View Article Online

View Journal

M) Checs tor updates

PCCP

Physical Chemistry Chemical Physics

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: N. Koval, J. I.
JUARISTI OLIDEN and M. Alducin, Phys. Chem. Chem. Phys., 2026, DOI: 10.1039/D6CP00674D.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

o

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY

ROYAL SOCIETY rsc.li/pcc
OF CHEMISTRY /pccp

(3


http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6cp00674d
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D6CP00674D&domain=pdf&date_stamp=2026-05-21

Page 1 of 10

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 1:58:03 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal Name

Cite this: DOI: 00.0000/XXXXXXXXXX

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP00674D

Ab initio insights into plasmonic and strong-field contri-

butions to H; dissociation on silver nanoshells

Natalia E. Koval,*@ J. Ifaki Juaristi,>®¢ and Maite Alducin*®<

Received Date
Accepted Date

Modeling plasmonic catalysis by applying femtosecond laser pulses of high intensity (10'3 — 10"
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W cm™2), although justified by the time-dependent density functional theory (TDDFT) time-scale

limitations, can lead to a dissociation mechanism that is completely unrelated to the plasmon ex-
citation created under low-intensity continuous light in experiments (on the order of 1 W cm~2).
In this study, we examine the dissociation of H, on a large octahedral Ag nanoshell under varying

field intensity, frequency, and duration, and we explore the possibility of identifying optimal modeling

conditions accessible with current TDDFT simulations. We show that using this large nanoshell that

consists in the outer layer of the Agys; cluster, it is still possible to disentangle the role of the plasmon

from strong-field effects at applied field intensities as high as (2 —8) x 101> W cm™2. In particular,
although strong-field effects are always present at these intensities, we find that the excited plasmon
dominates the dissociation process at the lowest applied intensity of 2 x 1013 W em~2. Furthermore,
at the highest intensity, at which strong-field effects become dominant, the plasmon contributes to

accelerating the dissociation of the molecule. Overall, our simulations pave the way to bridge the

intensity gap between TDDFT modeling and experiments in plasmonic catalysis.

1 Introduction

Plasmonic catalysis is a promising field of research which explores
the use of localized surface plasmon resonance (LSPR) in metal
nanoparticles to accelerate and enhance chemical reaction rates
under the influence of lightT"1®. Experimentally, there are mul-
tiple studies showing that the rate of molecular dissociation at
metal nanoparticle surfaces increases when the system is illumi-
nated with a light of the same frequency as the plasmon reso-
nance of the nanoparticle®17°21l The effect is often explained
by the plasmon decay that creates energetic charge carriers ("hot
electrons") in the nanoparticle that can transfer to the adsorbed
molecule leading to the weakening of its bonds1Z1821 For silver
nanoparticles, from a 4-foldZ to an 8-fold2? acceleration of the
chemical reaction was observed when illuminated with resonant
light. However, the precise mechanism of the plasmon-induced
molecular dissociation is not possible to understand from experi-
ments alone due to the short time of plasmon excitation and de-
cay (on the order of femtoseconds, fs) that cannot be resolved

@ Centro de Fisica de Materiales CFM/MPC (CSIC-EHU), Paseo Manuel de Lardizabal
5, 20018 Donostia-San Sebastidn, Spain

b Departamento de Polimeros y Materiales Avanzados: Fisica, Quimica y Tecnologia,
Facultad de Quimica (EHU), Apartado 1072, 20080 Donostia-San Sebastidn, Spain

¢ Donostia International Physics Center (DIPC), Paseo Manuel de Lardizabal 4, 20018
Donostia-San Sebastidn, Spain

*

Corresponding  authors e-mail addresses: natalia.koval@ehu.eus;

maite.alducin@ehu.eus

experimentally. On top of that, the mechanism can be system-
specific and is still a highly-debated issuel23%22. Therefore, ab ini-
tio calculations are crucial for getting insights into the interplay
between plasmon excitation in a metal nanoparticle and dissoci-
ation of molecules adsorbed on its surface.

