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Plasmonic metal nanoclusters are widely used in chemistry, nanotechnology, and biomedicine. In metal
nanocluster dimers, coupling of the plasmons leads to the emergence of two distinct types of modes:
(1) bonding dipole plasmons (BDP), which occurs when charge oscillates synchronously within each
nanocluster, and (2) charge transfer plasmons (CTP), which occurs when charge oscillates between two
conductively linked nanoclusters. Although TDDFT-based modeling has uncovered some trends in these
modes, it is computationally expensive for large dimers, and quantitative analysis is challenging. Here,
we demonstrate that the semiempirical qguantum mechanical method INDO/CIS enables us to quantify
the CTP character of each excited state efficiently. In end-to-end Ag nanowire dimers, the longitudinal
states have CTP character that decreases with increasing gap distance and nanowire length. In side-by-
side dimers, the transverse states have CTP character and generally larger than in the end-to-end
dimers, particularly for the longer nanowires. In side-by-side dimers where one nanowire is shifted
along the length of the other, the CTP character of the longitudinal states peaks when the dimer is

Received 4th April 2024, shifted by two Ag—Ag bond lengths, while the transverse states show decreasing CTP character as dis-

Accepted 21st June 2024 placement increases. In the larger Ags;* nanorod dimers, CTP character follow a similar distance depen-
dence to that seen in the small nanowire but have smaller overall CTP character than the nanowires.

Our study demonstrates that INDO/CIS is capable of modeling metal nanocluster dimers at a low com-
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1. Introduction

Nanogaps between plasmonic metal nanostructures play a
pivotal role in the strong interactions between these structures
and light."® Noble metal nanostructures support plasmons,
which are collective oscillations of their conduction electrons
that can be excited by incident light.” When two plasmonic
nanostructures are coupled through a nanogap, the coupling
results in a strong electric field enhancement within the gap
and increased sensitivity to the local environment,® which
substantially affects their function in various applications.
For example, in tip-enhanced Raman spectroscopy (TERS),
localization of the electromagnetic field in the gap between a
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putational cost, making it possible to study larger dimers that are difficult to analyze using TDDFT.

plasmonic tip and surface at the nanoscale leads to strong
enhancement of the Raman signals of molecules positioned
within the gap." Similarly, in photocatalysis, intense electric
fields within nanogaps facilitate the absorption of incident
photons and enhance the efficiency of photocatalytic reactions.>”
A nanogap between two closely spaced plasmonic nano-
particles affects the electric field distribution by giving rise to
new coupled plasmon resonance modes. One such mode is the
bond dipole plasmon (BDP), which emerges when charge
oscillations within each nanoparticle are coupled (Fig. 1a).?
This mode generates a hot spot within the nanogap with a large
local electromagnetic field enhancement.” As the gap approaches
sub-nanometer distances, a conductive pathway can be established
between the nanoparticles, leading to the emergence of charge
transfer plasmons (CTP)."° In the CTP mode, electrons oscillate
between the two nanoparticles at the CTP resonance frequency,
such that one nanoparticle instantaneously gains a partial positive
charge while the other gains a partial negative charge (Fig. 1b)."*
Unlike the BDP modes, CTP modes can cause a reduction in the
local electric field within the nanogap."? Previous research suggests
that the exceptional tunability of the CTP mode makes it ideal for
use in sensing and active nanodevices.">**> Additionally, the CTP
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Fig. 1 Schematic of instantaneous charges for the (a) pure BDP mode
(50% positive and 50% negative on each nanoparticle) and (b) pure CTP
mode (100% positive on one nanoparticle and 100% negative on the
other).

mode can tune the photocatalytic rate in plasmon-enhanced
catalysis, offering control over molecular dissociation pro-
cesses.'® In large metal nanoparticles, a transition from BDP
to CTP modes can be observed experimentally as the gap
distance decreases."""*

Theoretical modeling of plasmonic dimers can give insight
into the BDP and CTP modes, paving the way for the design of
plasmonic dimers optimized for specific applications.">**
While the BDP mode can be modeled accurately using classical
electromagnetic methods,>>® the CTP mode can only be
studied in classical models using bridged metal nanoparticle
dimers.">**?® The CTP mode in closely-spaced nanoparticles is
inherently quantum mechanical in nature because it requires
electrons to tunnel between two nanoparticles,"*'” and thus
requires quantum mechanical methods to accurately model
its behavior. Methods such as linear response (LR)'*>"?** and
real time (RT)*”?*® time-dependent density functional theory
(TDDFT) that have been previously used to study metal
nanoclusters are applicable for systems up to a few hundred
atoms due to their computational cost.

Previous LR-TDDFT studies of Ag and Au nanocluster dimers
have revealed trends in the BDP and CTP modes, highlighting
the strong dependence of the CTP mode on factors such as
separation distance and symmetry.'” > Several studies used
visualization of the transition density as a qualitative indicator
to identify the CTP excitations, but did not quantify the CTP
character.>* For Ag nanowire or nanorod dimers in end-to-
end and side-to-side orientations, CTP absorption peaks
emerge when the separation distance between the two
nanoclusters is smaller than 0.7 nm (7.0 A). As the separation
distance decreases below this limit, the CTP states decrease in
energy. At distances larger than 0.7 nm, only BDP states were
identified.">*° The end-to-end dimers have CTP states from
longitudinal transitions (along the nanowire’s long axis),"**!
whereas the side-by-side dimers have CTP states from trans-
verse transitions (along the short axis).>**' When the symmetry
is broken by placing the nanowire dimer in a bent “V-shape”,
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the energy spacing and relative intensities of the CTP and BDP
modes are similar to those of the linear end-to-end dimer.*!
Other studies have employed different criteria to character-
ize the CTP modes for the tip-to-tip dimers of tetrahedral Ag
and Au nanoclusters.'®*? In addition to transition densities,
recent work using a TDDFT+TB model identified CTP excita-
tions by analyzing the orbital contributions and the effect of
scaling the Coulomb kernel. They found that the energies of the
CTP states are very sensitive to separation distance but are less
sensitive than the BDP states to the scaling parameter, and that
CTP states are largely single-particle excitations, in contrast
with the collective character of the BDP states.”> Another study
on tetrahedral dimers used Hirshfeld partitioning of the
excited-states charges and polarizabilities into atomic contribu-
tions to distinguish between CTP and BDP states.'® In this
scheme, CTP states show large net charges on the dimer with
opposing signs and large charge-transfer polarizabilities, lead-
ing to strong charge-transfer absorption. Both studies identify
two main CTP states in the tip-to-tip tetrahedral dimers,*®* in
contrast with the single CTP peak observed in end-to-end linear
dimers. Another study proposed a charge transfer ratio index to
quantify CTP character by comparing the dipole moment
assuming the charge of each cluster was located at its center
to the actual dipole moment.>* Their results showed that the
optical response of the dimers is influenced by the separation
distance and the width of the linking channel, with CTP peaks
appearing at low energies for dimers with electron cloud over-
lap. However, a major limitation of this study is that they used a
jellium model that does not include atomistic details. Overall,
new approaches are needed to avoid the limitations of DFT and
the jellium approximation, so that fully quantitative analysis of
CTP can be done on the atomistic level in larger systems.
Obtaining the CTP and BDP states in metal cluster dimers
requires computing tens or hundreds of excited states even for
relatively small clusters, and the computational cost increases
as the cluster size and the number of relevant excited states
increases. Particularly for larger systems, the computational
cost of typical DFT approaches can become a limiting factor.
Lower-cost methods can enable understanding of chemical
trends in larger dimers. One lower-cost approach that has been
used is TDDFT+TB, a parameter-free approximation to DFT,>
which has been shown to generate qualitatively correct absorp-
tion spectra compared to TDDFT for tetrahedral cluster
dimers.** Another class of low-cost of computational methods
are semiempirical quantum mechanical methods (SEQMs)****
that use empirical parameters to approximate costly integrals.
Recently, several SEQMs have been parametrized for both the
ground state®”* and excited states***® of the coinage metals.
The time-dependent density functional tight binding (TD-
DFTB) method, which is a semiempirical approximation to
DFT, has been used to study the absorption spectra of Ag
nanowires and nanorods.’”*° However, to our knowledge,
DFTB has not been used to characterize the BDP and CTP
modes of dimers. Our group has previously parametrized the
Hartree-Fock-based intermediate neglect of differential overlap
(INDO) method for Ag nanoclusters.*>*® Combined with
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configuration interactions with single excitations (CIS), INDO/
CIS can calculate hundreds of excited states several orders of
magnitude faster than TDDFT. Our parametrized INDO method
yields qualitatively correct absorption spectra for Ag nano-
clusters compared to TDDFT.*' Since INDO uses the zero
differential overlap approximation and minimal Slater-type
basis set, it is relatively straightforward to perform mathema-
tical analysis using the atomic orbital basis. Hence, we believe
that using the INDO/CIS method will help us quantitatively
study the CTP modes of metal dimers.

