecule in the complex [Au,-BPDT-Au,]** (n = 4, 10, 20),
we follow a two-step procedure: we first optimize the
separation distance between the clusters (gap thickness); we
then relax the structure of the molecule inside the gap using
the optimized separation distances obtained in the first step
(see Section S7 in the Supporting Information for further
details).

In the first of these two steps, we optimize the gap thickness.
We selected an initial separation distance of 19 A between the
gold clusters and placed the molecule inside the gap. The
interaction between the molecule and the clusters impacts their
configuration (symmetry and orientation), thus modifying the
configuration of the gap. To account for the effect of the
interaction between the molecule and the gold atoms on the
gap thickness but without altering the configuration of the gap,
we replace the hydrogen atoms attached to the sulfur atoms

with gold atoms. We then relax the structure of the BPDT
molecule with the single gold atoms attached but freeze the
position of the atoms of the clusters, so their positions are not
altered during the optimization process. We use in this step the
standard B3LYP exchange—correlation functional”® and the
basis set 6-31G(d,p)*’ for the carbon, hydrogen, and sulfur
atoms. For the gold atoms, we use the LANL2DZ basis set.*
We define the gap thickness as the distance between the gold
atoms attached to the sulfur atoms, and thus the optimized
separation distances are 13, 14, and 14 A for the gaps formed
by the clusters of 20, 10, and 4 gold atoms, respectively. In the
case of the gap formed by two gold atoms in [Au-BPDT-Au]*",
we select a separation distance of 15 A as we observed that for
shorter distances, the two gold atoms reduce the symmetry of
the molecule.

In the second step, we use the separation distances obtained
previously to optimize the structure of the molecule in the
complex [Au,-BPDT-Au,]** (n = 1, 4, 10, and 20). In this step,
we remove the single gold atom placed between the molecule
and the clusters, so that the molecule is directly bonded to the
clusters. We use the standard B3LYP, exchange—correlation
functional,”’ which produces fundamental frequencies in good
agreement with experimental measurements,  and the basis
set 6-31G(d,p) for the carbon, hydrogen, and sulfur atoms. For
the gold atoms in the complex [Au,-BPDT-Au,]*" (n = 1, 4,
10, and 20), we use the LANL2DZ basis set.*® To account for
noncovalent interactions, we add the empirical dispersion
correction D3 of Grimme et al.*® with the damping function of
Becke and Johnson (BJ).* During optimization of the
molecular structure, we freeze the positions of the gold
atoms. Thus, we avoid that atomic displacements of the gold
atoms in the clusters could modify the configuration (distance
and orientation) of the cluster dimers (see Section S11 in the
Supporting Information for calculations of relaxed cluster
structures). Similarly, we freeze the positions of the gold atoms
during the calculation of the vibrational modes to remove the
effect of modes delocalized between the clusters and the
molecule. To ensure that the frontier molecular orbitals are
localized in the molecule, we compute all of the complexes
[Au,-BPDT-Au,] with charge +2 atomic units (a.u.). Vibra-
tional frequency analysis does not reveal any imaginary
frequency confirming that all the molecular structures
correspond to the minima of the potential energy surface.
We use the same theory level to compute the vibrational
frequencies, as well as the Raman polarizabilities in the absence

(@™™) and in the presence (@°°*°) of the gold clusters.
To obtain the induced Raman dipole of the molecule in free-

space p™™, we compute @™ for the molecule oriented in such
a way that the main molecular axis (the axis defined by the line
that connects the sulfur atoms) is parallel to the z-direction.

We then compute p™*™ from @&"*™ for incident light polarized
along the z-direction of energy 0.5 eV and a temperature of
289.15 K. For the calculations of the Raman signal scattered by
the molecule bonded to the gold clusters, we rotate the clusters
such that the gap between them is aligned along the z-direction

and compute the induced Raman dipole p**** using the Raman

polarizability of the Au,-BPDT-Au, complex, @™ and

considering again incident light polarized along the z-direction
of energy 0.5 eV. The energy of the incident light is away from
any electronic resonance of the molecule and from EM
resonances of the cluster and thus facilitates the extraction of
the (nonresonant) chemical enhancement.

https://doi.org/10.1021/acs.jpcc.4c03491
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To obtain the EM contribution to the SERS enhancement,
we compute the local EM field E° for each cluster dimer in
vacuum. First, we compute the ground state of the cluster
dimers with the SIESTA package,”’ using the PBE func-
tional,”"** which has also been shown to correctly rggroduce
the optical response of small cluster nanoparticles,”” and a
double-{ polarized basis set as implemented therein. We then
compute the EM fields induced by an incident plane-wave
polarized along the z-axis direction on a regular grid using the
efficient linear-response method implemented in the PyNAO
(Python Numeric Atomic Orbitals) code,’* and the same
exchange—correlation functional and basis set used to obtain
the ground state of the cluster dimers. To obtain the induced
Raman dipole of the molecule within the EM field induced by
the clusters (p®) in eq 3, we evaluated the local EM field at
the atomic positions corresponding to the molecular structures
obtained with DFT by interpolating the previously computed
induced fields on the regular grid.