Time-dependent density functional theory (TDDFT)26728 com-
bined with Ehrenfest dynamics (ED) is a state-of-the-art method-
ology able to describe electronic and atomic excitations at the
nanoscale and on the femtosecond time scale??. Real-time
TDDFT allows for an accurate (formally exact, but practically lim-
ited by the choice of the exchange-correlation functional) descrip-
tion of the plasmon excitation and decay. TDDFT-ED can be used
to describe the atomic motion following the plasmon decay. Since
ED is a mean-field approach, the dynamics follows a single aver-
age trajectory, so that it cannot account for different pathways
associated with different electronic quantum states=Y, which may
be relevant in the dissociation processes. However, TDDFT-ED is
one of the very few methods capable of handling complex light-
matter interactions and the electron and nuclear dynamics follow-
ing a plasmon decay. Thus, despite its limitations, this approach
is able to provide valuable insights into the mechanisms of plas-
monic catalysis.

There is an increasing number of studies using TDDFT-ED that
report plasmon-assisted dissociation of molecules on plasmonic
nanoparticles of different sizes and shapes=1"42. Due to the high
computational cost of such calculations, these studies, aimed to
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model plasmon-induced reactions, are commonly performed for
small systems irradiated with high-intensity laser pulses (10'3-
105 W em~2). These conditions accelerate the dissociation pro-
cess, but can bring about strong-field effects4®l that are rarely dis-
cussed. Such discrepancy in intensities makes it difficult to ex-
trapolate ab initio results to experimental conditions (intensities
of the order of 1 W em~2) because strong-field effects can sup-
press the role of plasmon excitation and change the mechanism
of molecular dissociation, as demonstrated recently in small (= 1
nm) nanoparticles*Z. In that work?Z, we studied H, dissocia-
tion on a silver nanoshell (a hollow shell consisting in the outer
layer of the icosahedral Agss) and compared the results obtained
when applying both resonant and off-resonant (with the nanopar-
ticle plasmon frequency) external fields of high intensities. Our
TDDFT-ED calculations showed that both the metal nanoshell and
H, become ionized at these high intensities because of multipho-
ton absorption. As a result, H, dissociates at both resonant and
off-resonant pulse frequencies, making it difficult to determine
the contribution of plasmon excitation to the process.

Motivated by those findings that emphasized the need to re-
consider the use of strong external fields in plasmonic catalysis
simulations, the aim of this work is twofold. First, we assess the
possibility of reducing nonlinear effects while using external field
intensities that allow us to access the reaction timescale with cur-
rent TDDFT-ED simulations. Second, we conduct a thorough anal-
ysis of the dissociation mechanism to identify the role of plasmon
and its interplay with strong-field nonlinear effects.

One possible way of reducing strong-field effects without re-
ducing the intensity of the external pulse is to use large nanopar-
ticles. It has been shown that the threshold intensity for dissocia-
tion decreases with increasing nanoparticle size*®. Therefore, by
modeling larger systems, it is possible to determine the optimal
external field conditions that would generate strong plasmonic
excitation, while reducing nonlinear effects without significantly
increasing the dissociation timescale. In particular, we present a
comprehensive analysis of the plasmon effect on an H, molecule
adsorbed at the vertex of an octahedral silver nanoshell4? under
various external field conditions. The choice of the octahedron
is motivated by the stronger field enhancement that the plas-
mon creates on its vertex compared to other shapesY*>3, This
property can additionally increase the effect on the molecule at
a lower external field intensity. By comparing different field du-
ration, frequency (resonant vs off-resonant), and peak intensity,
we analyze the correlation between plasmonic and strong-field
effects in detail.