In this study, we use INDO/CIS to investigate the CTP and
BDP modes of Ag nanocluster dimers from a quantum mechan-
ical perspective. We formulate a numerical approach to quan-
tify the CTP character within the INDO/CIS framework. We
apply this approach to dimers with varying gap (interparticle)
distances in several relative orientations to investigate the effect
of these factors on the CTP modes. Our results show that INDO/
CIS is capable of predicting the absorption spectra of Ag
nanocluster dimers and the emergence of the CTP peaks in
agreement with previous TDDFT studies that analyzed these
trends qualitatively.>>*® In the end-to-end dimers, the high-
est CTP character occurs when the nanowire length and gap
distance are small. In side-by-side dimers, the highest CTP
character occurs when the gap distance is small, but the
nanowire length is large. Additionally, we have found interest-
ing trends in shifted side-by-side Agg dimer systems, which
have not been studied before. In the shifted dimers, long-
itudinal states with CTP character start to appear at the
smallest non-zero shift distance, and their CTP character is
highest when the shift distance is equivalent to two Ag-Ag bond
lengths. In contrast, the transverse states show decreasing CTP
character as the shift distance increases. We also extend our
methodology to larger pentagonal Ags;" nanorod dimers. We
show that INDO/CIS is a computationally efficient method to
capture the distance and geometry dependence in the larger
nanorod dimers. Our study provides a semiempirical frame-
work for quantitative analysis of CTP characters in plasmonic
dimer systems, and demonstrate the potential to apply INDO/
CIS to future quantitative studies of larger plasmonic dimers.

2. Computational methods

2.1. Computations using standard software

The geometries of the silver nanowire monomers (Ag,, Ag, and
Agg) were optimized using DFT at the B3LYP/cc-pVDZ-PP
level*>™ in the Gaussian 16 software package.*” The optimized
geometries are similar to those previously computed using
other functionals."****' Although the linear structures longer
than two Ag atoms are not local minima, they have been widely
studied previously as prototypical systems.'?21*%4% The geo-
metry of the pentagonal Ag;;" nanorod is taken from our
group’s previous work, which was optimized at the BP86/DZ
level.”® The dimer geometries were constructed by placing two
optimized monomers in different geometric arrangements and
were not further optimized.
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Excited-state calculations were performed for the Ag
nanocluster monomers and dimers using the semiempirical
Intermediate Neglect of Differential Overlap (INDO) Hamil-
tonian®" with configuration interaction singles (CIS) in MOPA-
C2016°>*® using our previously developed Ag parameters.*>>°
The linear nanowires in this study (Ag,-Ags) are small enough
that all possible single excitations within the INDO/CIS basis
were included in the CI matrix. For the Ags;" nanorods, the
6000 lowest-energy single excitations were included in the CI
matrix for the dimers, and 3000 excitations were used for the
monomer to make the active space as equivalent as possible.
For each excited state, all configurations with coefficients larger
than 0.05 are used for calculating CTP characters. The absorp-
tion spectra were generated by applying a Lorentzian broad-
ening factor (y = 0.1088 eV = 0.04 hartree) to the excited states.>*

2.2. CTP analysis

As shown in the Introduction, CTP occurs when the system has
an instantaneous excess of positive charge on one nanocluster
and excess of negative charge on the other nanocluster, which
oscillate at optical frequencies. In contrast, BDP occurs when
each nanocluster has equal amounts of instantaneous positive
and negative charge (Fig. 1). Thus, the CTP character can be
quantified by computing the imbalance between positive and
negative transition density within each nanocluster. An excited
state with pure CTP character will have 100% positive transition
density on one nanowire and 100% negative transition density
on the other, whereas an excited state with pure BDP character
will have 50% positive and 50% negative transition density on
each nanowire.

The transition density matrix between excited state s and the
ground state in an atomic orbital basis is:

s
Ppqg = § Cijsdipdjq
irj

where c;; ¢ is the CI coefficient of the excitation from molecular
orbital (MO) i to MO j in excited state s and a;, is the LCAO
coefficient of atomic orbital p in MO i. Based on this transition
density matrix, the total magnitude of the transition density on
a single nanowire within the dimer can be computed. Because
INDO uses the zero differential overlap (ZDO) approximation,
we assume that the transition density matrix elements invol-
ving two atomic orbitals centered on different atoms have no
contribution to the total transition density on the nanowire.
Thus, the total magnitude of the transition density on the first
nanowire is the absolute sum of the transition density matrix
elements for atomic orbital pairs centered on the same atom
within that nanowire:

N nygq ny

> >

s —
Ptotal =
A=1ps=1q4=1

S
Papiga

where A is an atom in the first nanowire within the dimer and
indices p, and g, are atomic orbitals centered on atom A.
To obtain the total transition density, we summed over all n
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atomic orbital pairs centered on atom A (n,) for all atoms (N) on
that nanowire.

The CTP character also depends on the surplus of positive
(or negative) transition density on a single nanowire in the
dimer. Only the transition density elements where py, = g,
contribute to the surplus of transition density of one sign on
the nanowire; for elements where p, # g4, the orthogonality of
the different atomic orbitals means that their overlap has
regions of both positive and negative sign that cancel perfectly.
Thus, the surplus transition density is:

N ny
s _ s
psurplus - pAApApA

A=1p, =1

The final CTP character of excited state s is the ratio of these
two values:

s
p surplus

%CTP = x 100%

S
Protal

The CTP character ranges from 0 when pSyspius = 0, indicat-
ing that the excited state has equal amounts of positive and
negative transition density on both nanowires, to 100% when
| Psurplus| = Protar, indicating that one nanowire has only positive
transition density and the other has only negative transition
density. The CTP contribution to the intensity of each absorp-
tion peak forp is computed as:

fCTP = %CTP Xx ‘fs

where f; is the oscillator strength of excited state s.

3. Results and discussion

3.1. Ag nanowire monomers

To understand the excited-state properties of the nanowire
dimers, we must first examine the individual nanowires.
Fig. 2 shows the absorption spectra of the Ag nanowire mono-
mers calculated at the INDO/CIS level. These absorption spectra
follow the same trends as the previously reported spectra
computed using TDDFT (PBE/DZ*° and SAOP/TZP*'). The
INDO/CIS spectra show similar spectra shape and evolution
of peak positions compared to the TDDFT spectra.”’”*" The
INDO/CIS spectra has higher absorption intensity than TDDFT
for the transverse states because INDO/CIS yields lower d — sp
character than TDDFT due to its lower d orbital energies;
further parametrization of INDO is currently under investiga-
tion. The Ag nanowires have two main absorption peaks: one
longitudinal peak with its transition dipole moment aligned
with the long axis of the nanowire, and one transverse peak
with its transition dipole moment perpendicular to the long
axis of the nanowire. The longitudinal absorption peak is
relatively low in energy; as the nanowire length increases from
Ag, to Agg, this peak decreases in energy from 2.95 eV to 1.34 eV
and increases in oscillator strength. The transverse absorption
peak is higher in energy (5.13-5.39 eV) and increases in
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Fig. 2 Absorption spectra of the Ag nanowire monomers calculated at
INDO/CIS level. The sticks indicate the oscillator strength of each excited
state.

oscillator strength and slightly increases energy with increasing
length.

3.2. Ag nanowire dimers

To understand the emergence of CTP and BDP states in Ag
nanowire dimers, we examine three sets of dimer geometries
(Fig. 3):

(1) End-to-end dimers, with distances between the nano-
wires varying from 3.5 to 6.0 A in 0.5 A steps.

(2) Side-by-side dimers, with distances between the nano-
wires varying from 3.5 to 6.0 A in 0.5 A steps.

(3) Shifted side-by-side dimers, with the distance between
the nanowires fixed at 3.5 A and one nanowire shifted long-
itudinally by 0.0 to 15.96 A in steps corresponding to the Ag-Ag
bond lengths, which are 2.6-2.7 A. These structures were
studied only for the Ags dimer.

As discussed in the Introduction, CTP states typically arise at
short separation distances where electronic coupling between
the nanoclusters is significant, and involve transient electron
transfer between the nanoclusters. Therefore, quantum mechanical
studies are required to understand CTP states. Although the
systems in this study are relatively small, typical LR-TDDFT meth-
ods quickly become impractical for dimers of larger nanoclusters.
Thus, establishing the accuracy of lower-cost methods like INDO/

0000000, GO OO COeCo
COOOOCOOO, OO R 3.500
R GO 00000 o 000 O0OCO

1. End-to-end 2. Side-by-side 3. Shifted Ags dimer

Fig. 3 Geometries of the Ag nanowire dimers studied in this paper. The
dimers are constructed by placing the monomers of Ag,, Ags and Agg
(lengths of 2.6 A, 7.9 A, and 18.5 A, respectively) in the (1) end-to-end, (2)
side-by-side, and (3) shifted Agg geometric configurations.
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CIS is valuable to extend the study of CTP states to larger
nanoclusters in the future. Another major advantage of the INDO
Hamiltonian is that because of the mathematical simplicity of the
method, it is straightforward to quantify the CTP character of each
excited state, as detailed in the Computational methods section. In
our formulation, the CTP character is the imbalance of positive and
negative transition density within a single nanowire in the dimer,
and we assume that the CTP and BDP characters sum to 100%.