Molecule—cluster aggregates often exhibit charge-transfer
excitations whose accurate description requires range-sepa-
rated corrected DFT functionals. We study in Section S9 of the
Supporting Information the impact of charge-transfer effects
on the Raman signal by comparing the Raman spectra
obtained with B3LYP-D3(BJ) and CAM-B3LYP-D3(BJ),”
the latter properly accounting for charge-transfer excitations.
We show that for off-resonance conditions and for the selected
systems, the Raman spectra computed with these two
functionals do not affect the conclusions significantly.

3. RESULTS AND DISCUSSION

3.1. Raman Spectrum of BPDT. We first address the
Raman signal of the molecule of choice, bare BPDT molecule
(molecular structure shown in the inset of Figure 1a). We plot
in Figure la the Raman spectrum of BPDT in free-space
between 200 cm™' and 1800 cm™', where we display the

Ram
Stokes differential Raman cross-sections ( {;"Q

) computed in

the 90°-scattering configuration, corresponding to detecting
the light56 emitted in a direction perpendicular to the direction
and polarization of the incoming light as a function of the
wavenumber of the vibrational excitations (1,). For the bare

Ram

BPDT molecule, we compute (;kg for an oscillating dipole in
free-space as
dUkRam (winc _ kaam)4 |erad.PRam|2
dQ 167°cjegIE™ P (1 — e~hoe™/ ()

3 d _ Ramri 2
e — a)kRam)4 |Zi,j=1 eira ai}' mE;nc(winc)l

2 4_2 pincp2
167 cyey|E™]

(w

(1 _ e—hwkk"m/(kBT))
(1)

with g the vacuum permittivity, c, the speed of light in free-

space, kg the Boltzmann constant, T the temperature, and @;,.

the angular frequency of the incident EM field E™. o™, p**™,

and a};‘m are the angular frequencies of the Stokes signal, the
induced Raman dipole moment, and the element i-th, j-th of
the Raman polarizability tensor & *" of the vibrational mode
U (@) is the j-th component of the amplitude of the
incoming EM field E™ at frequency wy,, and ¢4 a unit vector
along the direction of the polarization of the emitted EM field.

To obtain p**™, we calculate @™ and @™ using DFT with
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Figure 1. Raman spectrum of biphenyl-4,4'-dithiol (BPDT): (a)
Stokes differential Raman cross-section (do™*™/dQ) of the bare
BPDT molecule as a function of the vibrational wavenumber between
200 cm™! and 1800 cm™. The inset shows a molecular model of the
minimum energy structure of BPDT, where the gray, white, and
brown spheres represent the atoms of carbon, hydrogen, and sulfur,
respectively. (b) Atomic displacements (blue arrows) corresponding
to the vibrational modes v4 (red rectangle), vy, (blue rectangle), v
(green rectangle), and v,5; (orange rectangle) of BPDT. The
wavenumber of these modes are 1652 cm™, 1315 cm™!, 1123
ecm™, and 420 cm™, for v, 11y, Uy, and v,g, respectively. (c) Stokes

differential Raman cross-section (dO'SERS// dQ) as a function of the
wavenumber between 200 cm™! and 1800 cm™ for [Au-BPDT-Au]?*,
where we replace the hydrogen atoms bonded to the sulfur atoms
with gold atoms. The inset shows a molecular model of the minimum
energy structure of [Au-BPDT-Au]**, where the gray, white, brown,
and yellow spheres represent the atoms of carbon, hydrogen, sulfur,
and gold, respectively. de™*™/dQ (a) and doSE% 7dQ (c) are
computed at 298.15 K and with an incident light of energy 0.5 eV
polarized along the z-axis. The spectral lines are broadened by a
Lorentzian function of width 8 ¢cm™. The Raman lines of the
vibrational modes v, v}, V15 and v, are colored in red, blue, green
and orange, respectively.

the exchange—correlation functional B3LYP-D3(BJ)*****” and
the basis set 631-G(d,p).”” In the following, we consider
nonresonant Raman scattering, and therefore, we use incident
light of energy Aw,,. = 0.5 eV (% is the reduced Planck’s
constant; @,,./2x = 120.9 THz or w;,. = 759.6 X 10" rad s7!),
significantly lower than any electronic resonances of the
molecule. The incident and the emitted light are polarized
along the z-axis.

