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ABSTRACT: The photocatalytic efficiency of materials such as
graphene and noble metal nanoclusters depends on their plasmon
lifetimes. Plasmon dephasing and decay in these materials is
thought to occur on ultrafast time scales, ranging from a few
femtoseconds to hundreds of femtoseconds and longer. Here we
focus on understanding the dephasing and decay pathways of
excited states in small lithium and silver clusters and in plasmonic
states of the 7-conjugated molecule anthracene, providing insights
that are crucial for interpreting optical properties and photophysics.
To do this, we study the time dependence of the electronic density
matrix of these molecules using a new approach that expresses the
density matrix in terms of TDDFT eigenstates (ESs) of the
TDDFT Hamiltonian. This approach, which involves combining
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linear response time-dependent density functional theory (LR-TDDFT) and real-time time-dependent density functional theory
(RT-TDDFT), leads to an analysis of the electron dynamics in terms of ESs, rather than individual molecular orbital (MO)
transitions as has typically been done. This circumvents the complexities and subjective biases that traditional MO-based analysis
provides. We find in an analysis of the induced dipole moment in these molecules that what had previously been considered to be
energy relaxation is actually dephasing associated with the eigenstates that are stationary after the excitation pulse is turned off. We
conclude that the ES-basis analysis has significant potential to advance understanding of the electron dynamics of plasmonic
nanomaterials, aiding their optimization for photocatalytic and technological applications.

1. INTRODUCTION

Light-matter interactions in plasmonic nanomaterials, such as
graphene and noble metal nanoparticles, induce a collective
oscillation of the conduction electrons at specific frequencies,
i.e, plasmon excitation, that is responsible for their character-
istic vivid colors of the metal nanoparticles.'™* This
phenomenon has enabled a wide range of applications,
including in photovoltaics,”™® photocatalysis,”'’ and surface
enhanced Raman spectroscopy (SERS).''”'® Although the
plasmonic optical response is crucial for these applications,
ultrafast nonradiative plasmon decay (on the scale of
femtoseconds) limits the lifetimes of the energetic charge
carriers (hot electrons and holes) and their utility.”'* This
decay includes two distinct processes: electron—phonon
scattering and electron—electron scattering. Understanding
these decay mechanisms is essential to control or prolong
plasmon lifetime, which is vital for optimizing their perform-
ance in various applications.

In contrast to nanoparticles, smaller nanoclusters (size < 1
nm) have more molecule-like spectra with electron—electron
scattering as the dominant nonradiative decay pathway.'>~"”
The significant dependence of this decay process on the
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physical and chemical attributes of the nanocluster has
generated immense interest among theoretical and exper-
imental chemists.'*™>' Results for thiolate-protected gold
nanoclusters, Au, (n = 36, 44, and 52), in face-centered
cubic packing, suggest carrier lifetimes of ~1—100 ns, which is
significantly longer than the <1 ps lifetimes often considered
for gold nanoparticles. This interest has been further enhanced
by results for Ausg nanoclusters, in body-centered cubic
packing, which exhibits a carrier lifetime of 4.7 us, longer than
that of semiconductor quantum dots and comparable to that of
bulk silicon.”* This illustrates the drastic changes in the decay
properties of a nanocluster that are possible with a difference of
only a few atoms.

Considering the immense phase space, experimental
exploration of nanocluster dynamics is extremely demanding.
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In this regard, computational methods have much to offer. For
example, linear response time-dependent density functional
theory (LR-TDDFT) provides explicit excited states (eigen-
states)”” > and has been used extensively to study the effect of
shape and size in silver nanoclusters (Ag,).”” ' Recently, our
group has shown that the frequency required to observe
plasmon-like behavior increases with increasing width of Ag
nanoclusters.”” LR-TDDFT has also been useful in modeling
highly conjugated organic molecules relevant to solar cell
applications.” However, while facile for calculating absorption,
LR-TDDEFT provides no direct information about the electron
dynamics underlying decay in these materials.

On the other hand, real-time time-dependent density
functional theory (RT-TDDFT) provides an opportunity to
capture the fast electron dynamics crucial for studying
processes like nonradiative decay. Unlike LR-TDDFT, RT-
TDDFT computes the system’s response to a time-dependent
electric field in the time domain.”*™° This makes RT-TDDFT
useful for studying electron dynamics in molecules and
nanoparticles, including plasmon-like optical responses in
noble metal linear chains and nanoclusters and their variation
with environmental parameters.***” >’

