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spectra of Ag nanoclusters and allows straightforward decom-

position of the TERS enhancement into electromagnetic and chemical contributions. In a prototypical Ag, nanowire—CO, system,
we show that chemical interactions on a subnanometer scale substantially modify the TERS intensity, suppressing the signal of the
Raman-active stretching mode and enhancing the signal of the Raman-inactive mode. The enhancement profile in the TERS images
results from changes in three distinct factors: (1) the effective electric field on the nanowire, (2) the extent of ground-state charge
transfer, and (3) the extent of mixing between o-type and 7-type molecular orbitals due to symmetry-breaking. These results suggest
that a subtle interplay between several quantum mechanical effects are critical to understand the origins of TERS images on the
subnanometer scale.

1. INTRODUCTION mechanism, based on changes to the electronic ground state
due to interactions between the molecule and the tip, and (2)
the charge-transfer (CT) mechanism, where the resonance of
charge-transfer excited states with the incoming light lead to
enhancement of the Raman signal.

To date, most modeling of these TERS images has focused on
the EM enhancement, using a hybrid discrete interaction
model/quantum mechanics (DIM/QM) to capture the classical
electric field of an atomistic TERS tip on a Raman-active
molecule that is described quantum mechanically."*~"” For
porphyrin-like molecules, this model can produce TERS images
in qualitative agreement with experiments,'” and the resolution
is highly sensitive to the tip—molecule distance.'®'” The
gradient of the electric field across the molecule can also
significantly modify the EF at these scales due to local symmetry
breaking.'>~"” These field gradient effects cause the relaxation of

Tip-enhanced Raman spectroscopy (TERS) is a powerful tool to
study chemical systems within a localized environment.'™ In
TERS, excitation of the plasmon resonance of a sharp tip,
typically composed of a noble metal like silver or gold, causes
strong enhancement of the Raman intensity of molecular
vibrations. In recent years, atomically sharp tips have enabled
vibrational imaging of single molecules on surfaces with
subnanometer resolution.”*~® As the tip is moved laterally
across a molecule, the Raman spectrum changes: different
vibrational modes are enhanced at different tip positions above
the molecule,” and the selection rules that determine which
modes are Raman-active change substantially from those for the
isolated molecule.®

The fundamental enhancement mechanisms of the Raman
signal in TERS are the same as those in surface-enhanced Raman
spectroscopy (SERS). The electromagnetic mechanism (EM),

based on enhancement on the local electric fields, typically Received: May 12, 2022
makes the largest contribution to the overall enhancement factor Revised:  June 30, 2022
(EF) and can be on the order of 10’—10" in hot spots.” ' The Published: July 12, 2022

chemical mechanism (CM) is usually a smaller contribution to
the EF, on the order of 10'—10%."' "' This mechanism includes
two closely related effects: (1) the ground-state (GS)
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the selection rules seen experimentally.'® However, electro-
dynamics models of the TERS tips cannot describe the
contribution of the CM to the overall enhancement.

Quantum mechanical (QM) modeling of the TERS tip can
give insight into the CM enhancement that is not feasible using
electrodynamics models. For SERS, models of the tip—molecule
complex based on density functional theory (DFT) have shown
that both the EM and the CM contribute to the total SERS
enhancement.'® This enhancement can be decomposed using a
Raman bond model into contributions from within the
molecule, within the metal cluster, and from interfragment
interactions."” The enhancement also depends on the tip shape
and size,'® and changes to the molecular structure that tune the
tip-molecule chemical interaction also tune the enhance-
ment.””*" However, fully QM studies of TERS images are
challenging because of the large number of Raman calculations
that must be performed to obtain an image. In several systems of
single-atom Ag tips interacting with z-conjugated molecules,
DFT-based modeling has shown that the Raman intensity
depends strongly on the Angstrom-scale tip position,””*’ the
energy of light,” and the charge of the tip.”* Replacing the Ag
atom tip with a tetrahedral Ag,, cluster enhances the Raman
intensity of different modes to varying extents, changing the
observed TERS spectrum.”’ More detailed study is needed to
understand the chemical origins of these changes.