As shown in Figure 1a, within the 200—1800 cm™ range, the
most intense vibrational modes of BPDT are at wavenumbers
1652 cm™, 1315 em™, 1123 cm™), and 420 cm™! that we label
as Vg Uiy Vis, and Ly, respectively (labeled following
Mulliken’s prescriptions”” ). The vibrational modes v4 and vy,
correspond to combinations of C—H bending and C-C
stretching modes of the phenyl rings (see Figure 1b). The

https://doi.org/10.1021/acs.jpcc.4c03491
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Figure 2. Effect of the EM field on the Raman spectra of BPDT: (a—c) map of the spatial distribution of the field enhancement amplitude (IM"|)
near the gold dimers Au—Au (a), Au,—Au, (b), Au;g—Au;, (c), and Auyy—Au,, (d). M is plotted under illumination by a plane wave of energy
0.5 eV polarized along the z-direction of the dimer axis. The local field is calculated in the absence of the molecule. (e—h) Stokes differential Raman
cross-section including only the EM enhancement (de™/dQ) as a function of the wavenumber between 200 cm™ and 1800 cm™, for BPDT in
the local field induced by the dimers of the clusters. We consider that the number of atoms in each of the two gold clusters is one (BPDT +
E*[Au—Au], (e)), four (BPDT + E°[Au,~Au,], (), ten (BPDT + E°*[Au;y—Auy,], (g)), and twenty (BPDT + E°“[Au,g—Au,,), (h)). d6™/dQ
is obtained at 298.15 K and with an incident light of energy 0.5 eV polarized along the z-axis. The spectral lines are broadened by a Lorentzian
function of width 8 cm™". The Raman lines of the vibrational modes v, 15, V5, and v, are colored in red, blue, green, and orange, respectively. (i)
Evolution of the EM enhancement factor (K*™, from eq 5) with increasing size of the gold clusters for each of the vibrational modes v4 (solid red
line), vy, (solid blue line), v;5 (solid green line), and 2,4 (solid orange line).

vibrational mode v; is characterized by stretching of the C—§
bonds, and the vibrational mode v,g corresponds to out-of-
plane bendings of the phenyl rings.

When the molecule is sandwiched between two gold
surfaces, the intensity of the Raman lines undergoes an
enhancement due to the EM field induced by the gold surfaces
(EM mechanism) and the chemical interaction between the
molecule and the surfaces (CHEM mechanism).*" To illustrate

the (predominantly) chemical enhancement that is already
present for a very small number of gold atoms, we show in
Figure 1lc the Raman spectrum of BPDT where the sulfur
atoms are bound to one gold atom each [Au-BPDT-Au]**
(molecular structure shown in the inset of Figure 1c), instead
of to hydrogen atoms as in the bare molecule case. To
compute the Stokes differential Raman cross-section for [Au-
BPDT-Au]**, we first optimize the molecular structure within

https://doi.org/10.1021/acs.jpcc.4c03491
J. Phys. Chem. C 2024, 128, 18293-18304
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DFT using the exchange—correlation functional B3LYP-
D3(BJ)**** and the basis set 6-31G(d,p)*” for the atoms
of hydrogen, carbon, and sulfur, and the basis set LANL2DZ*
for the atoms of gold (see Theoretical Methods for further
details on the quantum chemistry calculations). During
optimization, we freeze the position of the gold atoms. Then,
we perform the vibrational analysis of the optimized structure
using the same DFT exchange—correlation functional and basis
sets as for the optimization of the molecular structure. To
isolate the native vibrations of the molecule from those
delocalized between the molecule and the gold atoms, we also
freeze the positions of the gold atoms during the vibrational
analysis. We illustrate the effect of the vibrations of the gold
atoms on the molecular Raman signal in Figure S3 of the
Supporting Information.

In this initial calculation, we obtain the Stokes differential

do, SERS'
Raman cross-section cIICQ

) for a 90°-scattering configu-

ration by following the approach typically used in the
literature, which considers that the induced Raman dipole of
the molecule (pS%*5) emits in free-space.””****7%* In this case

doSERS (e — @ SERSy4 ™. pSERS 2
dQ 16m°cyeg IE™1 (1 = g7hoi /(i)
3 rad _ SERSinc 2
_ (winc - (,()]CSERS)4 |Zi,j=l & aij E] (a)inc)l
- 2 4_ 2 pinc2 . SERS
167°cyey1E™] (1 — e~/ (al)y
()
.1 SERS SERS -
with @™ the Stokes angular frequency and o™ the i-th and