2 Computational methodology

2.1 Geometry optimization

The first step in our computational approach involves optimiza-
tion of the system’s geometry using density functional theory
(DFT). We used the Perdew-Burke-Ernzerhof (PBE) functional®*
within the CP2K software package 227, which implements the
Gaussian plane wave (GPW) method>822, We used DZVP ba-
sis sets including 1 and 11 electrons for H and Ag, respec-
tively, and a cutoff of 600 Ry for the plane wave auxiliary ba-
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sis set. Norm-conserving Goedecker-Teter-Hutter (GTH) pseu-
dopotentials® were used to represent the interaction of valence
electrons with atomic cores. The initial coordinates of the oc-
tahedral Ag,3; cluster (edge length 7 atoms) were obtained us-
ing the Atomic Simulation Environment (ASE) builder (func-
tion ase.cluster.Octahedron)®L. The nanoshell (denoted hereafter
Aghl)) was next constructed by taking only the outer layer of the
unrelaxed Agy3; cluster, which is formed by 146 atoms. The H,
molecule was placed at one nanoshell vertex with its molecular
axis oriented parallel to the octahedron base (see Fig. ). The
z—axis is defined along the inner diagonal that contains the ver-
tex at which H, adsorbs. Note that the nanoshell with an inner
diagonal of 2.45 nm before relaxation is smaller than those com-
monly employed in experiments. However, although less often,
nanoparticles as small as a few nm have been studied experimen-
tally as well©263

Using a non-periodic simulation cell of 32 x 32 x 32 A3, the
Aghi, +H, geometry was optimized until all atomic forces were
below 0.001 Ha Bohr~!'. After relaxation, the edges of the
nanoshell (colored in green in Fig.[Tj) slightly bent towards the
inner empty space of the hollow shell, whereas the facets (blue
atoms in Fig.[Th) bent slightly outwards. Adsorption of H, causes
slight distortion of the nearest Ag atoms with the underneath Ag
vertex being displaced towards H,. The optimized distance be-
tween the Ag vertex and the H, center of mass (CM) is 2.275 A.
The adsorbed H, remains parallel to the octahedron base with
an equilibrium bond length of 0.763 A. The adsorption energy
E,qs = —0.17 €V is calculated from the ground state DFT+PBE en-
ergies as, E,qs = EAg53‘1+H2 —EAg%l — Ey,. Similarly, the Ag]i311 +H,
ionization potential /, = 4.6 eV is obtained as the ground state
energy difference between the positively charged and neutral sys-

tems, i.e., I = Eagl1 )+ — E(agll 11,0

2.2 Real-time time-dependent density functional theory cal-
culations of the absorption spectrum

The Ag12~311+H2 absorption spectrum was calculated within the
real-time time-dependent density functional theory (RT-TDDFT)
approach implemented in the CP2K software package>5H59164165
by perturbing the system with a weak broadband electric field,
E(t) = Eg8()&%®. In particular, we applied a z-polarized §-kick
field of strength Ep=0.001 a.u. ~ 0.5 Vnm~! att =0 and let the
system orbitals evolve in time during 25 fs using the enforced
time reversible symmetry (ETRS) real-time propagation scheme
with a time step Ar=0.005 fs. Calculations were performed in
the same non-periodic cell of 32 x 32 x 32 A3 employed for ge-
ometry optimization. The absorption spectrum in the frequency
domain was next computed by applying a discrete Fourier trans-
form to the (induced) time-dependent dipole moment. For com-
pleteness, we also calculated the optical absorption spectra for x—
and y—polarized electric fields and found them almost identical
because of the symmetry of the nanoshell. The absorption spec-
trum for the z-polarized field is shown in Fig. [Ip. It features an
intense and well-defined plasmon peak at iw, =2.48 eV and a less
intense signal that extends from 4 to 7 €V, approximately. A sim-
ilar optical absorption spectrum was obtained with RT-TDDFTB
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for the closely related system Ag,3;+H,, showing the plasmon
peak at around 2.9 eV and a high-energy broad signal above 3 eV
that is attributed to d-sp intraband transitions®, Experimentally,
localized-surface plasmon resonances of 2.75-3.0 eV were mea-
sured in synthesized Ag octahedra with edge lengths varying in
the range of 20-70 nm'®Z,

(a) ~ 6 (b)
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Fig. 1 (a) Relaxed structure of the Aghi, nanoshell with H (light pink
spheres) adsorbed at 2.275 A from the vertex (red sphere) surrounded
by a layer of 258 ghost Ag atoms (small gray spheres). To facilitate
visualization, green and blue spheres depict the nanoshell edge and facet
Ag atoms, respectively. (b) Absorption spectrum of Ag'z“311+H2 calculated
with RT-TDDFT, showing the plasmon resonance at 7@, =2.48 eV.