RT-TDDFT can be used in two ways: either as a
complementary technique to LR-TDDFT in determining
spectra or in providing crucial insights into electronic response
at a specific frequency.’”~** In the former mode, a -pulse of
specific intensity is applied to generate excitations over a broad
range of frequencies. Such real-time analysis has been used to
assess the collective plasmon resonance in alkali and noble-
metal linear atomic chains,™** and to determine the
correlation between linear nanowire length and dipole strength
for different plasmonic excitations.*> However, while perform-
ing such calculations it is essential to be cautious about the
parameters of the applied electric pulse as application of higher
intensity can produce a shift in the absorption peaks.” In the
latter mode, a longer duration pulse at the plasmon frequency
is used with results lending insight into electron dynamics and
decay pathways. For example, Aikens et al.* analyzed an Agg
tetrahedral nanocluster in terms of its dipole response and
variation of the molecular orbital (MO) occupancies and off-
diagonal density matrix elements resulting from the interaction
of the nanoclusters with a pulse. The changes in the
occupation number revealed a plausible decay process
characterized by a shift of density from one-photon to two-
photon absorption states. Ma et al."” examined the evolution of
a Agss icosahedral nanocluster with a similar method for
analyzing fluctuations in the dipole moment and in MO-
transition coefficients. Chapman et al,,*® examined fullerene
derivatives, providing theoretical evidence of plasmon decay
leading to the generation of hot carriers. (Note: we use the
term “fluctuation” to refer to time dependence where the peak
amplitude in each cycle varies significantly with time, while
“oscillation” is where the peak as essentially a constant.) In a
study of naphthalene, Kuda-Singappulige et al.*’ coupled RT-
TDDFT with Ehrenfest dynamics, to understand the role of
nuclear motion in decay of a plasmon-like state.

LR- and RT-TDDFT offer different capabilities for under-
standing electronic processes in metal nanoclusters. LR-
TDDFT can determine the true eigenstates (the excited
states) of the system, but these eigenstates do not directly
provide dynamical information regarding evolution of the
electron density. On the other hand, RT-TDDFT allows us to
track the evolution of MO occupation numbers in response to

a pulse at a given frequency, which is crucial for understanding
electron dynamics. However, since MOs are not the true
eigenfunctions of the system, interpreting their evolution is
challenging, which can obscure critical information about other
decay pathways. For instance, Ma et al,,”’ while examining the
evolution of the Agss nanocluster, analyzed transitions from
occupied orbitals to only one virtual orbital (LUMO) and
identified a decay pathway involving the generation of hot
carriers. In contrast, another study on a similar system, Agss_s,
extended the analysis to include excitations to additional many
virtual orbitals, uncovering a new plasmon decay pathway via
two-photon states.”® This demonstrates that the number of
MOs considered in the analysis plays a crucial role in providing
deeper insights into electron dynamics. However, interpreta-
tion of results in MO-basis is extremely cumbersome which
can be seen from the variation of MO transitions coeflicients
for Agss~® nanocluster. Furthermore, with the addition of each
new atom, the number of possible MO transitions escalates
dramatically, ultimately making the analysis based on MO-basis
sets difficult to interpret.

Combining the advantages of the two approaches, we have
developed a new methodology which captures electron
dynamics in terms of excited states (ESs) instead of individual
MO transitions. Our proposed methodology combines the
electron dynamics from the RT-TDDFT with ESs from LR-
TDDFT to provide clear interpretation of the results. This
allows us to track the time evolution of the density matrix of
the relevant LR-TDDFT ESs, avoiding the complications and
significant fluctuations associated with traditional MO-basis
analysis. While this approach does not go beyond the physical
content associated with the TDDFT approximation and is still
subject to self-interaction errors and basis set convergence
issues, it does provide a much more precise description of the
excited state dynamics than is available from an analysis of
MOs for the clusters and molecule we are studying.

In this work, we utilize our methodology to analyze the
optical response of lithium (Li,) and silver (Ag, n = 2—8)
metallic clusters, as well as the m-conjugated molecule
anthracene. For the metal clusters transverse excitation with
a pulse at the plasmon resonance energies leads to fluctuations
in total dipole moment and MO-transition coeflicients. These
fluctuations are associated with dephasing of energetically
nearby ESs that are excited within the energy bandwidth of the
pulse excitation rather than their decay. The analysis shows
that interference between different ESs correlates with
fluctuations in the dipole moment, but the ESs themselves
have constant coefficients with time after the pulse is over.
Moreover, we explicitly observe independence of the ES
dynamics with an increased density of states. Our study of
anthracene is chosen to consider an organic molecule that is
known to have plasmon-like ESs. In this case we are able to
capture the constructive and destructive interference of
individual MO-transitions in the magnitudes of the corre-
sponding ES coeflicients. This indicates the applicability of our
approach to conjugated materials, such as graphene-based
nanomaterials. Our methodology explicitly relates fluctuations
in the dipole moment and MO-transitions to dephasing (a loss
of coherence among ESs) rather than decay (a reduction in the
population of any ES). Hence, our method clarifies the nature
of the electronic response to an applied electric pulse and is
applicable to a variety of systems.

https://doi.org/10.1021/acs.jctc.4c01302
J. Chem. Theory Comput. 2025, 21, 17-28


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c01302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

2. METHODOLOGY

2.1. Theory. Within LR-TDDFT, static calculations
determine the ESs that represent poles in frequency-domain
in response to an external time-dependent electric field. These
ESs are linear combinations of multiple MO transitions. In the
random-phase approximation (RPA), the transition density
matrix operator, Dy, from the ground-state (GS) O to an
excited-state (ES) e within a MO basis, is given by’”’

Z (XOe
(1)

where X and Y are the coeflicients for excitation and de-
excitation, respectively, between occupied orbital j and
unoccupied orbital m corresponding to excited state e. a; and
a,, denote the creation and annihilation operators, respectively.