j-th element of the induced Raman dipole tensor @ of the
vibrational mode v, of the BPDT molecule bound to the gold
atoms, as obtained from DFT calculations. By comparing
Figure la with Figure lc, we can observe that the presence of
the gold atoms induces substantial changes in the Raman
spectrum of BPDT. For instance, the vibrational mode vy
becomes almost dark due to the drastic reduction of the
dihedral angle between the phenyl rings that turns the
molecule flat and therefore changes the molecular symmetry
(the Raman line of the vibrational mode v, cannot be
appreciated in Figure lc because it appears out of scale).
Moreover, the strengths of the Raman lines of the vibrational
modes U4, U1, and v, are enhanced by about a factor 10 due to
the bonding of the molecule with the gold atoms (inset of
Figure 1c). Interestingly, in the low-frequency region, the
vibrational mode v, at 224 cm™' (Au—S stretching mode, not
highlighted in Figure 1) is also strongly enhanced by the gold
atoms (see Section S10 of the Supporting Information for
further discussion on the mode v,). Usually, this enhancement
is directly associated with the CHEM mechanism of SERS
enhancement. This assumption is expected to be accurate for
the situation considered in Figure 1c, with only one gold atom
attached at each end of the molecule. However, including a
larger number of gold atoms in the DFT calculation (as
necessary for an accurate determination of the SERS chemical
enhancement) also strengthens the EM field induced by the
gold atoms, introducing an EM contribution to the value of
P on top of the pure chemical effect and thus making the
quantification of the pure chemical enhancement less
straightforward. We further note that eq 2 connects p*™*
with the cross section by using the expression of the emission
of a dipole under vacuum. However, the EM interaction

between the molecule and the gold atoms can further increase
the emission (Section S4 of the Supporting Information).
Thus, eq 2 contains part but not all of the EM contribution to
the enhancement.

In the following section, we discuss how to separate the
chemical and EM contributions to the SERS enhancement by
quantitatively monitoring each contribution for two tetrahedral
gold clusters (formed by up to 1, 4, 10, and 20 atoms each)
embedding the molecule.

3.2. Electromagnetic Enhancement. We focus first on
quantifying the EM contribution to the enhancement of the
molecular Raman signal of the BPDT molecule sandwiched
between two Au, clusters containing 1, 4, 10, and 20 atoms
each, that we label as Au, (n = 1, 4, 10, and 20). The
enhancement of the molecular Raman signal due to the EM
mechanism is a consequence of the enhancement of the local
EM field induced by the gold clusters E°*(r, ) = M(r, @)
E™(r, @) with E°(r, ) and E™(r, ) the local and the
incident EM field at position r and frequency @, respectively.
This enhancement facilitates the excitation of the induced
Raman dipole, p*™ o« M"(r, w,.), and boosts the light
emitted by this dipole (as we will see below). Since the clusters
are small (the volume of the largest cluster is approximately
0.06 nm?), using classical calculations to compute E°(r, @) is
questionable. Thus, we obtain E°*(r, @) and M"*(r, w) using
linear-response TDDFT with the exchange—correlation func-
tional PBE*"” and a double-zeta polarized basis set.”*

We show in Figure 2a—d the spatial distribution of the local
EM field enhancement IM°(r, ;)| near the gold clusters of
the four different sizes considered, illuminated by an
electromagnetic planewave with electric field polarized along
the direction of the gap (z-axis) of energy 0.5 eV. These
simulations consider only the metallic clusters (without the
molecule), but the position of the Au atoms is the same as in
the situation with the molecule [Au,-BPDT-Au,]**. We obtain
the selected metallic clusters from the minimum energy
structure of the gold cluster formed by 20 atoms and with
tetrahedral symmetry optimized within DFT using the
exchange—correlation functional B3P86"** and the basis
LANL2DZ.*® To build up the gap, we align the tetrahedral
cluster across the gap in the tip-to-tip configuration with the
apexes of the clusters pointing to each other and select a
separation distance between the clusters of 13 A, so that the
molecule can fit inside the gap. We build up the gap for the
clusters of 10 and 4 gold atoms by removing atoms of the gap
formed by the Au,, clusters without further optimization and
selecting a separation distance between the clusters of 14 A.
For the gap formed by two gold atoms, we use a separation
distance of 15 A (see the section on theoretical methods for
further details on the selection of the separation distance
between the clusters).