We have parametrized the semiempirical INDO model to
yield accurate excited-state properties for Ag nanoclusters at the
configuration interaction singles (CIS) level.'>* Using an
INDO-based approach, it is straightforward to decompose the
SERS enhancement into EM and CM components at each
wavelength.'> In this decomposition, the SERS spectrum is
computed using both the standard INDO/CIS method and a
variant called INDO-EM/CIS, where terms in the Hamiltonian
related to the overlap of atomic orbitals on the molecule with
those on the tip are set to zero, resulting in only EM
enhancement.'” Both the EM and CM enhancements vary
substantially with the energy of the incoming light, highlighting
the importance of directly modeling QM effects.'” This
approach has also revealed that, in a TERS-like setup, the bias
dependence of the enhancement factor results from changes in
the energies of charge-transfer excited states.*®

Here, we investigate the role of CM enhancement in the
TERS images of the prototypical tip—molecule systems Ag,—
CO,. When only the EM is present, both the Raman-active and
Raman-inactive stretching modes of CO, are enhanced by
interactions with the tip, and the enhancement decays
monotonically as the molecule is moved away from the tip. In
contrast, when the CM is also modeled, the two modes have
quite distinct spatial patterns of enhancement, including some
regions of space where the chemical and electromagnetic
enhancements interact constructively and some where they
interact destructively. These patterns are largely maintained as
the tip length increases. This shows that chemical enhancement
is capable of playing a significant role in the spatial enhancement
patterns.

2. COMPUTATIONAL METHODS

The geometries of the isolated Ag, nanowires, the isolated CO,
molecule, and the Ag,-CO, complexes were optimized using the
BP86 functional’”** and the aug-cc-pVDZ basis set for C and O
combined with the aug-cc-pVDZ-PP basis set for Ag”” using the
Gaussian 16 software package.”

To generate the TERS images, the geometries of the isolated
Ag, nanowire and CO, molecule were placed with their long
axes parallel, and at a set displacement distance along both the
axis parallel to the molecular long axes (the longitudinal axis)
and the axis perpendicular to the molecular long axes (the
transverse axis) as shown in Figure 1. The origin (displacement
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Figure 1. Schematic of the geometries of the Ag,—CO, complex used to
generate TERS images.

of zero) was defined by setting the Ag,—CO, distance equal to
the distance between the two moieties in the optimized
geometry of the complex; this distance is 2.62, 2.61, 2.60, and
2.60 A for Ag, Ag, Ags and Ag, respectively. For each
geometry, the Raman intensities were computed using the
Intermediate Neglect of Differential Overlap (INDO) Hamil-
tonian using a sum-over-states (SOS) technique, computing the
excited states using a configuration interaction approach with
single excitations (CIS). We have previously parametrized
INDO for Ag,'”* and our approach to computing the Raman
intensities is the same as in our previous work.'>*® Although the
calculations do not explicitly include relativistic corrections, our
parametrization was performed relative to excited-state energies
calculated with zeroth-order relativistic corrections, and thus
relativistic effects are implicitly included in our choice of
parameters. The Raman intensities were also computed using
the modified INDO-EM Hamiltonian, which neglects the CM
by setting terms in the Hamiltonian related to the overlap of Ag
atomic orbitals with atomic orbitals on any other atom to zero.
To obtain smoother evolution of the TERS intensities with
position, the SCF convergence criteria were tightened by a factor
of 107 relative to the default values. For all systems, all possible
CIS excited states within the INDO basis were computed and
included in the SOS procedure. Raman intensities were
computed at energies on resonance with the first excited state
of the isolated Ag, nanowires. These resonances occurred at
energies of 2.05, 1.60, 1.35, and 1.15 eV for Ag,, Agg, Agg, and
Ag, respectively. All INDO-based calculations were performed
using MOPAC2016.>"*