3.2.1. End-to-end dimers. We focus first on the end-to-end
Ag nanowire dimers, examining the excited states with notice-
able CTP character. The absorption spectra and CTP character
of end-to-end Agg and Ag;, nanowire dimers have been pre-
viously studied using TDDFT, which suggested that the long-
itudinal state has CTP character at gap distances below 7.0 A.*
We start with the Ag, dimer, which is the smallest system.
Similar to the Ag, monomer, each dimer has one main long-
itudinal absorption peak and one transverse peak (Fig. 4a). The
shortest gap distance was selected to be 3.5 A because it is only
slightly longer than the Ag-Ag bond lengths of 2.6-2.7 A in
nanowires. A distance equal to or shorter than 3.0 A would
result in a dimer that is essentially a single Ag, nanowire. The
dimer with the shortest distance (3.5 A) has the lowest long-
itudinal peak energy of 2.25 eV, which is about 0.20 eV higher
in energy than the absorption peak of the Ag, nanowire. As the
distance between the two nanowires increases, the energy of the
longitudinal peak increases toward its energy of 2.95 eV in the
isolated Ag, monomer, and its oscillator strength is nearly
constant. In contrast, the energy of the transverse peak is
essentially unchanged with distance (see Fig. 4a). Formation
of the dimer also introduces a weak absorption peak at 3.86-
4.06 eV with its transition dipole moment aligned longitudin-
ally; the oscillator strength of this state decreases with increas-
ing separation. The dimer with the largest separation distance
(6.0 A) has an absorption spectrum very similar to a pair of
isolated monomers, suggesting that this distance is large
enough for the two nanowires to be essentially independent.

The CTP absorption spectra (Fig. 4b) are computed as the
product of oscillator strength and CTP character to provide an
overview of the contribution of the CTP states to the total
absorption spectrum. To enable comparison between the total
and CTP absorption intensities within the same panel, the
sticks representing the oscillator strengths are not scaled based
on their CTP character. In these spectra, the longitudinal states
between 2.25 eV and 2.90 eV have the largest CTP absorption
intensities, and the states at 3.86-4.06 €V also have some CTP
character. As the distance between the monomers increases,
the CTP absorption intensity approaches zero, which likewise
suggests that the 6.0 A-separated dimer behaves like two
independent nanowires. Because of symmetry constraints, only
the excited states with longitudinal transition dipole moments
can have non-zero CTP character; thus, the transverse states
have no CTP absorption.

To evaluate the detailed evolution of the CTP character, we
examine the longitudinal excited states and their transition
densities (Table 1). At the shortest interparticle distance of
3.5 A, the main (lower energy) longitudinal state has 8.43% CTP
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Fig. 4 (a) Absorption spectra and (b) CTP absorption spectra of the end-

to-end Ag, nanowire dimers at the INDO/CIS level. The absorption
intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.

character, and the weakly absorbing state has 7.11% CTP
character. This shows that the stronger CTP absorption for
the lower-energy state in Fig. 4b is primarily due to the large
difference in oscillator strength, not CTP character. For the
main longitudinal state, the CTP character decreases by more
than 50% for each 0.5 A increase in separation distance, and
the CTP character approaches zero at large separation distances
(Table 1). These values can also be seen in the decreasing CTP
absorption intensity with increasing separation distance
(Fig. 4b). The transition densities in Table 1 show the same
trend. At the shortest distance, the transition density of the
main absorbing state has an unbalanced distribution on each
nanowire indicating partial CTP character, with the lobe on
the outer atom larger than the lobe on the inner atom. As the
distance increases, the transition density becomes more
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Table 1 Excited-state energies, oscillator strengths, CTP character, and transition densities for end-to-end Ag, dimers. All states with CTP characters
larger than 3% are listed for the shortest distance (3.5 A), and the equivalent states are listed regardless of CTP character (if non-zero) for the longer

distances
Distance (A) Energy (eV) Oscillator strength (f) CTP character (%) Transition density

2.25 1.269 8.43 )' J‘
3.5

3.86 0.099 711 n‘ '»

2.50 1.232 4.14 » ”
4.0

3.82 0.086 6.42 u ’)

2.71 1.251 1.62 J' ‘ '
4.5

3.84 0.045 5.75 ‘4)\} ’)

2.83 1.274 0.52 ‘ ' ‘ '
5.0

3.90 0.014 5.19 ‘J J) ’J )

2.88 1.282 0.15 ‘ ' ‘ '
5.5

3.99 0.003 4.52 ‘JJI ’1)

2.90 1.285 0.03 ‘ ' ‘ '
6.0

4.06 0.001 3.88

symmetrically distributed on each nanowire, indicating a tran-
sition from partial CTP character to nearly pure BDP character.
Interestingly, the CTP character of the higher-energy weakly
absorbing state decays much more slowly than that of the main
absorbing state. The slower decay is due to a combination of
two factors: the transition density maintains more visible
asymmetry, which means that pgupius is staying reasonably
large, and the overall transition density becomes smaller,
meaning that py, is becoming smaller.

We can understand these changes by examining the mole-
cular orbital contributions to each excited state. The frontier
MOs of the nanowire dimers are composed primarily of the Ag
5s atomic orbitals; the HOMO and HOMO—1 of the combined
system have bonding character within each nanowire, whereas
the LUMO and LUMO+1 have antibonding character within
each nanowire. HOMO and LUMO have larger density on the
terminal Ag atoms, whereas the HOMO—1 and LUMO+1 have
larger density on the central Ag atoms. As the distance between
the nanowires increases, the MOs become more evenly distrib-
uted between the atoms.

This journal is © the Owner Societies 2024

&

For each excited state, the CTP character is based on the CTP
character of the component single-particle transitions. The
strongly absorbing excited state has primarily HOMO — LUMO
character, plus a smaller HOMO—1 — LUMO+1 contribution
that becomes more significant for larger separation distances
(Table 2). Since the HOMO and LUMO are both localized
primarily on the outer Ag atoms, the transition density on the
outer Ag atoms is much larger than on the central Ag atoms,
leading to a relatively large CTP character at small separation
distances. In contrast, the HOMO—1 — LUMO+1 transition has
larger transition densities on the central Ag atoms than on the
outer atoms. As the separation distance increases, the transi-
tion density within each nanowire becomes more symmetric
and the CTP character decreases because of two factors: (1)
the MOs become more symmetric, and (2) the increasing
HOMO-1 — LUMO+1 contribution leads to cancellation of
the residual asymmetry in the transition density.

We now examine the Ag, end-to-end dimer to understand
the evolution of the CTP character with nanowire length.
Similar to the Ag, dimers, the absorption spectra of the Ag,
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Table 2 Composition of the strong longitudinal excited states of the end-to-end Ag, dimer into pure transitions. All transitions with weights >5% are

listed
Distance (A) Energy (eV) Transition Weight (%) CTP character (%)
3.5 2.25 HOMO - LUMO 94.1 13.68
HOMO-1 — LUMO+1 3.0 9.64
3.86 HOMO-1 —» LUMO+1 76.2 9.64
HOMO — LUMO+2 16.9 4.57
4.0 2.50 HOMO — LUMO 89.6 8.20
HOMO-1 —» LUMO+1 6.8 6.47
3.82 HOMO—-1 — LUMO+1 79.3 6.47
HOMO — LUMO+2 10.6 3.50
HOMO — LUMO 6.0 8.20
4.5 2.71 HOMO — LUMO 80.2 4.54
HOMO-1 —» LUMO+1 15.5 3.90
3.84 HOMO-1 —» LUMO+1 75.6 3.90
HOMO — LUMO 15.3 4.56
HOMO — LUMO+2 6.2 2.39
5.0 2.83 HOMO - LUMO 68.3 2.44
HOMO-1 —» LUMO+1 26.9 2.22
3.90 HOMO-1 —» LUMO+1 67.3 2.22
HOMO — LUMO 27.7 2.44
5.5 2.88 HOMO — LUMO 58.7 2.33
HOMO—-1 —» LUMO+1 36.2 2.28
3.99 HOMO-1 — LUMO+1 59.8 2.28
HOMO — LUMO 37.8 2.33
6.0 2.90 HOMO — LUMO 53.0 2.51
HOMO-1 — LUMO+1 41.8 2.49
4.06 HOMO-1 —» LUMO+1 55.0 2.49
HOMO — LUMO 44.0 2.51