2.3 Ehrenfest molecular dynamics simulations

The response of the electrons and nuclei to an external field
was studied with the real-time TDDFT simulations combined with
Ehrenfest molecular dynamics (ED) as implemented in the CP2K
software package2>2264162 The external field was modeled by a
Gaussian envelope:

PRy X
“26’3) } cos[o(t —10)] k, o))

E(w,t) = Ey exp {f

where o is the standard deviation and ¢ is the center of the en-
velope. The electric field was polarized in the z—direction. The
maximum intensity is given by Inax = csoEg, where c is the speed
of light, &) is the permittivity in vacuum, and E| is the maximum
field strength. In order to determine those field conditions that
allow us to distinguish between plasmon and strong-field con-
tributions when studying the catalytic properties of plasmonic
nanoparticles, we have applied four different pulses, resonant
(ho = hw, =2.48 eV) and off-resonant (hw = 8 eV), of varying in-
tensity and duration to the Agh},+ Hy system. The intensity and
duration of each pulse are summarized in Table [1| and depicted
in Fig. S1. We note that the spectral width of the shortest pulse-4
at 2.48 €V is contained within the plasmon resonance peak, such
that the excitation remains dominated by the collective plasmon
mode and contributions from off-resonant electronic excitations
are expected to be negligible. On the other hand, at 8 €V, there is
no spectral overlap with any resonance (Fig. S2).

For each applied field, the TDDFT-ED simulations were initiated
from the optimized geometry of the H, molecule adsorbed on the
nanoshell, while the initial atomic velocities correspond to an ini-
tial temperature of 300 K. All atoms were allowed to move freely
without any geometry constraints during the dynamics (i.e., no

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP00674D

Table 1 Gaussian pulses applied to Ag%_gl,-&- H, in TDDFT-ED

pulse-1 pulse-2 pulse-3 pulse-4
Inax (W cm™) 2x 1013 2x 1013 2x 1013 8 x 1013
1o (fs) 18 35 55 9
o(fs) 5 10 15 2.5

frozen atoms). We used a converged time step Ar=0.002 fs and a
non-periodic unit cell of size 40 x 40 x 45 A3. Since CP2K is based
on atom-centered basis sets, this large cell allows us to account
for possible electron emission by adding a layer of ghost atoms
around the nanoshell, as done in ref. [47\ In the present work,
the ghost layer corresponds to the outer layer of an octahedral
nanocluster with an edge length of 9 atoms (see Fig. [T, the co-
ordinates are listed in the Supplementary Information (SI)). The
ghost atoms Ag, are represented by the Ag DZVP basis set and
the GTH pseudopotentials.

Data analysis and visualization were performed using
NumPy®8 Matplotlib®?, VESTAZ9, and GnuplotZZ,