As the number of gold atoms, n, increases from 1 to 20, the
local EM field becomes localized at a small region in the gap
between the two clusters, around the gold atoms at the tip of
the tetrahedrons, mostly due to a lighting rod effect.”® The
fields are strongly inhomogeneous spatially, so that, when a
molecule is placed in the gap, the different atoms of the
molecule experience local fields of very different strengths.®>**

To account for the effect of the inhomogeneity of E°(r,
w;,.) on the Stokes differential Raman cross-section,' we first
compute the induced Raman dipole of the molecule induced
by the local field, p®™ (the superindex EM emphasizes that we
are only considering the effect of the EM enhancement on
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Figure 3. SERS spectra of [Au,-BPDT-Au,]** (n= 1, 4, 10, and 20): (a—c) Molecular models of the minimum energy structures of the molecule in
[Au-BPDT-Au]** (a), [Au,-BPDT-Au,)** (b), [Au,e-BPDT-Au,)** (c), and [Auyy-BPDT-Au,y)** (d), where the gray, white, brown, and yellow
spheres represent the atoms of carbon, hydrogen, sulfur, and gold, respectively. (d—f) Stokes differential Raman cross-section (d6°BR/dQ) as a
function of the wavenumber between 200 cm™' and 1800 cm™ for [Au-BPDT-Au]** (e), [Au,-BPDT-Au,]*" (f), [Au;-BPDT-Auyo]** (g), and
[Au,g-BPDT-Auy,)** (h). do*®5/dQ is computed at 298.15 K and with an incident light of energy 0.5 eV and polarized along the axis of the
clusters (z-axis). The spectral lines are broadened by a Lorentzian function of width 8 cm™. The Raman lines of the vibrational modes v, vy, vy5,
and 1,4 are colored in red, blue, green, and orange, respectively. Notice the different scales of the spectra [scale factors for panels (f—h) on the
upper-right corner of the corresponding spectrum]. (i) Evolution of the total SERS enhancement factor (K*') with the size of the gold clusters for
the vibrational modes v (solid red line), v,,(solid blue line), v, (solid green line), and 1,4 (solid orange line). Notice the logarithmic scale used to

plot the values of the y-axis

P™). To obtain p*™, we decompose the Raman tensor into
atomic contributions.*' Then, we assume that the induced
local dipole at each atom can be obtained by multiplying the

atomic Raman tensor by the value of E°*(r, w, ) at the
position of the corresponding atom
Natoms Natoms 3
EM __ EM __ Ram -loc
P = X = X X aE o)
a=1 a=1 j=1 3)

with pf™ the i-th component of p™, pEM the i-th component of

the atomistic induced Raman dipole of the atom g, aRaf]" the i-

a,

18298

th, j-th element of the atomistic Raman polarizability tensor

@™ of atom a (see Section S2 of the Supporting Information

for further details on the decomposition of the Raman
polarizability tensor into contributions from each atom), and
E}"C(ru, ;) the value of the j-th component of the local EM
field at frequency @, (see Section S2 of the Supporting
Information for the complete derivation of eq 3)."' E]l-"c(ru,wmc)
corresponds to the values of the local field amplitude obtained
within TDDFT (in the absence of the molecule but evaluated

at the position r, where the gold atoms a would be located), as

represented in Figure 2a—d. & ™™ is obtained without the gold
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clusters but for the same position and orientation of the
molecule as in the complexes [Au,-BPDT-Au,]*". We then
remove the contributions of the hydrogen atoms of the thiol
groups from the sum in eq 3 as these atoms are absent in the
complexes [Au,-BPDT-Au,]*".

. do™
To obtain —*
dQ
65

from p™, we invoke the reciprocity

theorem,”” which states that under adequate conditions the
electric field amplitude of the light emitted by a dipole (in this
case, the induced Raman dipole created at each atom) is
proportional to the local field enhancement, in this case at the
frequency of emission @4 ie. the emitted intensity is
proportional to IM°*(w,,4)I>. Thus, we obtain

dUkEM _ (a)inc - a)kRam)4

4 .
dQ 167’ ey IE™P
Nitoms 3 EM It 2
|Za=1 Zi:lpa,i Mioc(ra’ wrad)l
(1- e—hwk‘“m/(kBT)) )

with M°(r,, @) the local field enhancement factor at
frequency @ at the position of atom a. We define the EM
enhancement factor (K*™) for a given vibrational mode as the
ratio of the Raman signal of the molecule emitted with (eq 4)
and without (eq 1) the gold clusters, which gives

N, 3 EM j rls
EM _ |2a:Yms Z,‘:lpa/i Mloc(ra’ (”Rad)lz
- N, 3 d_Ram 2
|Zu:(])ms Z,‘:] elra pﬂ;ml
|Zivamms 23 aRamE;nc(ru’ o )M}oc(ra’ O)Rad)Miloc(ru; (“Rad)lz

=1 ij=1 a,ij inc

Nyoms §°3 _rad_Rampjinc 2
1>, Zi,,:] ¢ 0 "B (1 w3

=1 i i

©)

We assume that the field enhancement depends only weakly
on the vibrational frequency (due to the off-resonant
illumination and the difference between incident frequency
and vibrational frequencies) and thus, M**(r, @,,q) ~ M"°(r,
@) In this case, K"™ depends on the vibrational mode

because @& *", and thus p™ is specific to each mode. For
homogeneous fields M°(r, w;,c) = M**(@;,.), and we recover
the usual proportionality between the EM enhancement factor
KM and IM°(w,, )" Additionally, as we always evaluate
M"(r, ;) for an incoming planewave with electric field
polarized along the z-direction, eq 4 corresponds to the
emitted light polarized in this same direction.