To relate the above static transition density matrix to the
RT-TDDFT density matrix, it is crucial to understand the time
dependence of the matrix elements. Considering that the
eigenvalue equations to obtain ESs for LR-TDDFT and time-
dependent Hartree—Fock (TDHF) are equivalent, the time-
dependence of the matrix elements are analogous. Within
TDHEF, the calculation of ESs involves terms that provide the
time dependence of the wave function®”

C(t) _ Z C an a _ z ( 0Oe —z(uat + YOe +i, t)a;a]

DMO YOe +

)
where C(t) is the time dependent transition density matrix
operator that evolves the system into a superposition of GS to
ES, C,,; is the time-dependent coefficient of a particular excited
state, @, is the excitation energy. Applying Euler’s theorem we
have

C(t) = ) elX,,;(@)(cos(a,t) —

mj

Y::j(a)(cos(

ut))

i sin(w,

w,t) + i sin(w,t))]aya,

= ), elcos(@t) (X, (@) + Yii(a))
mj

+ isin(wat)(—ij(a) + Y::j(a))]a;a (3)
where, € is a small numerical constant (determined by the
excitation field) signifying the amplitude of fluctuations or
small perturbations in the system.

In RT-TDDFT, the system’s response to a time-dependent
electric field is evaluated in the time domain by evolving the
density matrix over time. This evolution is computed in terms
of the atomic orbital basis set, which can be readily converted
to the MO basis set as”’

DMO(t) = 2'DA°(¢)z

where, z is the LCAO-MO coeflicient matrix.

In the evolution of the system, the time-dependent wave
function is formally defined through the exponential
expansion””

IW(t)) = exp[C(£)1I%(t)) )

where W,(t)) and I¥(t)) represent the wave function of the
GS and the final wave function of the evolved system,
respectively.

(4)

When applying a small perturbation to the system, we can
expand the exponential in eq 5 and truncate in first order.

(1)) = (1 + C)N(0)=1%(6)) + Y c(OI%(L))

(6)
where ¢, () and IW,(t)) represent the coefficient and wave
function, respectively, of an ES. This evolution, assuming small
¢, results in a superposition of the GS and ESs, with the
density matrix

Py = HO)E()!
~ (D) (B 5 < (ON(D)) CE(D1+
Y (O (B (1)

~D)"° + Z H(H)DMOT + Z ¢(t) DX ?7)

Therefore, the system can exist in a pure ES or a
superposition of multiple ESs, evolving in terms of (X + Y)
for real elements and (—X + Y) for imaginary elements, as
specified in eq 3. This involves a linear combination of the
transition density matrices of corresponding excited states. The
actual real-time density matrix in RT-TDDFT can be projected
onto each excited state. Using these matrices, we calculate the
coefficient of i-th ES using the density matrix linear response
MOs (PMO Lr) as

Re(Pgs(y) = Re(PMO w): (X +Y) (8a)

Im(Bgg) = Im(PMO w): (=X, +7Y)

where the colon indicates a double dot product (multiplying
the two matrices element by element, and then summing all
products).

2.2. Simulation Details. All geometries were optimized
using density functional theory (DFT) with random phase
approximation (RPA) and PBE functional.>>** For silver
nanowires, we utilized the cc-pVDZ-PP (pseudopotential)
correlation-consistent valence-only basis set.”> For Li, and the
anthracene molecule, the cc-pVDZ basis set (without
pseudopotential) was employed. The same functional and
basis sets were used for LR-TDDFT and RT-TDDFT
simulations.””*” In LR-TDDFT simulations, we computed
150 static excited states for Li, and 200 for all the silver
nanowires and anthracene. The spectra obtained from LR-
TDDFT were subjected to Lorentzian broadening with a factor
of 0.12 eV for better visualization. The PBE functional has
often been used for describing plasmonic excitations in silver
and gold clusters, and in many computational applications,
optical spectra obtained from TDDFT calculations with PBE
and other GGA functionals in combination with pVDZ basis
sets have been found to be in good agreement with higher
quality calculations,” in part because the transitions involved
in plasmon excitations are very much dominated by free-
electron states. In addition, transitions related to band gap
excitations are not important for metallic systems.

Given our focus on electron dynamics, we kept the nuclei
fixed, thereby preventing energy dissipation through electron—
phonon coupling and restricting energy transfer to that
between ESs. In RT-TDDFT simulations, electric pulses
were applied at a peak intensity of 0.0001 au, unless stated
otherwise. The density matrix evolved over time in response to
the applied pulse, starting from the ground state density matrix.