3. RESULTS AND DISCUSSION

Here, we investigate the extent to which QM effects influence
TERS images via the chemical enhancement mechanism (CM).
We focus on the prototypical system of linear Ag, nanowire tips
interacting with the CO, molecule. Ag, nanowires have been
widely used as prototypical systems for studies of plasmonics-
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Figure 2. Maps of TERS intensities of the Ag,—CO, complex as a function of displacement, for the (a,c) Raman-active and (b,d) Raman-inactive
stretching modes at the (a,b) INDO-EM/CIS and (c,d) INDO/CIS levels of theory. TERS intensities were computed on resonance with the Ag,

absorption peak at 2.05 eV.
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Figure 3. TERS intensities of the Ag,—CO, complex as a function of displacement, for the (a) Raman-active and (b) Raman-inactive stretching modes
at the INDO/CIS and INDO-EM/CIS levels of theory. TERS intensities were computed on resonance with the Ag, absorption peak at 2.05 eV.

related properties.”” >® The nanowires have a strong longi-
tudinal absorption peak that decreases in energy with increasing
length,”*** allowing us to readily study size dependence. CO,
was selected because it has both a Raman-active symmetric
stretching mode (1307 cm ™" at the BP86/cc-pVDZ level) and a
Raman-inactive asymmetric stretching mode (2359 cm™).
Since near-field effects can make Raman-inactive modes appear
in the TERS spectrum,(’ we study both the Raman-active and
Raman-inactive modes; the bending modes are not considered
here. The geometries used to study this system are laid out in
Figure 1. The CO, molecule was aligned parallel to the nanowire
long axis. Although many experimental TERS imaging studies
have been performed using planar molecules that are
physisorbed on a substrate (and thus are perpendicular to axis
of the TERS tip), this parallel orientation mimics the orientation

11692

of molecules like CO that chemisorb on a substrate.”” The
origin, with longitudinal and transverse displacements both
equal to zero, is defined as the geometry with the Ag,—CO,
distance equal to that in the optimized geometry of the complex.
Since these geometries are far from equilibrium, we use the
vibrational modes of the isolated CO, molecule and thus do not
capture any effect of the interaction on the vibrational
frequencies.

3.1. Ag,—CO, TERS Images. We focus first on the linear
Ag, tip and compute the TERS intensities using two approaches:
(1) INDO/CIS, which includes both chemical (CM) and
electromagnetic (EM) enhancements, and (2) INDO-EM/CIS,
which includes only EM enhancements.'” For the Raman-active
vibrational mode (1307 cm™), the TERS intensity at the
INDO-EM/CIS level follows the general pattern expected for

https://doi.org/10.1021/acs.jpcc.2c03309
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the EM (Figure 2a): the TERS intensity is largest at the origin
and decays monotonically as the distance increases in either a
longitudinal or transverse direction. The enhancement factor
(EF) at the origin is 192, computed based on the Raman
intensity of 0.0384 for CO, at 2.05 eV. As shown in Figure 3a,
displacement along a longitudinal direction follows an
exponential-like decay of the TERS intensity, whereas transverse
displacement yields a Gaussian-like decay over a broader range
of distances. This is unsurprising because the actual distance
between the nearest atoms of the CO, molecule and the Ag, tip
increases more quickly for longitudinal displacement than for
transverse displacement.

When the full INDO Hamiltonian is used, the spatial pattern
of TERS enhancement is much more complex, showing that CM
contributions substantially modify the overall EF (Figure 2c). At
the origin, the INDO EF for the Raman-active mode is 7.80, a
factor of 25 smaller than that for INDO-EM, implying a CM
enhancement factor of 0.04 (an enhancement factor <1 indicates
suppression of the TERS intensity). Although the CM is
generally thought to enhance the TERS signal, chemical effects
in this case suppress the TERS signal; we have previously seen
suppression to a lesser extent in the Ag,o—pyridine complex.'” In
Ag,—CO,, the only region of space where the CM increases the
TERS intensity is at moderate transverse displacements (1.6—
3.4 A). Atlarge displacements, the INDO and INDO-EM TERS
intensities converge; this convergence occurs at a distance of
around 2.0 A for longitudinal displacements and 3.8 A for
transverse displacements (Figure 3a).