dimers all have one strong longitudinal absorption peak and
one strong transverse absorption peak (Fig. 5a). The longitu-
dinal peaks are shifted to lower energies at short separation
distances, whereas the transverse peak position is nearly unaf-
fected by the formation of the Ag, dimer. The longitudinal
peaks in the Ag, dimers have lower energies than the corres-
ponding the Ag, dimers by nearly 1.00 eV, whereas the trans-
verse peaks are quite similar in energy. The oscillator strengths
for both the longitudinal and transverse peaks in the Ag,
dimers are approximately twice as large as those in the Ag,
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dimers. Formation of the dimer also introduces a very weakly
absorbing broad longitudinal peak around 2.60-3.00 eV and a
higher energy weak longitudinal peak between 5.50-5.90 eV.
Examining these excited states in more detail, the broad
peak around 2.60-3.00 eV is composed of two weakly absorbing
states; these states have oscillator strengths of zero at a gap
distance of 6.0 A, so are excluded from Table 3 for the 6.0 A
system. The longitudinal peak around 5.50-5.90 eV is visible in
the CTP absorption spectrum in Fig. 5b; however, since its CTP
character is below 3% for all interparticle distances, this state is

b
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(a) Absorption spectra and (b) CTP absorption spectra of the end-to-end Ag, nanowire dimers at the INDO/CIS level. The absorption intensity of the

monomer is doubled to represent the intensity for two isolated monomers. In both panels, the sticks indicate the oscillator strength of each excited state.
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Table 3 Excited-state energies, oscillator strengths, CTP character, and transition densities for end-to-end Agy4 dimers. All states with CTP characters
larger than 3% are listed for the shortest distance (3.5 A), and the equivalent states are listed regardless of CTP character (if non-zero) for the longer

distances
Distance (A) Energy (eV) Oscillator strength (f) CTP character (%) Transition density
1.57 2.660 6.76 rf ri '7' r‘
3.5 2.60 0.133 3.91 ). s 9 Jo
2.79 0.106 8.64 > J‘AJ 'a)a ?
1.75 2.742 3.05 )r}' Jl »‘
4.0 2.66 0.107 3.41 J'n ..».JO
2.81 0.044 6.68 JIJJ»‘ )'» |
1.88 2.845 1.07 )J—}o )ka‘
45 2.72 0.035 1.77 o J—a J—' J
2.84 0.020 5.82 FJJ" 4)4') )
1.94 2.891 0.32 )1 QJO J" ’y‘
50 2.76 0.007 0.52 J'J 'J‘
2.89 0.007 6.71 9 JlJJJ J.J}J ?
1.97 2.908 0.09 J{ 7‘0 J{ ’gO
5.5 2.78 0.002 0.11 J'J 'Jo
2.95 0.001 6.78 s of0 }J J't Jo—o
6.0 1.98 2.918 0.02

not included in Table 3. At the shortest separation distance of
3.5 A, the main absorbing state has a CTP character of 6.76%,
which is smaller than the CTP character for the equivalent state
(8.43%) in the corresponding Ag, dimer. For all distances, the
CTP character of the main longitudinal state in the Ag, dimer
systems is smaller than that of the corresponding Ag, dimer.
Similar to the Ag, dimers, the CTP character of all longitudinal
states decreases with increasing gap distance, and the CTP
character of the strongly absorbing state decays more quickly
than those of the higher-energy states. This can be seen by the
drastic decrease in CTP absorption intensity with length in
Fig. 5b. This trend is also visible in the transition densities,
which show significant asymmetry within each nanowire at
short separation distances but become more symmetric as the
nanowires are moved farther apart (Table 3).

The breakdown of longitudinal excited states into pure
transitions for the Ag, end-to-end dimers is listed in Table S1
in the ESLt The strongly absorbing state has predominantly

This journal is © the Owner Societies 2024

QP I

HOMO — LUMO character and a smaller contribution from the
HOMO-1 — LUMO+1 excitation that increases in weight with
increasing separation distance. Similar to the Ag, dimers, as
the separation distance increases, all of the MOs become more
symmetrically distributed within each nanowire, leading to the
decay in the CTP character of both excited states. For the
strongly absorbing state, cancellation in the CTP character
between the two main excitations causes the CTP character of
the excited state to decay more quickly than the CTP character
of the two major component excitations, consistent with the
Ag, dimer results.

Increasing the nanowire length further, the Agg end-to-end
dimers show similar trends to the dimers of shorter nanowires
(Fig. 6a). At short separation distances, the longitudinal absorp-
tion peak is shifted to lower energy; however, this shift is
smaller than that seen in the shorter nanowires. Even at the
shortest separation distance of 3.5 A, the longitudinal peak is
only shifted by 0.28 eV relative to the Agg monomer. Previous
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(a) Absorption spectra and (b) CTP absorption spectra of the end-to-end Agg nanowire dimers at the INDO/CIS level. The absorption intensity of

the monomer is doubled to represent the intensity for two isolated monomers. In both panels, the sticks indicate the oscillator strength of each excited

state.

TDDFT studies showed a similar decrease in energy for the
main longitudinal peak with increasing separation distance.'
Similar to the other dimers, the Agg dimer also has a much
weaker longitudinal absorption peak around 1.91-2.10 eV. The
transverse peak is again nearly unaffected by the formation of
the dimer.

As in the end-to-end dimers of the shorter nanowires, the
CTP characters of both longitudinal excited states decay as the
distance between the two Agg nanowires increases (Table 4).
At the shortest distance of 3.5 A, the CTP character of the main
absorbing state for the Agg dimer (4.05%) is smaller than for
the shorter nanowire dimers (8.43% for Ag, and 6.76% for Ag,);
in contrast, the weakly absorbing state has a slightly larger CTP
character in the Agg dimer than in the Ag, dimer. As in the

shorter nanowires, the CTP character of the strongly absorbing
state decays more quickly with increasing distance than that of
the weakly absorbing state. As a result, the general trend of the
CTP absorption peaks of the Agg dimers (Fig. 6b) very much
resembles those of the shorter dimers. Previous TDDFT work also
found that this longitudinal state has CTP character at separations
below 7.0 A for Agg dimers' and for Ag;, dimers,”* which is a
slightly longer distance than where the CTP character disappears at
the INDO/CIS level. This difference may be because the minimal
basis set in INDO/CIS means that the orbital overlaps approach
zero at shorter distances than the DZ basis set used in the TDDFT
studies. However, these studies did not attempt to quantify the CTP
character for the longitudinal state or examine how CTP character
changes with separation distance.

Table 4 Excited-state energies, oscillator strengths, CTP character, and transition densities for end-to-end Agg dimers. All states with CTP characters
larger than 3% are listed for the shortest distance (3.5 A), and the equivalent states are listed regardless of CTP character (if non-zero) for the longer

distances
Distance (A) Energy (eV) Oscillator strength (f) CTP character (%) Transition density
1.06 5.096 4.05 B [ et
2 1.91 0.266 4.50 D -dd 9B d
1.16 5.383 1.61 Poooo @ P oo @
0 1.98 0.106 2.56 - Db iB-d
1.22 5.525 0.52 Pt i P @
e 2.04 0.031 0.91 I & -¢d 9 4@
1.25 5.579 0.15 i1 -@ Pt—1t-@
>0 2.06 0.013 0.24 D 0@ I P ¢d
5.5 1.26 5.609 0.04 i@ i@
6.0 1.27 5.632 0.01 Di—td Pt—id
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The composition of the two main longitudinal excited states
in the Agg dimers is similar to that of the shorter nanowire
dimers (Table S2, ESIT). The main absorbing state has primarily
HOMO — LUMO character, with a smaller HOMO—-1 —
LUMO+1 contribution that increases in weight with increasing
separation distance. The weakly absorbing state has primarily
HOMO-—2 — LUMO character, with smaller contributions from
several other excitations within the sp band. The CTP charac-
ters of the pure transitions continue to decrease with increasing
nanowire length. Since the contact area of the end-to-end dimer
remains the same regardless of the nanowire length, the
contact area is a smaller proportion of the total nanowire
surface area for the longer nanowires. Thus, it is unsurprising
that dimer formation causes a smaller asymmetry within
each nanowire for the MOs as the length increases, leading to
smaller CTP character for the pure transitions. For the main
absorbing state, cancellation of the CTP characters of the
component excitations further decreases the CTP character of
the excited state. In contrast, the weakly absorbing state has
weaker cancellation among the excitations and a CTP character
more comparable to that of its component excitations.