(8b)
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Figure 1. Evolution of ES coefficients, ¢, for Li, subjected to a 1.97 eV longitudinal electric pulse (top) and a 2.58 €V transverse electric pulse
(bottom). Excited states in the range of ¢, to ¢,/ 1000 are shown here, with the most important transition on the left for 1.97 eV and on the right

for 2.58 eV.

Each simulation used a time step of ~0.0048 fs (0.2 au) and
was terminated at 48.37 fs (2000 au), unless stated otherwise.
For the RT-TDDFT simulation with a d-pulse, the absorption
spectra were obtained by performing a Fourier transform of the
induced dipole oscillations. The frequency of all pulses was set
equal to the most intense absorption peak calculated from the
RT-TDDFT &-pulse. To study the systems’ evolution, a
Gaussian envelope pulse with a width of 1.94 fs was centered at
6 fs. All simulations, including geometry optimization, LR-
TDDFT, and RT-TDDEFT, were conducted using NWChem
software version 7.0.0.>°

3. RESULTS AND DISCUSSION

3.1. Li,—A Prototypical System. Alkali metals are
recognized for their ability to support plasmons and have
been extensively studied.*”** They also have a single electron
in their valence shell, like Ag and Au. Because Li, is a small
molecule, it is not expected to exhibit plasmonic behavior.
Rather, we used it to establish our approach and evaluate the
accuracy of our analysis. A detailed pedagogical explanation,
including a deeper exploration of these concepts, is provided in
the Supporting Information.

We calculated absorption spectra for Li, in both the
frequency and time domains using LR-TDDFT and RT-
TDDFT, respectively. In order to consistently combine the
two approaches, it is essential that they produce nearly
identical absorption spectra. As shown in Figure Sla,
consistent resonances were found at 1.97 eV (ES 1) for
longitudinal (z polarized) pulses and at 2.58 eV (degenerate
ES 2 and ES 3) for transverse (x/y polarized) pulses.

Next, we explored the electronic response of Li, under
Gaussian pulses at resonant frequencies using the RT-TDDFT
calculations. Li, has a sparse state density for excitation in the
few eV range, so we would expect that resonant excitation
would lead to a single excited state after the pulse that does not
decay in time. Indeed, longitudinal excitation with a pulse at
1.97 eV (resonant with ES 1) resulted in an increased dipole
moment during the pulse interaction time, and with the
amplitude remaining constant afterward as shown in Figure S2.
Also, the HOMO — LUMO transition dominates the

20

excitation, with the next most important transitions, HOMO
— LUMO + 6, and HOMO — LUMO + 16, having smaller
coefficients by an order of magnitude (Figure S3). The results
for excitation along the transverse (x) axis with a pulse at 2.58
eV (resonant with ES 3) produced similar behavior (Figure
S4), with HOMO — LUMO + 1 being the most important
transition, and HOMO — LUMO + 2, and HOMO — LUMO
+ 8, being lower by an order of magnitude (Figure SS).
Transformation of these results into the LR-TDDFT excited
state basis confirmed that the system’s response involved
stationary excited states, primarily ES 1 for longitudinal
excitation and primarily ES 3 for transverse excitation (Figure
1). A detailed explanation is provided in the Supporting
Information.

3.2. Ag Nanowires. Silver nanowires have been studied in
the past as model systems for electronic excitations, including
the structural dependence of dipole strengths and excitation
energies.””**°'~®  Although these effects have not been
realized experimentally, they provide valuable insights into
the ES dynamics in ligand-protected silver nanoclusters which
are well-established. In this study, we systematically analyze
silver nanowires with varying numbers of silver atoms (Ag,, n =
2, 4, 6, and 8). The LR-TDDFT absorption spectra match
those obtained in previous studies®”®* (see Figure S6). As the
nanowire length increases, the longitudinal peak’s energy
decreases and intensity increases, while the transverse peak
hardly changed.

3.2.1. Ag,. Similar to Li), we examined the agreement
between LR-TDDFT and RT-TDDFT results with a d-pulse
for the Ag, nanowires. The spectral features from the two
methodologies align with a precision of ~0.02 eV for Ag,
nanowire as shown in Figure 2. The absorption spectrum
highlights three distinct peaks: one along the z-axis
(longitudinal) with an energy of 3.09 €V and two along the
x/y-axis (transverse) with energies of 4.44 and 4.74 eV. The
transverse peaks exhibit significantly different absorption
intensities corresponding to differences in their transverse
dipole moment (Table S2). To incorporate for the effect of
field applied along the y-axis which gives identical response to
the x-axis, we doubled the intensity of the x-axis response. As
determined by LR-TDDFT, the energies of these peaks

https://doi.org/10.1021/acs.jctc.4c01302
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Figure 2. Absorption spectra for Ag, calculated from LR-TDDFT and
RT-TDDFT using a §-pulse.

correspond to the ES 1, with a dipole moment along the z-axis,
and degenerate pairs ESs 3, 4 and S, 6 with dipole moments
along the x, y-axes. Based on the transition dipole moment
magnitudes, we selected ES 1 and ES 6 for resonant excitation
to induce electron dynamics.