For the Raman-inactive mode (2360 cm™), the INDO-EM
TERS intensity is similarly largest when CO, is closest to the Ag,
tip (Figure 2b). Since this mode is Raman-inactive, the
enhancement factor is undefined and any nonzero Raman
intensity is due to symmetry-breaking of the system. The peak
TERS intensity of this mode is a factor of 4.7 smaller than that of
the Raman-active mode, and the TERS intensity decays more
slowly with distance than for the Raman-active mode.
Calculations using the full INDO Hamiltonian show that the
CM substantially modifies the TERS intensity (Figure 2d). In
contrast with the Raman-active mode, the CM enhances rather
than suppresses the TERS intensity in most positions (Figure
3b). At the origin, the CM enhancement is a factor of 2.6, and
the nominally Raman-inactive mode has an intensity 14 times
larger than that of the Raman-active mode. This is consistent
with previous work showing that short-range effects substantially
modify the Raman selection rules.’ The only region of space
where the CM suppresses the TERS intensity is at moderate
transverse displacements (1.0—2.4 A). Similar to the Raman-
active mode, the INDO and INDO-EM TERS intensities
converge to the same values at longitudinal displacements
around 2.0 A and transverse displacements around 4.0 A.

Understanding the origins of these TERS images requires
examining the factors that contribute to the Raman intensity.
The Raman intensity is proportional to the square of the
derivative of the polarizability with respect to displacement
along a vibrational mode. In this complex, the dominant
contribution to the polarizability is «,, where z is the axis
parallel to the Ag, nanowire long axis. The polarizability is
computed within the sum-over-states (SOS) model as

2 2
'uge,z ﬂge,z
a"“":zE “ho —iT, | B+ ho+ T
8ge 8ge ge 8ge

[4

where f, . is the transition dipole moment between the ground
state g and excited state e along the z axis, E,, is the energy
difference between states g and e, w is the frequency of light, and
[, is a broadening factor set to 0.004 au. When 7 is resonant
with the first excited-state energy, only the resonant excited state
has a significant contribution to a,,. Though we compute the
orientationally averaged Raman intensity, the contribution of r,,
to the Raman intensity is 4—5 orders of magnitude larger than
the contribution of any other directional component of the
polarizability at this energy. A large Raman cross section for a
normal mode results from a large derivative of the first excited-
state properties with respect to displacement p along that mode;
since the denominator of the first term in a, is close to zero for

dE,, . . .
- s essential to obtaining a
p

large Raman cross section. In principle, a large Raman cross

the resonant excited state, a large

. i, . . .
section may also result from a large % ; however, in practice
p

Mg is much less sensitive to geometric changes than E,.
Although all excited states within the INDO/CIS basis are
included in the SOS calculation, test calculations including only
the first excited state in the SOS calculation yield TERS
intensities within 10—25% of the values from the full SOS
calculations. This indicates that the first excited state is the
dominant contributor to the TERS intensity.