3.2.2.
dimers, we now turn our attention to the side-by-side dimers.
Similar side-by-side dimers have been previously studied using
TDDFT,*° revealing three groups of peaks in their absorption
spectra at separation distances shorter than 7.0 A: (1) a low-
energy longitudinal peak, (2) an intermediate-energy transverse

Side-by-side dimers. After examining the end-to-end

peak with the transition dipole moment aligned along the
nanowire-to-nanowire axis, and (3) a high-energy out-of-plane
transverse peak. Of these groups, only the second group is
allowed by symmetry to have CTP character. In our study, we
examine side-by-side dimers of Ag,, Ag,, and Agg, similar to the
end-to-end dimers. For the side-by-side Ag, dimer, both the
transverse and the longitudinal absorption peaks shift relative
to the isolated Ag, nanowire (Fig. 7a). Unlike in the isolated Ag,
nanowire, the transverse excited states in the dimer with
transition dipole moments along the nanowire-to-nanowire
axis are not degenerate with the out-of-plane excited states;
this change is consistent with the results of previous TDDFT
work.2° The transverse state with its transition dipole moment
aligned along the nanowire-to-nanowire axis has lower energy
than the out-of-plane transverse state, and its energy increases
from 3.36 eV to 5.10 eV as the separation distance increases
from 3.5 to 6.0 A. The out-of-plane transverse peak remains
within a much smaller energy range from 4.89 eV to 5.13 eV.
At short distances, the longitudinal absorption peak is split into
two distinct states, one lower in energy and one higher in
energy than the longitudinal peak of the isolated Ag, nanowire;
both states have lower oscillator strengths than the two trans-
verse absorption peaks. As the distance increases, both long-
itudinal states approach the energy of the longitudinal state of
the isolated Ag, nanowire, and the lower-energy state acquires
most of the longitudinal absorption intensity.

Although the absorption spectra are somewhat more
complex, only one transverse state at each separation distance
has appreciable CTP character (Fig. 7b). That state corresponds

This journal is © the Owner Societies 2024
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Fig. 7 (a) Absorption spectra and (b) CTP absorption spectra of the side-
by-side Ag, nanowire dimers at the INDO/CIS level. The absorption
intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.

to the nanowire-to-nanowire transition. At the shortest separa-
tion distance of 3.5 A, this state is at 3.36 eV and has a CTP
character of 12.01% (Table 5). Like the end-to-end dimers, the
transition density within each nanowire in the side-by-side
dimer is visibly asymmetric at the shortest separation distance,
which corresponds to large CTP character; as the distance
increases, the transition density becomes more symmetric,
corresponding to a decrease in CTP character. As the separation
distance increases from 3.5 to 6.0 A, the energy of this state
increases, and its CTP character decreases from 12.01% to
0.25%. The decline in CTP character with increasing distance
is less abrupt and somewhat less consistent than in the end-to-
end dimers, with decreases of 30-70% for each distance step.
The side-by-side geometry generally has larger CTP character
than the corresponding end-to-end geometry, which is
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Table 5 Excited-state energies, oscillator strengths, CTP character, and
transition densities for side-by-side Ag, dimers. All states with CTP
characters larger than 3% are listed for the shortest distance (3.5 A), and
the equivalent states are listed regardless of CTP character (if non-zero) for
the longer distances

Distance Energy Oscillator CTP Transition
A) (eV) strength (f) character (%) density
3.5 3.36 1.887 12.01 i
4.0 3.83 1.929 8.58 m
4.5 4.38 1.543 3.61

g
5.0 4.76 1.804 2.34
5.5 5.01 2.046 0.76 O
6.0 5.10 2.204 0.25 #

unsurprising since the side-by-side nanowires have a larger
surface area where they interact.

Similar to the end-to-end case, we can decompose the main
transverse states into pure transitions. In isolated Ag nano-
wires, the transverse excited states correspond primarily to

View Article Online

Paper

transitions from o-type to m-type MOs. In the side-by-side
dimers, the MOs are linear combinations of the isolated
nanowire MOs. The main transverse excited state corresponds
primarily to a transition from the HOMO, which has o-type
character within each nanowire and an antibonding interaction
between the two nanowires, into an MO with n-type character
within each nanowire and bonding character between the
two nanowires (Table 6). Although the n-type MO shifts from
LUMO+2 to LUMO+4 with increasing separation distance, the
orbital character is largely consistent. At large separation dis-
tances, other transitions from o-type to n-type MOs or from the
d band into the sp band also have non-negligible contributions.
The coupling of these transitions leads to partial cancellation
of their CTP characters, such that the total CTP character of
the excited state is lower than that of the major component
transitions.

For the Ag, side-by-side dimers, the absorption spectra
similarly have multiple longitudinal and transverse peaks (Fig. 8a).
As in the Ag, dimers, there are two main transverse absorption
peaks: the lower-energy peak transverse state ranging in energy from
3.51 €V to 5.22 eV has its transition dipole moment oriented along
the nanowire-to-nanowire axis, whereas the higher-energy state has
its transition dipole moment oriented out of plane. Both peaks shift
to higher energy as the separation distance increases, converging to
an energy comparable to that of the isolated Ag, nanowire. At a
separation distance of 3.5 A, there are also lower-energy transverse
states with weak absorption at 1.86 €V and 2.68 eV. Similar to the Ag,
side-by-side dimer, the longitudinal absorption peak is split between
two excited states, which are at 0.94 eV and 2.64 €V at a separation
distance of 3.5 A. At this distance, the higher-energy peak is strongly
absorbing, and the lower-energy peak has very weak absorption. As
the distance between the nanowires increases, the energy gap
between the two absorption peaks decreases, and the absorption
intensity shifts from the higher-energy state into the lower-energy
state. Previous TDDFT results for the side-by-side Ag, nanowire
dimers found CTP states between 4.0 eV and 5.0 €V that decrease
in both energy and absorption intensity as the separation distance
increases.”® Our INDO/CIS spectra have CTP peaks in a slightly larger
energy range (3.51-5.22 eV) that similarly decrease in energy with
increasing separation distance, though the change in intensity is

Table 6 Composition of the strong longitudinal excited states of the side-by-side Ag, dimer into pure transitions. All transitions with weights >5% are listed

Distance (A) Energy (eV) Transition Weight (%) CTP character (%)
3.5 3.36 HOMO — LUMO+2 96.8 17.74
4.0 3.83 HOMO — LUMO+2 95.0 11.39
4.5 4.38 HOMO — LUMO+2 68.0 10.25
HOMO-2 — LUMO 9.5 1.33
HOMO — LUMO+3 8.5 0.39
HOMO-3 — LUMO+1 7.0 1.11
5.0 4.76 HOMO — LUMO+2 78.1 6.26
HOMO-1 — LUMO+7 11.7 6.90
HOMO-3 — LUMO+1 10.9 0.56
5.5 5.01 HOMO — LUMO+4 63.1 3.89
HOMO-1 —» LUMO+7 19.6 4.07
HOMO-4 — LUMO 8.2 0.28
HOMO-7 — LUMO+1 7.5 0.26
6.0 5.10 HOMO — LUMO+4 61.0 2.19
HOMO-1 — LUMO+7 33.0 2.21
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(a) Absorption spectra and (b) CTP absorption spectra of the side-by-side Ag4 nanowire dimers at the INDO/CIS level. The absorption intensity of

the monomer is doubled to represent the intensity for two isolated monomers. In both panels, the sticks indicate the oscillator strength of each excited

state.

somewhat smaller for INDO/CIS. Our INDO/CIS results also agree
with TDDFT that the higher energy out-of-plane transverse peaks
appear in the 5-6 eV range with intensities that increase as the
separation distance increases.*

At the shortest separation of 3.5 A, the side-by-side Ag,
dimer has three excited states with >20% CTP character, which
are main transverse absorbing state and two lower-energy states
with weak absorption (Table 7); this leads to three peaks in the
CTP absorption spectrum (Fig. 8b). This large CTP character
results from significant mixing of p orbitals with their nodes
perpendicular to the nanowire-to-nanowire axis into the fron-
tier molecular orbitals. The large CTP character is also visible in
the transition densities, which show that one nanowire has
primarily positive transition density and the other nanowire
has primarily negative transition density. Although the transi-
tion density plots may seem to imply that the CTP characters
should be much larger than 20%, this is a result of several
simplifications. First, the CTP character is computed using the
ZDO, whereas the transition density plots have substantial
cancellation of the overlapping atomic orbital lobes between
the nanowires. The TDDFT transition densities are less visibly
asymmetric,”® which suggests that the ZDO has a significant
effect on the visual appearance of our transition densities. In
addition, since the transition densities are plotted using a
single isovalue, the smaller lobes with opposite sign are not
always visible. For these reasons, we expect the computed CTP
character yield more reliable trends than visual analysis of the
transition densities. Since previous TDDFT work only examined
the main in-plane transverse peak for CTP character,*® a direct
comparison of the weaker transverse states is not feasible.