The left side of Figure 3 shows the results of a RT-TDDFT
simulation with a longitudinal Gaussian pulse with excitation
energy resonant with ES 1, polarized along the z-axis leading to
longitudinal excitation. The field amplitude decays to nearly
zero by 12 fs, and the simulation ran until approximately 50 fs.
The induced dipole moment increases during interaction with
the pulse, and then oscillates with a constant amplitude when
the interaction is over. By analyzing the transition matrices
from RT-TDDFT, we identified four MO transitions that
significantly contribute to ES 1, with the HOMO — LUMO
transition exhibiting highest intensity, which is in agreement
with LR-TDDFT (Table S2). We focus on the magnitude of
these four MO transition coeflicients, omitting the individual
real and imaginary components, Figure 2 (center). The
significant oscillation (oscillate between constant maxima and
minima) in the magnitude of these MO transitions highlights
the complexity of the analysis using the MO-basis. On the
other hand, analysis in the ES-basis reveals that the coefficient
of ES 1 first increases and then is constant after the pulse is
over. Given the dominance of the HOMO — LUMO
transition, we expect the evolution of ES 1 to be primarily
governed by the evolution of this MO transition coeflicient.
Similar to the longitudinal ES evolution observed in Li, we
anticipated no change in the coefficient of ES 1 with time after

interaction with the pulse ends. The consistent evolution of the
MO transition and ES 1 suggests a strong agreement with our
analysis scheme (Table S2). We expect the system to remain in
a superposition of GS and ES 1.

The bottom of Figure 3 shows the results of a RT-TDDFT
simulation with a Gaussian pulse having a central frequency
resonant with ES 6 and transverse polarization. In this case, the
dipole moment displayed periodic fluctuations (changes in
magnitude of maxima and minima). Transitioning from Li, to
Ag,, entailing a larger number of electrons, LR revealed a
distinctive feature in the transverse states. In contrast to the
longitudinal excitation, there is not one dominant MO
transition. The main absorption mode is composed of six
transitions with significant amplitude. In RT-TDDFT, the six
distinct MO transitions show large coeflicients, with substantial
fluctuations that maintain a phase relation. For example, the
transition HOMO — LUMO + 1, with the highest coefficient,
exhibits variations in harmony with the HOMO — 3 - LUMO
transition, and a similar behavior can be seen for HOMO — 9
— LUMO + 3, and HOMO — 2 — LUMO. These repeated
fluctuations are typical for an interference pattern that involves
strongly interacting single particle transitions.

Analysis in the ES basis shows that, in contrast to the cases
described previously, ESs 4 and 6 both have significant
magnitudes that are constant after the pulse is turned off.
Although the central laser energy is resonant with only one ES,
its inherent width causes it to overlap with the energies of
nearby states. The energy-time uncertainty principle dictates
that a pulse with a precise energy (narrow energy width) would
require an infinitely long duration, as in case with a CW laser.
However, a pulse of finite duration inevitably possesses a
certain energy width, leading to the excitation of nearby ESs.

Interference between the ESs 4 and 6 is highly probable as
both ESs exhibit significant dipole moments along the x-axis.
(Note that the states ESs 3 and S, that are degenerate with ESs
4 and 6, respectively, are y-polarized and thus do not
contribute.) To further elucidate this behavior (Figure 4),
we compared the dipole moment fluctuations with the
expected time scale derived from the 0.292 eV energy
difference between the two ESs. The corresponding frequency
is approximately 7.19 X 10"* Hz, giving a period of around 13.9
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Figure 3. Response of Ag, to a Gaussian pulse (top) longitudinal excitation at 3.14 eV and (bottom) transverse excitation at 4.74 eV. (Left)
Applied field and resulting dipole moment, (center) MO transition coefficients, and (right) ES-coefficients in the range of ¢, to ¢;,,/10 (bottom).

Here, H = HOMO and L = LUMO.
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Figure 4. (a) Total dipole moment along the x-axis and the contribution of ES 4 + ES 6. (b) Separate dipole moment contributions from ES 4 and
ES 6, initially in-phase, fully out-of-phase at ~27 fs, and in-phase again at 34 fs.
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Figure S. (Left) Applied longitudinal electric field and dipole response, (center) MO transition coefficients, and (right) ES-coefficients for Ag,
(top), Ags (middle) and Agg (bottom). Here, H = HOMO, L = LUMO and ES = excited state.
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Figure 6. Coefficient of ES 1 (left) and ES 7 (right) for a Ags nanowire subjected to electric field intensities of 0.0001 (blue) and 0.0000S atomic

units (red).

fs, which closely matches the calculated period (13.956 fs).
This confirms that the energy difference and resulting phase
interference are responsible for the observed fluctuations.

Overall, results in the ES-basis are more transparent and
insightful than those in the MO basis. The analysis reveals both
the excitation of individual ESs and the interference between
energetically nearby states. The fluctuations of the dipole
moment were explicitly related to specific ESs, with the
interference between these states being more evident in the
ES-basis than in the MO-basis.