We plot in Figure 2e—h the Raman spectra of the molecule
situated in the local field induced by the gold clusters, as
obtained by applying eq 4. The Raman lines of the vibrational
modes Vg, U}y, Uys, and U,g exhibit a moderate enhancement of
their Raman cross-sections as a consequence of the EM
interaction (compare with the results of the isolated molecule
in Figure 1a). This enhancement increases with the size of the
clusters and is not the same for all of the modes, which leads to
changes in the relative weight of the Raman lines. We show in
Figure 2i the increase of K* with the cluster size for the
selected vibrational modes. K*™ is larger for the vibrational
mode v than that for the other selected vibrational modes:
the maximum value of K*™ is &15 for the vibrational mode v
and the dimer Au,,—Au,, while for the other selected
vibrational modes, KE™ never exceeds a value of ~7. The
different evolution of K*M for the selected vibrational modes
leads to an increase of the relative weight of the Raman line of
the vibrational mode v, with cluster size in Figure 2e—h. This
different evolution can be understood from the vibrational

pattern of each mode and from the spatial distribution of the
electric fields induced by the gold clusters. The local fields E*
are larger at the tip of the tetrahedral clusters. At the same
time, the vibrational mode v, corresponds to the stretching of
the C—S bond (see the green rectangle in Figure 1b), which
lies in regions with the largest [E'].

The EM mechanism thus induces moderate changes in the
relative weight of the Raman lines due to the inhomogeneity of
the EM field, and it affects each vibrational mode differently,
depending on the specific characteristics of the vibrational
mode (atoms involved in proximity to strong local field
inhomogeneities). The absolute values of the EM enhance-
ment are relatively small in our case because we consider small
clusters excited out of resonance. In larger clusters and
nanoparticles, the local field enhancement will scale up with
the size. The small size adopted here is convenient to compare
these results with the calculation of the chemical enhancement
within a full DFT scheme, as performed in the next sections.

3.3. Total SERS Enhancement. We next obtain the total
SERS enhancement factor of the molecular Raman signal for
the same gold—molecule complexes [Au,-BPDT-Au,]** (n = 1,
4, 10, and 20). We select the complexes with charge +2 a. u.
because in this case, the HOMO and/or the LUMO are
localized in the molecule (Figure S1 of the Supporting
Information), in good agreement with periodic DFT
calculations showing that organosulfur compounds and gold
surfaces interact through charge-transfer processes.”™®” We
show in Figure 3a—d the lowest-energy structures of these
cations, obtained with DFT following the same procedure as
described in the Section Theoretical Methods. In all the
structures, the molecule interacts covalently with the gold
cluster through the sulfur atoms.

The DFT simulation provides the induced Raman dipole,
which can again be decomposed into atomic contributions,
pSERS, We then use the reciprocity theorem to account for the
effect of the gold clusters on the emission from this dipole
(Section S3 in the Supporting Information). The resulting
Stokes differential Raman cross-section is

SERS SERS\4
do_k _ (winc — Wy )
dQ 167%cy e E™ 1
Nyoms X3 SERS 4 floc 2
|2a=t1 Zi:lpa,i Mi (ra) wrad)l
(1 _ e—h(ukSERs/(kBT)) (6)

In contrast to eq 2, which treats the scattering of the
molecular-induced Raman dipole as if it was placed in free-
space, eq 6 corresponds to the emission of the induced Raman
dipole of the molecule attached to the gold clusters that
enhance the local field by a factor MP(r,, @,,q) for the i-th
component.

We show in Figure 3e—h the Raman spectra of the cations
[Au,-BPDT-Au,]** computed using eq 6 and considering
MC(r, w,4) & M°(r, w,,.). Here, we also select vibrational
modes Vg, )y, V)5, and V,g. Relative to the Raman spectrum of
the free-space BPDT (Figure 1), the gold clusters generally
induce energy red-shifts and changes in intensity of the Raman
lines associated with these modes. These effects depend on the
number of Au atoms (the magnitude of the Raman shifts can
be more easily appreciated in Figure S4 of the Supporting
Information). Among the selected modes, the largest Raman
shifts are experienced by the vibrational modes v, and vy,
which show a maximum red-shift of 58 cm™ and 65 cm™,
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and in Figure 2i, respectively, and are repeated here for easier comparison.

respectively, for the complex [Au-BPDT-Au]**. These two
modes are characterized by combinations of C—H bending
(both modes) and C—C (58 cm™) and C-S (65 cm™)
stretching vibrations of BPDT. Their energies shift toward
lower wavenumbers indicating a weakening of these bonds,
which is consistent with the activation of charge transfer from
the molecule to the clusters.