3 Results and Discussion

At an external field frequency matching the plasmon resonance,
the metal nanoparticle exhibits a distinct strong response in the
linear regime. The amplitude of the dipole moment induced in
the system is much larger at the plasmon frequency than at any
other frequency. In a strong field, a clear manifestation of the
nonlinearity of the perturbation is the absence of such a reso-
nant behavior. This is what we found for a small icosahedral
nanoshell of the Agss cluster (Aghkl)47, as mentioned in the In-
troduction. At the usual intense fields employed in TDDFT-ED
studies (Imax > 10'3 W cm™2), there was no difference in the am-
plitude of the time-dependent dipole moments that were induced
by fields in resonance or off-resonance with the Aglgs1 plasmon
mode. Therefore, our first step has been to assess whether field
intensities in the order of 10> W em~?2 fall within the linear re-
sponse regime for the larger octahedral nanoshell studied here.
In particular, we start by applying to the Agh}, nanoshell with the
H, adsorbate the Gaussian pulse denoted pulse-1 in Table [1} for
which plasmon effects were completely masked in AgIgS1 +H,47,
The induced dipole moments for resonant and off-resonant ex-
ternal field frequencies are compared in Fig. [2h. The dipole mo-
ment at the plasmon frequency of 2.48 eV has a significantly
larger amplitude than at the higher, off-resonant frequency of 8 eV
(see the absorption spectrum in Fig. [Ip). However, in the linear-
response regime, the created plasmonic oscillations of the dipole
moment persist long after the pulse is off (see the evolution of the
dipole moment for a much lower intensity in Fig. $3)7273. Hence,
the rapid decay of the dipole moment shown in Fig. [2h, which
becomes almost zero immediately after the pulse is off, still man-
ifests the nonlinear response of the system and it remarks that
the applied perturbation is still strong. In spite of it, analysis of
the density changes induced by pulse-1 at the resonant frequency
allows us to identify the distinct collective nature of the plas-
mon excitation, confirming that the plasmon is not suppressed.
Figure [2b and c¢ show selected snapshots of the induced density
created when applying the resonant and off-resonant pulse-1 to
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Fig. 2 (a) Transient dipole moment pi(f) of the Aghl, +H, system induced
by the Gaussian external field denoted pulse-1 in Table[T]with a frequency
of 2.48 eV (resonant, cyan solid line) and 8 eV (off-resonant, orange
dashed line). Vertical dashed line marks the instant 7y = 18 fs of the
pulse maximum. Corresponding Aglz“311+H2 induced density created at
time ¢ = 10 fs (i.e., near the induced dipole moment local maxima) by
(b) the resonant pulse-1 (isosurface value 0.00027588 e~ bohr~3) and
() the off-resonant pulse-1 (isosurface value 0.000148458 e~ bohr—3).

the Ag]531] -H, system. Each snapshot corresponds to an instant at
which the value of the induced dipole (Fig. ) is close to one of
its local maxima. When pulse-1 is resonant with %ay,, we clearly
observe the collective electron displacement that is characteris-
tic of plasmon excitation (Fig. ). In contrast, when the pulse
frequency is far from the resonance, at 8 €V, the distribution of
the induced density suggests that only single- and multi-pair ex-
citations are created (Fig.[2f). Altogether, the observed stronger
dipolar response and corresponding induced density distribution
under the resonant pulse-1 suggest that by applying an intense
external field to the large nanoshell Agli,, we can keep the con-
ditions closer to the linear regime, with a potential for distin-
guishing the role of plasmon in catalysis, as we analyze next.

In order to determine the plasmon contribution to the dynam-
ics and possible dissociation of H, on Aghl,, we have performed
TDDFT-ED calculations by applying pulse-1 (Table with fre-
quencies iw = 2.48 €V (resonant) and 8 eV (off-resonant). Fig-
ure |3p shows the time evolution of the H-H bond length for the
two field frequencies. For comparison, it also includes the re-
sult for H, without the nanoshell (14 ghost atoms surround the
molecule), in which case the molecule oscillates around its equi-
librium bond length. When the molecule is adsorbed on the
nanoshell, the H-H bond is visibly stretched at both field frequen-
cies during the interval around 10-30 fs (i.e., while the pulse is
more active), but the resonant pulse at i = 2.48 eV produces the
largest elongation. Once the pulse is extinguished, the molecule
remains oscillating profoundly around a bound length of 0.8 A
in the case of the resonant pulse and around 0.85 A but with lit-
tle variations in the off-resonant case. Importantly, the molecule
desorbs in both cases but without dissociating.