The first excited state is essentially a HOMO — LUMO
transition within the Ag, moiety, where both HOMO and
LUMO are o-type MOs composed largely of Ag Ss atomic
orbitals (AOs). We examine two major factors that contribute to
changes in the first excited-state energy E,, of the Ag,—CO,
complex, focusing on the complex where CO, is at the origin:
(1) the extent of ground-state CT from CO, to Ag, and (2) the
effective electric field across the Ag, moiety. To understand the
effects of ground-state CT, we articificially increase or decrease
the Ag AO energies by a small amount (Figure 4). When using
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Figure 4. Dependence of the excited-state energy, ground-state dipole
moment, and ground-state charge on CO, on the Ag atomic orbital
energies for the Ag,—CO, complex at the INDO/CIS level of theory.

the default Ag AO energies, 0.163 e is transferred from CO, to
Ag, in the ground state, resulting in a dipole moment of 4.64 D.
An increase in the Ag AO energies drives electrons from Ag, to
CO,, decreasing the charge on CO, and slightly decreasing the
dipole moment of the system. As the Ag AO energies increase,
the HOMO is destabilized slightly more than the LUMO, so E,,
decreases.

A second factor that can affect E,, is the effective electric field
across the Ag, moiety, which we model by applying a uniform
electric field along the long axis of the system. When a positive
field is applied, the dipole moment and the charge on the CO,
moiety both decrease (Figure Sa), similar to the AO energy

https://doi.org/10.1021/acs.jpcc.2c03309
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Figure S. Dependence of the excited-state energy, ground-state dipole
moment, and ground-state charge on CO, on the applied electric field
for (a) the Ag,—CO, complex at the INDO/CIS level, (b) the Ag,—
CO, complex at the INDO-EM/CIS level, and (c) the isolated Ag,
cluster at the INDO/CIS level.

shifts; however, the relative magnitudes of the changes to the
dipole moment and the charge are quite different. In the first
case, the AO shift necessary to increase the charge on CO, by
0.01 e increases the dipole moment by 0.194 D; when an electric
field is applied, the field that increases the charge on CO, by the
same amount increases the dipole moment by 3.99 D, a factor of
20.5 larger. When the change in electronic structure is
dominated by changes in the dipole moment, the effects are
quite distinct from the changes caused by CT. With no applied
electric field, the electric field of the CO, molecule has a
symmetry-breaking effect on Ag,, redistributing both the
HOMO and the LUMO toward the end of Ag, farthest from
the CO, molecule; this redistribution decreases the HOMO—
LUMO gap and E,,. When a positive electric field is applied, the
HOMO and LUMO become more symmetrically distributed,
increasing E,. This means that E,, is anticorrelated with both the
dipole moment and the charge on CO,, which is the reverse of
the trend observed for shifts in the AO energies.

The change in E,, with electric field can be understood by
comparing the INDO/CIS results for the Ag,—CO, complex to
the analogous results for the isolated Ag, nanowire (Figure Sc)
and for the Ag,—CO, complex at the INDO-EM/CIS level

(Figure Sb). In all three cases, the change in the dipole moment
with electric field is quite similar. Since the isolated Ag,
nanowire is symmetric, positive and negative fields both break
the symmetry and decrease E,,, showing that symmetry-breaking
due to the presence of the CO, molecule is necessary to create a
nonzero slope of E,, at the zero-field limit. For the Ag,—CO,
complex at the INDO-EM/CIS level, ground-state CT is
forbidden, which means that the HOMO and LUMO are more
symmetric than at the INDO/CIS level. The slope of E,, is 40%
of its value at the INDO/CIS level, which is consistent with a
degree of symmetry-breaking that is intermediate between that
of the other two systems. This suggests that chemical effects in
the form of ground-state CT enhance the dependence of E,, on
the electric field.

These model systems provide a framework to understand the
spatial patterns in the TERS images. For the Raman-active mode
within the INDO-EM model, as both C=0 bonds are stretched
(defined as positive displacement), E,, decreases, indicating that
dE,,

the derivative is negative (Figure 6a). As the distance

dE,,

between the two moieties increases, approaches zero

monotonically, and the shapes of the curves of % for
longitudinal and transverse displacement strongly resemble
the shapes of the curves for the TERS intensity for the same
displacements, shown in Figure 3a. Since no ground-state CT is
possible within this model, the only mechanism by which CO,
can induce changes in the Ag, moiety is via its electric field,
which decays with increasing distance.