When the separation distance increases from 3.5 A to 4.0 A,
the two low-energy weakly absorbing states have negligible CTP
character, and the CTP character of the strongly absorbing state
decreases by more than 50%. The CTP character of the main

This journal is © the Owner Societies 2024

transverse state continues to decrease with increasing separa-
tion distance, similar to the Ag, side-by-side dimer. In the side-
by-side dimers, extending the nanowire length not only
increases the number of excited states with significant CTP
character at the shortest separation distances but also increases
the CTP character of each excited state. This is a different
pattern than was seen in the end-to-end dimers, where the CTP
character decreased with increasing nanowire length. The
difference is likely because of the differences in the contact
area between the two nanowires: whereas the end-to-end
dimers interact through one atom pair regardless of nanowire
length, the side-by-side dimers interact through all atoms.

The decomposition of MO contributions to the CTP excited
states is more complex for this system because the energetic
ordering of the MOs changes significantly with separation
distance and each state contains contributions from multiple
different transitions (Table S3, ESIT). However, all of the excited
states with significant CTP character primarily involve contri-
butions from MOs with c-type character within each nanowire
to MOs with rn-type character within each nanowire. At the
shortest separation distance, all three of the excited states with
large CTP character have contributions of >74% from one
excitation and minor contributions from other excitations.
As the separation distance increases, the excited states acquire
more mixed character among several excitations. In the main
absorbing state, similar to the end-to-end cases, the cancella-
tion among the CTP character of the component excitations
becomes more pronounced as the separation distance
increases, contributing to the decay of its CTP character with
increasing separation distance.

The absorption spectra of the side-by-side Ags dimers follow
the same major trends as the shorter side-by-side dimers for
both the transverse and longitudinal states (Fig. 9). At a
distance of 3.5 A, there are a total of five transverse states
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Table 7 Excited-state energies, oscillator strengths, CTP character, and
transition densities for side-by-side Ags dimers. All states with CTP
characters larger than 3% are listed for the shortest distance (3.5 A), and
the equivalent states are listed regardless of CTP character (if non-zero) for
the longer distances
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aligned along the nanowire-to-nanowire axis: two weakly
absorbing states at 2.15 eV and 2.49 eV, and a grouping of
three states between 3.40-3.80 eV that all contribute to one
absorption peak. The longitudinal peak shifts lower in energy
with increasing nanowire length, whereas the transverse peaks
exhibit smaller changes; these trends are consistent with
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Fig. 9 (a) Absorption spectra and (b) CTP absorption spectra of the side-
by-side Agg nanowire dimers at the INDO/CIS level. The absorption
intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.

previously observed trends from TDDFT for the side-by-side
dimers.*® Within this grouping of three states, the central state
has both strong absorption and a large CTP character, and the
two other states have weaker absorption and smaller CTP
character (Table 8). As the distance increases to 4.0 A, the CTP
character in the main transverse absorption peak decreases as seen
previously, but two low-energy CTP states have CTP characters over
20%. Interestingly, the state at 2.00 eV in the 4.0 A system has CTP
character of 34.64%, which is the largest value of any excited state
seen to this point. When the separation distance increases beyond
4.0 A, the low-energy transverse states lose nearly all of their CTP
character, and the CTP character of the main transverse absorption
peak continues to decrease similarly to the shorter side-by-side
dimers. Similar to the Ag, side-by-side dimer, the excited states with
CTP character are composed of linear combinations of 6 — =«
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Table 8 Excited-state energies, oscillator strengths, CTP character, and transition densities for side-by-side Agg dimers. All states with CTP characters
larger than 3% are listed for the shortest distance (3.5 A), and the equivalent states are listed regardless of CTP character (if non-zero) for the longer

distances

Distance (A)

Energy (eV)

Oscillator strength (f)

CTP character (%)

Transition density
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5.0

5.5

6.0

This journal is © the Owner Societies 2024

2.15
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(a) and (b) Absorption spectra, (c) and (d) CTP absorption spectra of the shifted Agg nanowire dimers at the INDO/CIS level. The spectra series are

split at 7.91 A for clarity. In all panels, the sticks indicate the oscillator strength of each excited state.

transitions (Table S4, ESIT). Since the longer nanowires have more
possible ¢ — = transitions available, the excited states contain
significant contributions from a larger number of component
transitions. Previous TDDFT work revealed a similar increase in
the energy of the CTP peak as the separation distance increases,
although that work did not quantitatively analyze the CTP
character.

3.2.3. Shifted Ags dimers. To this point, we have demon-
strated that INDO/CIS is able to reproduce the DFT absorption
spectra and can be used to quantify the CTP and BDP char-
acters in standard symmetrical dimers. Here, we apply the
same approach to a novel set of asymmetric dimers to demon-
strate that this approach can yield insight into a system that
has not been previously studied: side-by-side Agg dimers where
one nanowire is shifted along the length of the other (Fig. 3).
A shift of 0 corresponds to the side-by-side dimer from the
previous section with a separation distance of 3.5 A, and the
shift is increased by half (0.5) Ag-Ag bond length in each step,
resulting in shift distances ranging from 1.31 A (0.5 Ag-Ag
bonds) to 15.96 A (6 Ag-Ag bonds). The maximum shift distance
was selected because larger shift distances create a system with
very little overlap of the MOs on the two nanowires. The half-

19152 | Phys. Chem. Chem. Phys., 2024, 26, 19138-19160

bond-length steps result in an alternation of shift distances
with the terminal Ag atom of one nanowire aligned perfectly
with an atom in the other nanowire and shift distances where
the atoms in the two nanowires are perfectly staggered. As the
shift distance increases, the geometry changes from side-by-
side to something more similar to end-to-end, and this geo-
metric transition enables us to examine the transition from a
system where the CTP states are solely transverse to one where
the CTP states are predominantly longitudinal.

The computed absorption spectra of the shifted Agg dimers
consistently have three main absorption peaks (Fig. 10a and b).
The main longitudinal absorption peaks are between 1.00 eV
and 1.76 eV for all shifted distances, in a similar range as the
longitudinal peak in the isolated Ags monomer at 1.34 eV (see
Fig. 2). The energy of the main longitudinal peak is highest for
the unshifted dimer (1.76 eV) and decreases in energy to 1.00 eV
as the shift increases from 1.31 A to 13.22 A, but increases to
1.08 eV at the largest shift distance of 15.96 A. This pattern is
related to the transition from side-by-side-like to end-to-end-
like behavior. As we saw previously, the side-by-side dimers
have higher longitudinal peak energies than the isolated nano-
wire, whereas the end-to-end dimers have lower energies than

This journal is © the Owner Societies 2024
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Table 9 Excited-state energies, oscillator strengths, CTP character, and transition densities for shifted Agg dimers. All excited states with oscillator
strength larger than 1.0 and CTP character larger than 3% are listed. The shift distances correspond to steps of 0.5 Ag—Ag bonds

Longitudinal states

Transverse states

Shift No. of
distance (A) Ag-Ag bonds Energy (V) Oscillator strength (f) CTP character (%) Energy (eV) Oscillator strength (f) CTP character (%)
0 — 3.42 1.078 6.77
3.62 5.853 16.84
3.77 1.183 8.19
1.31 0.5 1.69 7.128 9.02 3.61 5.791 16.35
2.62 1.0 1.37 1.149 3.07 3.60 5.233 17.32
1.63 6.112 6.39 3.93 1.868 7.92
3.97 1.5 1.41 1.183 3.66 3.59 4.674 18.65
1.59 4.613 14.76
1.76 1.900 17.86
5.31 2.0 1.39 2.010 8.93 3.59 3.102 15.27
1.54 4.261 13.95
2.04 1.513 22.71
6.61 2.5 1.38 5.135 13.08 3.65 4.250 15.59
1.46 1.171 5.91
7.91 3.0 1.33 3.196 11.73 3.70 4.014 15.32
1.53 2.354 3.75
9.30 3.5 1.24 3.937 17.62 3.40 1.455 13.32
1.86 1.833 14.65 3.76 1.287 7.05
10.56 4.0 1.15 5.133 19.69 3.53 2.027 16.27
11.89 4.5 1.02 3.042 14.47 3.51 1.177 9.35
1.32 2.300 4.08 3.58 1.219 12.67
13.22 5.0 1.00 4.455 14.89 3.54 2.168 14.43
14.59 5.5 1.01 4.700 11.02 — — —
15.96 6.0 1.08 4.815 5.46 — — —

the isolated nanowire; in both cases, as distance increases, the
energy approaches that of the isolated nanowire. As the shift
distance increases from 0 to 13.22 A, the longitudinal peak
decreases in energy as expected for a system transitioning from
side-to-side to short-distance end-to-end behavior; as the dis-
tance increases further to 15.96 A, the longitudinal peak
increases in energy following the trend of an end-to-end system
with increasing separation distance.