3.2.2. Agys. We conducted a comprehensive analysis of
Ag,, Ags, and Agg nanowires to understand their electronic

22

responses to applied electric pulses using LR-TDDFT and RT-
TDDFT. Again, LR-TDDFT provided ESs with MO
transitions and their coefficients (Tables S3—S5). For all the
nanowires, spectra provided by LR-TDDFT (Figure S6) and
RT-TDDFT were in good agreement. It is noteworthy that the
energy of ES 1 decreased with increasing length of the
nanowire, as might be expected for a particle in box problem.

We performed RT-TDDFT with Gaussian pulses and
frequencies resonant with the most intense peaks along
longitudinal and transverse ESs and analyzed the dipole
response to the applied electric field, the MO transitions, and
ESs for deeper insights into these systems. The results for
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Figure 7. (Left) Applied transverse electric field and dipole response, (center) MO transition coefficients, and (right) ES-coefficients for Ag, (top),
Agg (middle) and Agg (bottom). Here, H = HOMO, L = LUMO and ES = excited state. Evolution of all Ags ESs are provided in Supporting

Information (Figure S10).

longitudinal pulses are shown in Figure 5. For all the nanowires
longitudinal pulses at a frequency resonant with ES 1 produced
a similar pattern in the dipole moment: after an initial increase,
the magnitude remained constant. In the MO analysis, the
HOMO — LUMO transition was the most prominent, with
small coeflicients for multiple other MO-transitions. As
expected, ES analysis showed no fluctuations in the ES 1
coeflicient for all the nanowires. Similar to previous case, the
system remains in a superposition of GS and ES 1 for the
longitudinal excitation. Thus, for the main longitudinal
absorption peak, results from the MO-basis and ES-basis
analyses are in agreement.

In Agg, we observed an additional interesting phenomenon:
with a sufficiently strong electric field, two distinct ESs (ESs 1
and 7) gained significant intensity (Figure 6). The energy of
ES 7 (2.90 eV) was found to be approximately twice that of ES
1 (144 eV), suggesting that ES 7 might be a two-photon
excitation. This response is similar to that observed by Aikens
et al. for the Ag; tetrahedral cluster.*® Since the Agg wire has a
center of symmetry, one-photon and two-photon excitations
are mutually exclusive. Additionally, ES 7 has zero transition
moment along the z-axis, further supporting our hypothesis of
a two-photon excitation. To test this possibility, we decreased
the intensity of the electric field and observed the coefficients
of the ESs. While linear absorption is proportional to the light
intensity, two-photon absorption is proportional to the square
of the light intensity. By decreasing the pulse intensity to half,
we observed that the coefficient of ES 1 was reduced to half
and the coeflicient of ES 7 was reduced to a quarter of their
original values, confirming that ES 7 is populated via two-
photon excitation. Hence, to be consistent for Agg along both
the longitudinal and transverse axes, we applied an electric
pulse of intensity 0.00005 au Small fluctuations in the ESs are
numerical issues while calculating real and imaginary
coeflicient in RT-TDDFT without any physical significance.
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Figure 7 shows our results for transverse excitation of the Ag
nanowires. For Ag,, we applied a pulse corresponding to ES 24
(4.99 eV). The dipole moment displayed very minor periodic
fluctuations in response to the applied electric field. Four MO
transitions were significant (HOMO — 1 — LUMO + 3,
HOMO — LUMO + 4, and HOMO — LUMO + 5),
exhibiting large coefficients (Table S3). Similar to the result of
Ag, transverse excitation, we observed huge fluctuations in
sync with each other. In contrast, the four ESs*'~** with
significant coefficients exhibited no fluctuations, after their
initial increase. Among them, ESs 21 and 22 are degenerate, as
are ESs 23 and 24. Similar to Ag,, these minor dipole moment
fluctuations were found to be due to interference between
these four ESs which are very close in energy (Figure S7).

In contrast to Ag, the Ags nanowire showed very large
periodic fluctuations in the total dipole moment in response to
an applied transverse Gaussian pulse resonant to ES 50. The
sustained periodicity of these fluctuations was validated by
extending the simulation time to ~85 fs (Figure S8). MO
analysis showed seven distinct MO transitions with notable
coefficients exhibiting substantial fluctuations, some of which
appear synchronized (Table S4). Notably, the peaks of the
HOMO - 27 — LUMO transition align precisely with the
troughs of HOMO — 1 - LUMO + 5, HOMO — 1 - LUMO
+ 6, and HOMO — LUMO + 8 transitions. Additionally,
excitations from MOs well below the HOMO exhibit
substantial coefficients. In other words, we observe the
presence of interband (d — sp) transitions. To understand
this excitation in terms of ESs, we noted significant coefficients
for six distinct ESs, 224043444750 including two degenerate
pairs (ESs 43, 44 and ESs 50, 51). That ESs 43 and 50 have
notably higher coefficients than their degenerate partners is
due to significantly larger transition dipole moments along the
x-axis (Table S4). The other two ESs (ESs 40 and 47) showed
small populations and transition moments compared to the
degenerate ESs. Hence, the two degenerate pairs of ESs with
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high coefficients dictate most of the dipole response of the
system, providing a similar response to Ag, and Ag,. This
observation implies that the system persists in a superposition
of multiple excited states throughout the simulation. The
dipole moment contributions from all the ESs with substantial
coefficients (ESs 43, 44 and 50) exhibit interference pattern
similar to the total dipole moment (Figure S7).