When we consider the full INDO Hamiltonian, ground-state
CT from CO, to Ag, significantly modifies the excited-state
properties. The derivative of the charge on CO, with respect to

d
displacement % is positive, indicating that stretching of the
p
C=0 bonds and shortening the Ag---O distance results in more

d
CT from CO, to Ag, (Figure 6¢). Z“’z is largest in magnitude at
P
longitudinal and transverse displacements of 0.2 and 1.0 A and
decays to zero at longitudinal and transverse displacements

around 2.2 and 4.0 A, respectively. This chemical interaction

dE,,

between the Ag, and CO, moieties significantly changes d—gﬁ
P

When CO, is close to Ag,, the EM and CM effects counteract

dE,
each other: the EM has a negative contribution to d—g‘, whereas
p

the CM has a positive contribution. At the shortest displace-
ments, the CM slightly outweighs the EM, leading to a small

dE
positive d—ge. This is consistent with the very small TERS
p

intensity in this distance range. The positive sign of the CM
contributions, implying that an increase positive charge on CO,
causes an increase in E,, suggest that the CM for this mode is
driven primarily by changes in ground-state CT and not by
changes in the electric field. This is unsurprising because
symmetric stretching of the isolated CO, molecule results in no
net dipole moment, so the changes in electric field should be
small.

d'Ee
As displacement increases in the longitudinal direction,d—g
p

converges to its value within the INDO-EM model around 2.0 A,
approximately the same distance at which the INDO and INDO-
EM TERS intensities converge. In contrast, displacements in the
transverse direction show more complex behavior. The INDO/

https://doi.org/10.1021/acs.jpcc.2c03309
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Figure 6. Derivative of the (a, b) excited-state energy and (c, d) ground-state charge on CO, with respect to displacement along the (a, c) Raman-
active and (b, d) Raman-inactive modes for the Ag,—CO, complex at the INDO/CIS and INDO-EM/CIS levels of theory.

dE,
CIS d—gg values are larger in magnitude than the corresponding
p

INDO-EM/CIS values from 1.8 to 3.8 A, the same distance
range at which the INDO TERS intensity is larger than the
INDO-EM intensity. The reversal in the sign of the CM is due to
changes in the selection rules for orbital mixing for transverse
displacements. At a transverse displacement of zero, the long
axes of Ag, and CO, are perfectly aligned, so MOs on one
moiety with o-type character can only mix with o-type MOs on
the other moiety, and likewise for 7-type MOs. The first excited
state is essentially a HOMO — LUMO transition, where both
HOMO and LUMO are o-type MOs primarily on the Ag,
moiety. At moderate transverse displacements, the first excited
state acquires small contributions from excitations from the
HOMO on Ag, into a 7* MO on CO,, resulting in a negative
dE,,
d

peak in —% at moderate transverse displacements. At large

transverse displacements, the AO overlaps are small enough that
the 6 — 7™ contributions to the first excited state are negligibly

small, and ? approaches its INDO-EM value.
p

dE
For the Raman-inactive mode, d—gf likewise strongly correlates
p

with the TERS intensity. A positive displacement along the
vibrational mode is defined as stretching the C=0O bond closer
to the Ag, nanowire and compressing the C=0 bond farther

from the nanowire. At the INDO-EM level,? is negative for all
p

dE,,

dp

around 60% of the corresponding value for the Raman-active

mode (Figure 6b). This largely accounts for the lower TERS

for the Raman-inactive mode is

geometries. At the origin,
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intensity of the Raman-inactive mode. As the distance increases

L oo ... dE

in either a longitudinal or transverse dlrectlon,d—ge decreases
ip

monotonically.