Similar to the side-by-side Ags dimers, the shifted dimers
also have two main transverse absorption peaks: a peak at 3-4 eV
with its transition dipole moment aligned along the nanowire-to-
nanowire axis, and a peak at 5-6 eV with its transition dipole
moment aligned out-of-plane. Although the longitudinal states can
in principle mix with the nanowire-to-nanowire transverse peaks
due to the lower symmetry, in practice the strongly absorbing states
have their transition dipoles aligned essentially along either the
longitudinal or the transverse axis. The intensity of the lower energy
transverse peaks tends to decrease as the shift distance increases,
whereas the intensity of the higher energy peaks tends to increase
as the shift distance increases. However, the two groups of peaks in
shifted dimers do not converge towards the higher energy end near
the transverse peak (around 5.40 €V) of an isolated monomer as in
the side-by-side dimers. We expect that larger displacements would
be required to achieve this convergence.

We now examine the CTP character in the shifted dimers.
Even though these systems contain many longitudinal and
transverse states, only few strong peaks appear in the CTP
absorption spectra (Fig. 10c and d). Because of the large total
number of states, we focus only on the CTP states that satisfy
two criteria: (1) oscillator strength larger than 1.0 and (2) CTP
character larger than 3% (Table 9). Since we have already

This journal is © the Owner Societies 2024

established that the INDO/CIS transition densities correspond
with CTP, the transition densities are not shown for these
systems to simplify the data table. As shown in the previous
section, the unshifted side-by-side Agg dimer has one trans-
verse state around 3.50 eV with significant CTP absorption,
while the longitudinal state lacks CTP character due to sym-
metry. In contrast, the shifted dimers have two groups of CTP
states, one between 1.00 eV and 2.04 eV corresponding to the
longitudinal states and a second between 3.40 eV and 3.93 eV
corresponding to the transverse states (Fig. 10c, d and Table 9).
This is attributed to the emergence of significant CTP character
in the longitudinal state, even for the shortest shift distance of
half an Ag-Ag bond length. As expected by symmetry, the out-
of-plane transverse states do not have CTP character.

When considering all of the shifted dimers, the CTP states
generally transition from being primarily transverse to primar-
ily longitudinal as the shift distance increases. However, fluc-
tuations are observed between adjacent shift distances. For the
shortest shift distance of 1.31 A (0.5 Ag-Ag bond), the main
longitudinal absorption peak acquires 9.02% CTP character,
which is a large increase from no CTP character in the
unshifted system. However, when the shift distance is further
increased to 2.62 A (one Ag-Ag bond), the CTP character of the
main longitudinal state decreases slightly to 6.39%. Continuing
to larger displacements, the CTP intensities of the main
absorbing longitudinal states show an alternating increasing/
decreasing pattern up to a displacement of 9.30 A (3.5 Ag-Ag
bonds; Fig. 10c and Table 9). In general, for the longitudinal
states with the highest oscillator strength, the CTP characters
are higher for half bond length shifts than for whole bond
length shifts for distances up to 9.30 A (3.5 bond lengths). The
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higher CTP characters for half-bond displacements may be
because at these displacements, an Ag atom in one nanowire
can interact with two Ag atoms in the other nanowire instead of
one when the atoms are directly aligned. However, this pattern
somewhat reverses at shift distances of 9.30 A to 14.59 A (3.5-
5.5 Ag-Ag bonds; Fig. 10d). At the largest shift distance of
15.96 A (6 Ag-Ag bonds), the CTP character of the longitudinal
state substantially decreases to 5.46%, which is not surprising
since the end-to-end-like geometry has significantly less orbital
overlap between the two nanowires. The main transverse states
in 3.50-3.62 eV energy range have relatively consistent CTP
character for the shorter displacements, with an alternating
pattern emerging at intermediate displacements. At the largest
displacement, no transverse states have large enough CTP
character to appear in Table 9.

We now focus on the states with highest CTP character
across the series. At a shift distance of 5.31 A, one longitudinal
state has a CTP character of 22.71%, which is the highest CTP
character seen in any excited state in the shifted systems.
However, this system has multiple longitudinal absorption
peaks, and the state with the largest CTP character is not the
one with the largest oscillator strength. Among the main
absorbing longitudinal states, the highest CTP character is
19.69% at 10.56 A (4.0 Ag-Ag bonds) due to competition
between orbital overlap and extent of symmetry breaking.
At shift distances up to 10.56 A, the CTP characters of long-
itudinal states generally increase with increasing shift distance
except for the alternations discussed earlier, but at larger
displacements the CTP characters tend to decline. The main
absorbing longitudinal state similarly has a large CTP character
of 14-20% for all shifted systems with displacements from
3.97 A to 13.22 A. In contrast, the highest CTP character of the
main absorbing transverse state occurs at a shift distance of
3.97 A (1.5 Ag-Ag bonds). The CTP characters of the main
absorbing transverse states are all reasonably large (12-18%)
for all shift distances from 0 to 13.22 A. However, the transverse
absorption intensity decreases at displacements of 9.30 A and
larger. Hence, at intermediate displacements of 3.97 A and
10.56 A (1.5-4.0 Ag-Ag bonds), both longitudinal and transverse
states have strong CTP character. These observations suggest
that introducing symmetry breaking is a potential route to
promote strong CTP character.

3.3. Nanorod dimers

Since we have shown in the previous sections that our INDO/
CIS based method works well in the small linear Ag nanowire
dimers, we now turn to larger Ag nanorod dimers. The penta-
gonal Ags; " nanorod has been previously studied to understand
the emergence of plasmon-like excitations.*®**%*® This system
enables us to assess the transferability of our CTP analysis to
larger structures that are computationally expensive to model
using TDDFT. The dimers were constructed in end-to-end and
side-by-side configurations (Fig. 11). Because the pentagonal
nanorod is faceted, we studied two versions of the side-by-side
dimer: one with two flat facets directly facing each other

19154 | Phys. Chem. Chem. Phys., 2024, 26, 19138-19160
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Fig. 11 Geometries of the Ags;* nanorod dimers: (a) end-to-end, (b) side-
by-side, and (c) edge-to-edge.

(denoted as side-by-side) and one with two of the edges between
the facets directly facing each other (denoted as edge-to-edge).

The INDO/CIS absorption spectrum for the Ag;;" nanorod
monomer, illustrated in Fig. 12, is consistent with previous
computational results. When comparing the INDO/CIS spec-
trum to the one obtained using TDDFT at the BP86/DZ level, a
notable agreement is observed in the spectral features.’® The
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Fig. 12 Absorption spectra of the Agz;* nanorod monomer calculated at
INDO/CIS level. The sticks indicate the oscillator strength of each excited
state.
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INDO/CIS and TDDFT calculations both generate two strongly
absorbing longitudinal states between 3.2 eV and 3.5 eV, and
weaker absorbing transverse states between 4.0 eV and 5.0 eV.
The agreement between the two computational methods
indicates the reliability of the INDO/CIS predicted absorption
features in larger systems.

In the end-to-end Ag;," dimers, all dimers have two relatively
strong longitudinal absorption peaks, similar to the Ags;"
monomer. The first strong longitudinal absorption peak
increases in energy from 2.0 eV to 3.1 eV and the second peak
increases from 2.1 eV to 3.4 eV as the separation distance
increases (Fig. 13). The transverse peaks are located in the
range of 4-5 eV and have weak oscillator strengths, similar to
the monomer. As before, the longitudinal states have CTP
character in the end-to-end dimers. For an Ags;" dimer, which
has the overall formula Agg,>", the number of excited states
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Fig. 13 (a) Absorption spectra and (b) CTP absorption spectra of the end-
to-end Agz;* nanowire dimers at the INDO/CIS level. The absorption
intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.
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Table 10 Excited-state energies, oscillator strengths, and CTP character
for end-to-end Ags* dimers. All longitudinal states that have both oscil-
lator strength larger than 1.0 and CTP character larger than 1% are listed

Distance (A) Energy (eV) Oscillator strength (f) CTP character (%)
3.5 1.31 2.347 11.05
2.02 3.815 3.62
2.13 3.534 4.85
2.55 2.245 1.45
3.73 3.085 1.93
4.0 2.48 4.808 1.57
2.54 2.691 1.79
4.5 2.64 5.310 2.62
2.76 3.423 1.36
5.0 2.78 2.881 1.64
5.5 2.81 1.340 2.42

needed to reach the 6-eV energy cutoff is around 1500 states.
Hence, we only examine the longitudinal states that meet two
criteria: (1) oscillator strength larger than 1.0 and (2) CTP
character larger than 1% (Table 10). At the shortest separation
distance of 3.5 A, both the first strong longitudinal absorption
peak and a lower-energy state at 1.31 eV with weaker absorption
have substantial CTP character. The state at 1.31 eV possesses
the highest CTP character (11.05%) of any end-to-end system
we have studied. At larger separation distances, the longitudi-
nal states close in energy to the first strong longitudinal
absorption peak dominate the CTP absorption spectrum (see
Fig. 13b and Table 10). The CTP character decreases rapidly as
we increase the separation distance from 3.5 A to 6.0 A, similar
to what was seen in the end-to-end nanowire dimers. At the
largest distance of 6.0 A, the CTP characters become too weak
to meet the criteria to be included in Table 10.