We focus next on the large enhancement of the Raman
cross-section and introduce the total SERS enhancement factor
(K*") for a given vibrational mode, defined as

N, 3 SERS 4 rloc 2
| Zu;mlms Zi:lp i Mi (ru) winc)l
a,i
| rad Ramll
e p

I<tot —

| Zivatoms 234 (ISERSE;HC(',“’ (}Jinc)Ml-loc(ru; a)inc)lz

=1 ij=1"4,ij

3 3 d Ramri 2
| Za:l Zw‘:l eira aa,ﬁmE}nc(raf winc)l

()
with a,-siERS the i-th, j-th element of the atomistic Raman
polarizability of the vibrational mode v of [Au,-BPDT-Au,]**
(n =1, 4, 10, and 20).

We plot in Figure 3i the evolution of K** with cluster size.
K** can be as large as 10° for [Au,;-BPDT-Au,(]*" and [Au,q-
BPDT-Au,]*", more than 2 orders of magnitude larger than
the EM enhancement K*™ (see Figure 2i). The values of K**
generally increase with the size of the cluster, but the value and
exact trend vary from mode to mode, as can be also observed
from the spectral changes in the Raman spectra (Figure 3e—h)

18300

that affect the relative strength of the peaks. This effect is
particularly significant for the vibrational mode v,5 (orange
area in Figure 3e—h), which is the weakest among the selected
modes in the absence of the gold clusters (orange area in
Figure la). This vibrational mode is almost dark when the
sulfur atoms of the BPDT molecule bond to a single Au atom
(n = 1, [Au-BPDT-Au]**) due to the change in the symmetry
of the molecule (the symmetry point group of the molecule
transforms from C, in vacuum to D,;, in [Au-BPDT-Au]*").
However, the corresponding total enhancement factor K™
becomes large for n = 4, increases systematically with cluster
size for n = 10, 20, and is the largest among the selected
vibrational modes for clusters of size n = 20 atoms. This
behavior is clearly reflected in the relative strength of the peaks
in the Raman spectra (Figure 3e—h): the intensity of the
Raman line of the mode v,3 becomes more and more similar to
those of modes v,5 and v, as the size of the clusters increases
from n > 4. In the next section, we study the contribution of
the CHEM mechanism to the total SERS enhancement.

3.4. Chemical Enhancement. As
Introduction section, the increase of the Raman signal
described by, e.g,, eq 2 (or the more accurate eq 6) is often
attributed exclusively to the chemical contribution, but, as
shown here, it is also influenced by the EM coupling. In order
to identify the enhancement due to the CHEM mechanism, we
follow a simple approach and assume that the total SERS
enhancement factor K can be directly expressed as the

discussed in the
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multiplication of EM K™ and chemical K"E™ enhancement
factors. Therefore, we write KHEM ag

N, 3 SERS 4 rloc 2
tot atoms ' .
K CHEM _ K™ 122 Zi:lpa,,- M (1, @y,
- EM T N, 3 EM,loc 2
K | Zu;olms Zi=1pa,i Mi (ra’ winc)l

(8)

We compare in Figure 4 the evolution of K“"*™ (red line),
K" (blue line), and K* (green line) with the number of gold
atoms per cluster for the selected vibrational modes. We find
that the values of K““*™ range from ~10 for Au—Au to ~1000
for the largest cluster (Auy—Au,,). K" generally increases
with cluster size, and we attribute the slight decrease from n =
10 to n = 20 for vibrational modes v (Figure 4a) and vy
(Figure 4c) to a change in the orientation of the molecule
relative to the gold clusters: the closest hydrogen atoms to the
thiol groups (ortho position), which show a large contribution
to the vibrational modes v4 and v, (see Figure 1b), are 0.8 A
closer to the gold clusters for the Au,;y—Au;, dimer than that
for the Au,y—Au,, dimer (see Figure S6 and Table S1 in the
Supporting Information), thus presenting a stronger CHEM
interaction. The shortening of the distance between the
hydrogen atoms and the gold cluster in this case (n = 10)
increases the amount of charge transferred from the clusters to
the molecule and thus enhances the Raman polarizability
relative to the case of n = 20 (see Section S12 of the
Supporting Information for a discussion on the charge transfer
in this situation).