At the INDO level, chemical effects substantially modify %
p

g,

Similar to the case of the Raman-active mode, is positive at

small displacements, corresponding to more ground-state CT
from CO, to Ag, as the Ag---O distance decreases (Figure 6d).
However, unlike for the Raman-active mode, both the EM and

dE,,
CM have negative contributions to d—g‘ at small displacements.
p
This is due to a reversal in the relative significance of electric field
vs CT effects. Displacement of CO, along the Raman-inactive

mode causes large changes to its dipole moment and thus to the
electric field experienced by the Ag, moiety. Since electric field

T _— N dE,,
contributions have the opposite sign contribution to d—g as CT
P

effects, the dominance of electric field contributions accounts for
dE

the opposite sign of the CM contribution to d—g” relative to the
ip

Raman-active mode. The mutual enhancement of the EM and

CM contributions cause the Raman-inactive mode to have larger

dE

d—ge and TERS intensity than the Raman-active mode at small
lp

displacements, reversing the selection rules for the isolated CO,
molecule.
As the displacement increases in the longitudinal direction,

d
% for the Raman-inactive mode within the INDO model
ip

smoothly approaches its value within the INDO-EM model, and
the two models yield nearly identical results at displacements

https://doi.org/10.1021/acs.jpcc.2c03309
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larger than 2.0 A. This trend is similar to that seen for the
dE,,

Raman-active mode. In contrast, the magnitude of d—g‘ is smaller
p

for INDO than for INDO-EM for transverse displacements
between 1.0 and 2.4 A, accounting for the suppression of the
TERS intensity at moderate transverse displacements. Similar to
the Raman-active mode, this suppression of the TERS intensity
is related to mixing of small amounts of ¢ — 7* character into
the first excited state.

3.2. Effect of Ag, Length on TERS Images. We now
examine the effect of the Ag, nanowire length on the TERS
images, comparing our n = 4 results from the previous section
(Figure 2) to nanowires with n = 6 (Figure 7), n = 8 (Figure 8),
and n = 10 (Figure 9). The overall features of the TERS images
are consistent across the series of nanowire lengths. In the
INDO-EM maps, the TERS intensity is largest when the CO,
molecule is closest to the Ag, tip and decays monotonically as
distance increases; this decay is exponential-like for longitudinal
displacements and Gaussian-like for transverse displacements
(Figure 10). For the Ag,;—CO, complex, there is noticeable
noise in the TERS intensities because of the challenges of
obtaining converged properties within a SOS approach for
systems with thousands of excited states. For the Raman-active
mode, the TERS EF when CO, is at the origin increases with
increasing nanowire length: the EF is 192, 381, 420, and 545 for
the Ag,, Agg, Agg, and Ag nanowires, respectively. The increase
in EF is not apparent when looking at the raw TERS intensities
because all TERS intensities are computed on resonance with
the nanowire first excited state, which decreases in energy with
increasing length. The Raman intensity of the isolated CO,
molecule decreases with decreasing energy. The relative TERS
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intensities of the Raman-active and Raman-inactive modes show
less consistent trends with nanowire length: the Raman-active
mode has a larger TERS intensity by a factor of 4.7, 26, 14, and
6.9, respectively, for the Ag,, Ag,, Ags, and Ag, nanowires. As
discussed previously, the EFs for the Raman-inactive mode
cannot be defined.

Within the INDO model, chemical effects substantially
modify the TERS images. For the Raman-active mode, all four
nanowires have qualitatively similar TERS profiles, with the
exception of the noise in the case of Ag;,. For all nanowire
lengths, chemical effects suppress the TERS intensity of the
Raman-active mode by more than an order of magnitude at small
displacements; when CO, is at the origin, the EF at the INDO
level is 7.8, 11, 7.2, and 22 for the Ag,, Ags, Ags, and Ag),
nanowires, respectively. This shows that cancellation between
EM and CM effects is present across this full series of nanowires.
For all four nanowires, displacement along the Raman-active
mode primarily changes the ground-state CT but has minimal
effects on the dipole moment, meaning that the CM and EM

. The TERS intensity

peaks at longitudinal displacements of 1.0 1.2 A, and the INDO
and INDO-EM TERS intensities converge at displacements
around 2.0 A. For transverse displacements, the INDO TERS
intensity is consistently larger than the INDO-EM TERS
intensity at moderate displacements where mixing between o-
type and 7-type orbitals is largest. The TERS intensity peaks at a
transverse displacement of 1.8 A for Ag, and 2.2 A for the longer
three nanowires.