The observed changes in the H, bond length are associated to
changes in the electron population. Figure [3]shows the transient
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Fig. 3 (a) Hz bond length and (b) and (c) Mulliken population change
[AN, = N,(t) —N(t = 0)] on H, and Agll,, respectively, as a function of
time. Results obtained from TDDFT-ED simulations of H, adsorbed on
Aghi, using as external field pulse-1 (see Table at resonant (2.48 eV,
cyan solid lines) and off-resonant (8 eV, orange dashed lines) frequencies.
For comparison, the results obtained for a gas-phase H, when applying
the resonant pulse-1 are also shown by magenta dotted lines in (a) and
(b). Vertical dashed line marks the instant 7o = 18 fs of the pulse maxi-
mum.

electron population change [AN, = N, (1) — N,(t = 0)] experienced
by the molecule (panel b) and the nanoshell (panel c). In each
case, N, is the number of electrons (not the charge) obtained
from a Mulliken population analysis, with negative values of AN,
meaning a reduction in the number of electrons. Mulliken popula-
tion analysis is employed as it enables electron charge evaluation
on ghost basis functions, while real-space partitioning schemes
such as Hirshfeld and Bader do not provide a meaningful decom-
position in the absence of atomic reference densities or regions
of electron density minima between real and ghost atoms. Ex-
citation of the plasmon mode in the case of the resonant pulse
(2.48 €V), which is characterized by an oscillatory displacement
of electrons between the adsorbate and the nanoshell, is reflected
in the large-amplitude oscillations of AN, that take place in the
molecule while the pulse is on. Together with these oscillations,
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there is an underlying minor decrease of up to 0.1-0.2 electrons
that persists once the external electric field is off. Inspection of
the system orbitals remarks that many of them involve both the
molecule and the nanoshell, as illustrated in Fig. S4. Therefore,
this small ionization of the molecule is possibly related to the ion-
ization of the nanoshell that loses more than 20 electrons accord-
ing to the Mulliken analysis of the electron population change
(Fig. Bk, cyan solid curve). Importantly, since the resonant fre-
quency is smaller than the ionization potential of the system (4.6
eV), the existence of electron emission is a fingerprint of the
strong-field effects associated to the intense pulse-1.

The absence of plasmon excitation in the case of the off-
resonant pulse (iw = 8 €V) leads to much smaller oscillations of
AN, in the molecule (see orange dashed curve in Fig. ) and to
minimal ionization of the nanoshell despite the fact that 8 eV is
larger than the ionization potential and both single-photon and
multi-photon absorption are possible (see orange dashed curve
in Fig. ). As a result, the initial perturbation (10-30 fs) cre-
ated by pulse-1 in the H-H bond is weaker in the off-resonant
case, as shown in Fig. [3p. Notably, the isolated molecule does
not lose any charge, supporting the fact that the electron pop-
ulation change on H, is mediated by the nanoshell. Altogether,
the comparison of the results obtained with both field frequencies
allows us to distinguish the plasmon from strong-field contribu-
tions. The large electron density fluctuations associated to the
plasmon are responsible for a larger vibrational excitation of the
molecule (larger oscillations of the H-H bond length). Further-
more, even though the plasmon energy is smaller than the system
ionization potential and the off-resonant frequency, the excited
plasmon also contributes to a higher ionization of the nanoshell
by enhancing the coupling to the strong external field.

The observed rapid increase of the H-H bond length occurring
when the resonant pulse-1 is more intense (18+5 fs) suggests that
the duration of both the pulse and the excited plasmon, which de-
cays rapidly once the pulse is off (Fig.[2h), was too short to cause
dissociation. Therefore, to assess the effect of a longer pertur-
bation, we have performed TDDFT-ED simulations for two addi-
tional resonant pulses, pulse-2 (Fig. S1b) and pulse-3 (Fig. Slc)
in Table[T} that share Inax but have durations two and three times
longer, respectively, than that of pulse-1.