The chemical enhancement K" values are significantly
larger than those due to the EM interaction K™ which is a
consequence of the small size of the clusters and the off-
resonant illumination. Thus, K** is mostly determined by the
chemical enhancement factor K“™®™. This analysis thus
confirms that for small clusters under non-resonant conditions,
the chemical enhancement K" s the main contribution of
the total SERS enhancement factor. However, the EM
enhancement also contributes in a non-negligible way. The
value of the chemical enhancement is overestimated if it is
assumed to be equal to the total SERS enhancement factor
obtained from the DFT calculation. Furthermore, the error
introduced in this way becomes larger as progressively
improved computational capabilities enable quantum mechan-
ical calculations of the optical response of metallic clusters of
increasing size. It is thus desirable to properly treat the total
enhancement as standardly obtained from DFT calculations so
as to isolate the pure CHEM effect.

4. SUMMARY AND CONCLUSIONS

We have shown a systematic procedure to obtain the
contribution of the chemical (CHEM) mechanism to the
SERS enhancement factor of the molecular Raman signal,
separating it from the electromagnetic (EM) contribution.
This approach makes use of DFT calculations of the molecular
Raman polarizability and TDDFT calculations of the enhanced
electromagnetic field induced by metallic clusters. We apply
these methodologies to study the EM and CHEM contribu-
tions of four canonical molecular vibrational modes of the
molecule biphenyl-4,4’-dithiol (BPDT) in a chemical environ-
ment comprising sets of two identical tetrahedral gold clusters
of increasing number of gold atoms, [Au,-BPDT-Au,]*" (n =1,
4, 10, and 20).

We first calculate the EM contribution of K*™ to the total
SERS enhancement factor for the molecule sandwiched

between the gold clusters. This calculation uses DFT to
compute the Raman polarizability of the molecule under
vacuum and TDDFT to compute the local EM field induced
by the gold clusters (in the absence of the molecule). The
value of the Raman polarizability does not affect the EM
enhancement for spatially homogeneous fields, but it needs to
be considered when EM fields are strongly inhomogeneous, as
in our case. To take into account the local field inhomogeneity,
we compute the molecular Raman polarizability as a sum of
atomic contributions and obtain the local induced Raman
dipole by weighting each atomic contribution by the value of
the local field at the corresponding atomic position. A similar
approach is followed to model the emission, where we include
the enhancement of the emission from each local induced
Raman dipole by using reciprocity. The use of TDDFT
calculations to obtain the EM fields avoids the error that could
be introduced by treating such small clusters classically and
allows for a fair comparison of each effect due to the
consistency of the calculations. Our results reveal that the
molecular Raman signal of small [Au,-BPDT-Au,]** cluster—
molecule complexes is moderately enhanced by the EM
mechanism.

We then calculate the total SERS enhancement factor K™
from the Raman polarizability of the molecule attached to the
gold clusters [Au,-BPDT-Au,]*, as obtained within DFT, and
from the inhomogeneous local EM fields induced by the gold
clusters, as calculated within TDDFT. The latter is again
necessary to include the enhancement of the emission by the
clusters, an effect often neglected in the literature. We find that
the molecular Raman signal can be enhanced by a factor as
large as 10° despite the moderate contribution of the EM
mechanism.

Once each of the factors, K™ and K™ are obtained, one can
proceed to the core development of this work, i.e., extracting
the enhancement factor K“**™ that accounts for the change in
the molecular Raman signal due exclusively to the chemical
interaction between the molecule and the gold clusters. To that
end, we assume that the total SERS enhancement factor is
given by the product of the contributions of the EM and
CHEM mechanisms; therefore, we compute KCHEM o5 the
ratio of K and K*™. Our results confirm that K" is the
main contribution to the total SERS enhancement factor for
the small clusters considered in this work. However, we
emphasize that the main goal of our work is to elaborate an
accurate theoretical protocol to accurately extract the chemical
contribution from the total enhancement usually reported from
quantum chemistry calculations. Once the CHEM enhance-
ment factor is accurately known, it can be properly combined
with full EM simulations that mimic a particular experimental
situation, as is commonly carried out in the literature. To
enable this improved determination of the chemical SERS
enhancement factor, our proposed methodology combines
DFT calculations of the molecule and TDDFT simulations of
the optical response of the metallic nanostructure, including
the spatial inhomogeneity of the field and enhancement by the
gold clusters of the Raman emission. In standard practical
situations in SERS, larger metallic nanostructures than the
clusters considered here are commonly used, where the EM
enhancement typically dominates, and DFT calculations of the
Raman signal are not tractable. Nevertheless, the larger EM
enhancements found in those situations could be classically
calculated, and the result should be combined with the exact
contribution from the CHEM enhancement, as extracted here.
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Thus, this work advances toward more precise studies in
advanced SERS configurations, such as in plasmonic nano- and
pico-cavities.
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