For the Raman-inactive mode, chemical effects consistently
lead to strong enhancement of the TERS intensity at small

have opposite sign contributions to L

https://doi.org/10.1021/acs.jpcc.2c03309
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Figure 10. TERS intensities of the (a, b) Age—CO,, (c, d) Agg—CO,, and (e, f) Ag;(—CO, complexes as a function of displacement, for the (a, ¢, e)
Raman-active and (b, d, f) Raman-inactive stretching modes at the INDO/CIS and INDO-EM/CIS levels of theory.

displacements. For Ag,, chemical effects cause the INDO TERS
intensity to be a factor of 2.6 larger than the INDO-EM intensity
at the origin. The chemical effect is much larger for the longer
nanowires: a factor of 14, 20, and 18, respectively for the Ag,,
Agg, and Ag;nanowires. This enhancement is due to the electric
field produced by CO,. For longitudinal displacements, the
TERS intensity decays monotonically, and the INDO and
INDO-EM intensities converge around 1.8 A. However, for
transverse displacements, the profile of the TERS intensity
changes with nanowire length. For Ag,, there is a prominent
suppression of the TERS intensity at transverse displacements of
1.0—2.6 A due to mixing between o-type and 7-type orbitals. As
the nanowire length increases, this suppression disappears: Agg
has a small suppression of the TERS intensity at transverse
displacements of 1.4—2.4 A, and no suppression is observable for
Aggand Ag),. This suggests that different aspects of the CM have
different dependence on the nanowire length.

4. CONCLUSIONS

Understanding the enhancement mechanisms contributing to
the TERS intensity at short ranges is essential to interpreting
TERS images on the subnm scale. Using a model system of CO,
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interacting with Ag, tips, we have shown that chemical
enhancement effects play a substantial role in determining the
intensity of the TERS signal at short interaction distances. These
chemical effects are captured by choosing a level of theory that
enables us to treat the full molecule—tip complex quantum
mechanically. When the tip and molecule are nearly touching,
these chemical effects are large enough that the nominally
Raman-inactive mode of CO, has a larger TERS intensity than
the nominally Raman-active mode. The chemical effects become
negligibly small at distances of more than a few angstroms.

Even in such a small model system, there are at least three
distinct mechanisms by which chemical effects modify the TERS
intensity, all of which affect how sensitive the first excited-state
energy is to changes in the molecular geometry:

1. Fluctuations in the effective electric field of the molecule.
This effect is particularly prominent for the Raman-
inactive mode and interferes constructively with the EM
enhancements, leading to strong TERS enhancement.

. Fluctuations in the extent of ground-state CT. This effect
is dominant for the Raman-active mode and interferes
destructively with the EM enhancements, leading to
suppression of the TERS signal.
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3. Mixing between o-type and 7-type orbitals. This effect is
significant for both vibrational modes at moderate
transverse displacements. The mixing leads to enhance-
ment of the TERS signal for the Raman-active mode and
suppression for the Raman-inactive mode. For the
Raman-inactive mode, this effect becomes less significant
with increasing tip length.

This wide variety of chemical effects suggests that chemical
contributions to TERS images are not only significant
contributors to the TERS intensity but also strongly system-
dependent and mode-dependent. Detailed study of additional
systems is needed to understand the extent to which similar
chemical effects are seen in other systems and to extend these
results to molecules and tips more similar to those studied
experimentally. Further work examining the effects of factors
such as the orientation of the molecule and its interaction with a
substrate will give insight into how chemical effects modify the
TERS images observed experimentally.
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