Figure [4p shows the H-H bond length as a function of time for
the three pulses. Contrary to the case of the shortest pulse-1,
both pulse-2 and pulse-3 induce molecular dissociation and des-
orption of the nascent H atoms. The H-H distance of 3.5 A that
is reached with the two pulses during the time span of the simu-
lations assures that H; is dissociated (see the potential energy as
a function of the internuclear distance for isolated and adsorbed
H, in Fig S5). The electron population changes in Fig. [dp show
that the longer duration of pulse-2 and pulse-3 facilitates the ion-
ization of the molecule, which subsequently dissociates. In both
cases, we recognize the large-amplitude oscillations in AN, that
are associated to plasmon excitation and the underlying decrease
in the electron population that were observed with pulse-1. The
difference is the higher degree of H, ionization that is reached
because the new pulses are longer. As noted previously, the H,
ionization is linked to the ionization of the nanoshell that loses
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Fig. 4 (a) Time evolution of the H-H internuclear distance and (b)
Mulliken population change [AN, = N, (t) — N.(t = 0)] on H,. Results ob-
tained from TDDFT-ED simulations for Ag'2“3'1+H2 using pulse-1 (cyan
solid line), pulse-2 (magenta dashed line), and pulse-3 (orange dotted
line) as resonant (2.48 eV) external fields (see Table T] for pulse details).
Peak intensity instants 7y are marked by vertical dashed lines following
the same color code.

35 (pulse-2) and 45 (pulse-3) electrons (see Fig. S6).

In the previous analysis (Fig. [4), not only the duration of the
pulses is different but also their total energy. Therefore, the ob-
tained H, dissociation can simply be a consequence of increas-
ing the pulse energy when the maximum intensity is kept con-
stant. In the following, we compare the H, dynamics on the
Ag]2~311 nanoshell induced by pulses with the same total energy,
but different maximum intensity and duration. In particular, we
have performed TDDFT-ED simulations for both resonant and
off-resonant field frequencies using pulse-4, which is four times
shorter than pulse-2 and has a four times higher maximum in-
tensity (Jmax = 8 x 10> W em~2) than the previous pulses (see
Table [1] and Fig. S1d). Despite its high intensity, the plasmon ex-
citation created by pulse-4 is still visible. This can be seen from
the larger transient dipole moment amplitude induced by pulse-4
at the resonant frequency compared to the off-resonant frequency
(see Fig. S7).

The time evolution of the H-H internuclear distance under
pulse-2 and pulse-4 are compared in Fig. [5h. Both pulses induce
H, dissociation at the resonance frequency, but the shorter and
more intense pulse-4 also does so under off-resonant conditions.
Therefore, pulse-2 provides the most explicit demonstration of
plasmon effects, as the excitation of the plasmon is key to induc-
ing H, dissociation. However, it should be noted that pulse-4
causes the molecule to dissociate much faster at the resonance
frequency, demonstrating the importance of the plasmon effect
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even for this intense pulse. Note in passing that the molecule
ends up desorbing regardless of whether it dissociates or not (see
Fig. S8). Although direct comparison to experiments is still ques-
tionable due to differences in field intensity and timescale be-
tween ab initio simulations and experiments, our results are con-
sistent with the observed acceleration of chemical reactions under
resonant light22,

pulse 2,2.48 eV - --
pulse 2,8.00 eV ---
pulse 4,2.48 eV —
pulse 4, 8.00 eV ---

o

H-H distance (A)
L " Y I~V B e ) SN |

=)

R
S 90 9L
o AN N

Population change on H,

| |
—_—
NN O

0 10 20 30 40 50 60
Time (fs)

Fig. 5 (a) H-H internuclear distance and (b) Mulliken population change
[AN, = N,(t) — N.(t = 0)] on H; as a function of time for pulse-2 and pulse-
4 (see pulses details in Table [1)) at resonant (2.48 eV) and off-resonant
(8 eV) field frequency. Results obtained from TDDFT-ED simulations
for Aghl +H,. Vertical cyan (pulse-4) and magenta (pulse-2) lines show
the instants of each pulse maximum.