For Agg, we applied a transverse Gaussian pulse with a
frequency resonant with ES 72 (4.97 eV) corresponding to the
largest dipole moment (3.814 D). Instead of periodic
fluctuations throughout the simulation, we observe significant
damping of the total dipole moment over time. In terms of
MO transitions, we observed more transitions with significant
coefficients (Table SS). These coefficients vary with time and
some transitions are in phase with one another. However, the
significant fluctuations of the MO transitions with no obvious
repeating pattern, depict energy being redistributed among
states in complicated ways. Analyzing in the ES basis, we
observed 12 different ESs gaining significant excitation (Table
1, six are omitted from Figure 7 for clarity). Interestingly, we

Table 1. Excited State Analysis in Terms of Frequency and
Dipole Moment for Agg Transverse States”

degenesrtzlttee Sexated dlpolex r;a;l;n(egt) along grle(;]lgelr_llczys eElee\r[%y
61,62 1.73, 1.66 115 4.74
7273 —3.81, 3.81 120 497
74,75 2.61,2.57 1.20 4.98
77,78 —2.36, 2.40 1.21 5.02
81,82 —2.89, —1.43 1.22 5.04
85,86 —0.74, —0.76 1.23 5.10

“The states that are resonant with the applied Gaussian pulse are
underscored.

observed no significant fluctuations in the coefficients of these
ESs. The application of a Gaussian pulse excited the system to
these ESs (Table 1) and their interference resulted in the
damping of the dipole seen in the MO basis. Thus, the
complexities observed in the MO basis are artifacts, high-
lighting the usefulness of the ES basis.

Utilizing our analysis in the ES basis, we successfully
captured and modeled the dephasing between various ESs and
identified specific ESs whose interference induces fluctuations
in the total dipole moment. Although MO transitions exhibit
intriguing patterns, even a small system like Ag, presents a
large number of MO transitions with substantial coeflicients.
All these coefficients display huge fluctuations and analyzing
these transitions is not only tedious but also prone to

misinterpretation. In contrast, examining the evolution in the
appropriate basis clearly reveals the essential dephasing of
various excited states. Our approach offers a more rigorous,
clean, and efficient analysis of the electron dynamics.

3.3. Anthracene. To evaluate the effective range of our
analysis, we expanded our investigation to anthracene, an
organic molecule known for its plasmon-like -peak.*” Figure 8
shows the anthracene absorption spectrum. The f-peak is
created by the constructive interference of two MO transitions,
namely HOMO — 1 — LUMO and HOMO — LUMO + 1.
Constructive interference between these transitions leads to a
significant transition dipole moment (—3.89 D), which is
characteristic of a plasmonic excitation. In contrast, the a-peak,
arises due to destructive interference between the same MO
transitions, resulting in cancellation of the transition dipole
moments (—0.08 D) and failure to produce a plasmonic
response. The key point is that the }-peak corresponds to a
strong transition dipole moment, which is why it is identified
as plasmon-like, while the a-peak does not exhibit that
behavior. Here we present results for the longitudinally excited
a- and f-peaks (at 3.97 and 5.35 eV, respectively), while the
Supporting Information shows results for one of the transverse
excited p-peaks.

Figure 9 shows the electronic response of anthracene to
applied longitudinal Gaussian pulses with RT-TDDFT. For the
Gaussian pulse with frequency resonant to the f-peak, we
observe no variation in the amplitude of the dipole oscillations
after the pulse is turned off. In the MO-basis, HOMO — 1 —
LUMO and HOMO — LUMO + 1 gained significant
coeflicients and were the major contributors for the f-peak.
The coefficients of these MO-transitions were large, resulting
in strong absorption. In the ES-basis, we observe a high
coefficient for ES S corresponding to the f-peak with no
fluctuations.

For the Gaussian pulse with frequency resonant to the a-
peak, we observed that the dipole moment closely mirrored the
behavior of the applied pulse, increasing and decreasing in sync
with the pulse’s oscillations. The decrease in dipole moment
between 6 to 12 fs is due to partially exciting the -peak while
the pulse is on. However, as the f-peak is too far from
resonance, it cannot sustain any population. In the MO basis,
we observed the excitation of the same two MO transitions;
however, their coeflicients were significantly smaller than for
the -peak due to destructive interference between them. Once
the pulse was turned off, the MO coefficients leveled off. In ES-
basis, we observe that after the pulse is over, the a-peak (ES 2)
is mainly excited. As expected, we observe no fluctuations in
the ES coeflicients, consistent with the dipole response and
MO transitions. The initial, transient excitation into ES S is
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Figure 8. Absorption spectrum of anthracene molecule from LR-TDDFT at PBE/cc-pVDZ level of theory: the full spectrum (left) shows the /-
peak at 5.35 eV and the detail (right) locates the relatively weak a-peak at 3.97 eV.