In the side-by-side system with two facets of the nanorods
directly facing each other, the absorption spectra do not have
the obvious three groups of peaks seen in the small linear
systems (Fig. 14a). In this system, the longitudinal and the
in-plane transverse peaks significantly overlap in energy. The
details of the absorbing excited states are in Table S5 (ESIT).
At all separation distances, the first strong absorption peak
around 3.5-3.7 eV consists primarily of longitudinal states.
The main in-plane transverse peaks overlap with the long-
itudinal peaks, but have lower absorption intensity and
span a wider range of 3.3-4.8 eV, generally shifting toward
the higher end of that range as the separation distance
increases. At each separation distance, there are two main
out-of-plane transverse absorption peaks. As the separation
distance increases, the lower energy peak decreases in energy
from 4.84 eV to 4.28 eV and the higher energy state decreases
from 5.23 eV to 4.79 eV.

For the side-by-side dimer, CTP character only occurs in the
in-plane transverse states. The strongest CTP absorption peak
occurs between 3.77 eV and 4.12 eV, and shifts to higher energy
as the separation distance increases (Fig. 14b and Table 11).
At the shortest separation distance of 3.5 A, the higher-energy
weakly absorbing states also have small CTP character. As the
separation distance increases, the CTP character decreases
steadily and gradually approaching zero. The CTP characters
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Fig. 14 (a) Absorption spectra and (b) CTP absorption spectra of the side-

by-side Ags* nanowire dimers at the INDO/CIS level. The absorption
intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.

Table 11 Excited-state energies, oscillator strengths, and CTP character
for side-by-side Agz* dimers. The in-plane transverse states with the
highest CTP character for each separation distance is listed

Distance (A) Energy (eV) Oscillator strength (f) CTP character (%)

3.5 3.77 4.613 9.38
4.0 3.60 1.609 6.17
4.5 3.82 2.751 5.67
5.0 4.16 3.453 1.96
5.5 4.12 2.577 0.80
6.0 4.32 1.939 0.26

in the side-by-side Ags; " nanorod dimers are significantly lower
than for the small nanowire side-by-side dimers. This suggests
that increasing the size of the system may not be a fruitful route
toward increasing CTP character. In a larger system, a smaller
percentage of the atoms are able to interact directly with the
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Fig. 15 (a) Absorption spectra and (b) CTP absorption spectra of the

edge-to-edge Ags; " nanowire dimers at the INDO/CIS level. The absorp-
tion intensity of the monomer is doubled to represent the intensity for two
isolated monomers. In both panels, the sticks indicate the oscillator
strength of each excited state.

other nanorod, and the CTP states may be diluted by mixing
with a larger number of local excited states at similar energies.

The Ags;," edge-to-edge dimers (side-by-side with edges of
the pentagonal rods directly facing each other) have absorption
spectra that are unsurprisingly very similar to the side-by-side
dimers (Fig. 15). The main absorbing excited states of the edge-
to-edge dimers are likewise very similar to those in the side-by-
side dimers (Table S6, ESIt). The strongly absorbing in-plane
transverse states in the edge-to-edge dimers have similar ener-
gies (3.4-4.8 eV) to the corresponding states in the side-by-side
systems, but the CTP character of these states in the edge-to-
edge dimers are lower than in the side-by-side case. For
example, the CTP character in the 3.5 A dimer decreases from
9.38% to 5.54% after changing the alignment. At 6.0 A, the in-
plane transverse states have CTP character close to 0 such that
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Table 12 Excited-state energies, oscillator strengths, and CTP character
for edge-to-edge Ags;* dimers. The in-plane transverse states with the
highest CTP character for each separation distance is listed

Distance (A) Energy (eV) Oscillator strength (f) CTP character (%)
3.5 3.79 3.882 5.54
4.0 3.79 3.843 3.90
4.5 3.75 1.729 3.85
5.0 3.88 3.255 0.44
5.5 3.91 1.669 0.12

this distance is excluded from Table 12. These results are most
likely because the edge-to-edge dimers have a smaller surface
area for interaction than the side-by-side dimers. The edge-to-
edge dimers have only a single line of five atoms on each
nanorod in close enough proximity to have strong orbital
overlap, whereas the side-by-side dimer has a full face (two
lines of five atoms) on each nanorod directly interacting.
Interestingly, the edge-to-edge dimers have slightly more CTP
character than the side-by-side dimers in the very weakly
absorbing states below 3 eV. Overall, these results demonstrate
that the semiempirical INDO/CIS method is capable of reveal-
ing trends in the CTP character of larger metal nanostructures
with geometries that are more complex than the nanorods. Our
method is able to quantify the CTP character in each excited
state and capture the distance dependence or geometry depen-
dence in these systems.

4. Conclusion

The unique properties of charge transfer plasmons, such as
their tunability and strong coupling to light, make them a
promising platform for the development of new types of
optoelectronic devices. Theoretical modeling of the CTP modes
in metal nanocluster dimers allow us to identify and characterize
how CTP states behave when the size, symmetry, and interaction
distance change, providing better understanding of how to tune the
CTP states for applications.

In this study, we have shown that the semiempirical INDO/
CIS method can accurately predict trends in CTP states at low
computational cost and enables quantitative analysis of the
CTP character of each state. For the end-to-end nanowire
dimers, only the longitudinal states have non-zero CTP
character. Because the surface area for interactions between
the nanowires is only a single atom in size, our quantitative
analysis shows that the CTP character somewhat decreases as
the nanowire length increases, and the CTP character decreases
quickly with increasing gap distance. The trends in the energies
of the absorption peaks with nanowire length and gap distance
are similar to previous TDDFT-based studies.'®*"3*

In the side-by-side nanowire dimers, only the transverse
states have CTP character. For these dimers, the CTP character
tends to decrease with increasing gap distance but increase
with increasing nanowire length. Our observed trends in the
absorption spectra and CTP states are generally in good agree-
ment with previous TDDFT-based studies.?®*' The CTP
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character in the side-by-side dimers is generally larger than for
the end-to-end dimers because of the larger surface area of
interaction between the nanowires. The side-by-side dimers also
retain large CTP character to slightly larger gap distances, in
contrast to the dramatic decreases in CTP character with distance
seen in the end-to-end systems. This suggests that constructing
systems with a reasonably large contact area between two nanos-
tructures may be beneficial in designing systems with large CTP
character; further modeling of larger systems will be needed to
confirm that these trends hold in these systems.

We also applied our approach to side-by-side Agg dimers
where we shifted one nanowire along the length of the other at
a constant gap distance, which have not been previously
studied. In these systems, the transverse states show a general
decrease in CTP character as the shift distance increases, which
supports our conclusion that more orbital overlap increases the
CTP character. In contrast, for the longitudinal states the CTP
character is highest when one nanowire is shifted about half
the length of the other (10.56 A) due to competition between
orbital overlap and extent of symmetry breaking. The CTP
character is also sensitive to the detailed interactions between
the atoms, shown by the appearance of an alternating pattern
in the CTP character with each half-Ag-Ag-bond step. These
results give new insight into the role that symmetry breaking
can play in enhancing and tuning CTP character.

To demonstrate the ability of our method to model larger
systems that are computationally expensive to model with
TDDFT, we extended our analysis to dimers of the Ags,"
nanorod. The results showed that CTP character in the larger
nanorod dimers follow a similar distance dependence to that
seen in the small nanowire. Due to the increase in size, the
nanorod dimers tend to have smaller overall CTP character
than the nanowires. The larger nanorod also allows us to test a
new edge-to-edge geometric configuration, which tends to
produce less CTP character than the side-by-side counterpart
due to less orbital overlap between monomers.

Our novel INDO-based analysis framework enables us to
quantitatively analyze the evolution of the CTP states in Ag
nanocluster dimers with low computational cost. This method
accurately models the absorption spectra of nanocluster dimers
and the dependence of CTP character on geometric parameters.
We expect this approach to be broadly useful to study nanoclus-
ter dimers with new geometries, particularly in size ranges that
are challenging with DFT-based approaches, and reveal trends
that will enable tuning of the CTP and BDP modes for new
functional nanomaterials.
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