24 https://doi.org/10.1021/acs.jctc.4c01302
J. Chem. Theory Comput. 2025, 21, 17-28


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c01302/suppl_file/ct4c01302_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c01302/suppl_file/ct4c01302_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c01302/suppl_file/ct4c01302_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c01302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c01302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c01302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c01302?fig=fig8&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c01302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation pubs.acs.org/JCTC
Pulse and Dipole moment MO coefficients ES coefficients
0.0001 04 = 0.05 - (H-1L) 0.06 - ES2
3 & 0.04 - (HL+1) -ESS
~ & 0.00005 02 % 0.04
® o S 0.03 -
Q@ © 0 o 5T s
= I 2 ~ 002 0.02
Qa = © :
% -0.00005 0.2 5 0.01
K 2
Y .0.0001 04 ° 0 0
. 0.0001 005 7 0.005 - (H1oL) 0.008 ~ES2
3 3 - -ESS5
x % 0.00005 0025z 0004 (H3L+1)  0.006
c = ()
SN 0 o E Eo.oos T 0.004
o 2 ~o0.002
© $ -0.00005 20.0255 0001 0.002
- Q. -
o 2
-0.0001 -0.05 0 o /\
0 10 20 30 40 0 10 30 40 0 10 20 30 40

Time (fs)

Time (fs)

Time (fs)

Figure 9. Results for anthracene’s f-peak (top) and a-peak (bottom), including the longitudinally applied electric field and dipole response (left),
corresponding MO transitions (center) and ES-analysis (right). H = HOMO, L = LUMO and ES = excited state.

strong only because the dipole moment for ES 5 is much larger
than for ES 2.

Overall, this analysis depicts the usefulness of applying our
ES-basis analysis to absorption by an organic molecule. Our
analysis provides a clearer and more concise description of the
electronic response of an acene, capturing the interference of
MO transitions in terms of the simpler evolution of the ES
coeflicients.

4. CONCLUSION

Plasmonic nanoclusters exhibit efficient photocatalytic effi-
ciency. However, limitations in the understanding of electron
dynamics under applied electric fields poses a significant
obstacle to their practical application. To address this
challenge, we developed a novel methodology that analyzes
the density evolution in terms of ESs instead of the
conventional approach based on an MO-basis. In this study,
we employed RT-TDDFT and LR-TDDFT techniques to
investigate the plasmon-like characteristics of both metallic
nanowires and an acene. In both cases the ES-based analysis
offers a more realistic and mechanistic description than the
commonly used MO version. The applied pulse can result in
one of the following:" excitation into a specific ES, where the
magnitude of the overall dipole moment remains constant. For
instance, longitudinal excitation of all the nanowires shows
this.” Excitation into primarily two ESs with fluctuations in the
magnitude of the overall dipole moment. Transverse excitation
of diatomic clusters with low state densities, such as Li, and
Ag,, shows this most clearly.” Excitation into many ESs with
fluctuations in the overall dipole moment. For instance, we
found this for transverse excitation of large silver nanowires.
Moreover, what we learn from this analysis is that the time
dependence of the dipole moment on the relevant time scales
is entirely governed by dephasing between what are otherwise
stationary ESs after the pulse is over. In the larger silver
nanowires, we encountered substantial fluctuations in the
dipole moment due to interference between multiple ESs with
significant coeflicients. This is especially important to the
analysis of Agg nanowires, where the MO dipole moment
shows nonperiodic evolution, marked by a significant decrease
over time. Here we found that what might be considered a
damping phenomenon was readily explicable through interfer-
ence effects among ESs with large coeflicients. We applied a

pulse with 2 fs width which excited a broad distribution of
eigenstates, and this makes dephasing occur on a very short
time scale (~2 fs) while the pulse is being turned off.
Expanding our analytical framework to encompass organic
molecules with plasmon-like states also yielded valuable
insights, in this case showing that highly off-resonant states
with high transition moments can be important during the
pulse but then disappear after the pulse is over. We anticipate
that extending this analysis to graphene-based nanomaterials
could offer further elucidation of energy flow in such systems.
Further, the stationary behavior found for the electronic states
of clusters studied in this work is consistent with the measured
long lifetimes of the Au clusters (~100 ns) mentioned in the
Introduction. Adding nuclear motion into the dynamics is not
expected to change this picture unless the spacing between
electronic energy levels is reduced (by adding more atoms to
the cluster) to values comparable with the vibrational quanta.
Overall, the present analysis serves as an important starting
point to future studies where we consider the effect of
dynamics beyond that contained in the TD-DFT description of
the electronic states.
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