The results regarding the evolution of the H-H bond are con-
sonant with the strength and nature of the H, ionization induced
by each pulse and field frequency. This is observed in Fig. [5b, in
which we show the Mulliken population change on H,. As found
previously with pulse-1, the plasmon excitation is demonstrated
by the large-amplitude charge oscillations that are obtained for
both pulses at 2.48 €V, but not at the high off-resonant frequency
of 8 eV. Remarkably, the degree of ionization of the molecule
(around one electron), which is inherently a strong-field effect,
is also larger with the resonant pulses. The same is observed
when comparing the electron population change on the nanoshell
(Fig. S9). This is a clear indication that the excitation of the plas-
mon facilitates the electron emission that, ultimately, causes the
dissociation of the molecule. Strong-field plasmonic (multipho-
ton) photoemission from silver nanoparticles has also been ob-
served experimentally under similar laser intensities (10'2 —10'4
W cm~2) due to a stronger field enhancement at LSPRZ472|

The fact that pulse-4 is more intense than pulse-2 is reflected
in the larger H, ionization that occurs at the same field frequen-
cies. As a consequence, at this field strength, the molecule also

6| Journal Name, [year], [vol.], 1@
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dissociates with the off-resonant pulse-4, despite the absence of
plasmon excitation. In this case, although ionization amounts to
just = 0.6 electrons at the end of the dynamics, it is sufficient to
induce dissociation of the molecule. The chemical reaction in this
particular case is therefore a purely strong-field effect in which
plasmon excitation does not play any role.

The comparative analysis of the induced electric field E;,q pro-
vides direct evidence on the different perturbation that each pulse
creates in the Agh), + H, system and it can allow us to discern how
the plasmon excitation, on the one hand, and the strong-field ef-
fects, on the other hand, contribute to the observed dissociation.
Figures [f] and [7] show selected snapshots of the strength of the
induced electric field created by pulse-2 and pulse-4, respectively,
at resonant (panels a and b) and off-resonant (panels c and d) fre-
quencies. The induced field is computed from the induced elec-
tron density as explained in SI. The two snapshots shown for each
pulse and frequency correspond to instants at which the modu-
lus of the induced dipole moment is close to a local maximum
(see Figs. S11 and S12) and oriented either parallel or oppo-
site to the z—axis. Each snapshot shows the instantaneous (z,y)-
distribution of the x-averaged modulus of the electric field in-
duced on Aghl, +H, by the external pulse, (||Eing(y,z:7)]|)x. Start-
ing with pulse-2, Fig. [6h and b shows that excitation of the plas-
mon mode at the resonant frequency leads to a high induced field
that oscillates in time between the two opposite vertices located
along the z-direction, extending well outside the nanoshell. Most
of the perturbation is thus transiently localized on the molecule,
with the highest values varying in the range 1.1-1.3 V A~! (see
Fig. S14). In contrast, the off-resonant pulse-2 creates a much
weaker induced field that, in addition, is mostly localized on the
nanoshell and not on the molecule, as shown in Fig. [t and d.
Thus, the observed dissociation at the resonant pulse-2 is a conse-
quence of the plasmon-enhanced high induced electric field that
is created on the molecule.

In the case of pulse-4, the induced electric field at both the res-
onant (Fig.|7p and b) and off-resonant (Fig.[7c and d) frequencies
behaves similarly to that of pulse-2. The difference is that the in-
duced electric field created by the more intense pulse-4 is also
stronger. Thus, even if the regions where E;j,q is more intense
with the off-resonant pulse are localized at the nanoshell faces,
the values at the vertex where the molecule is adsorbed are still
transiently high (0.9-1.0 V A1 see Fig. S20) and comparable to
those created by the resonant pulse-2. As a result, the molecule
also dissociates with the off-resonant pulse-4. Altogether, the re-
sults obtained with pulse-2 and pulse-4 remark that the amount of
energy provided by the external field is not the only defining pa-
rameter, as it is utilized much less effectively in the off-resonant
case. At resonance, plasmonic field enhancement concentrates
the energy near the molecule, enabling efficient electron emis-
sion and bond dissociation. In contrast, off-resonant excitation
results in a weaker effect on the molecule.

4  Conclusions and outlook

In summary, we have analyzed whether using the high-intensity
laser pulses (10'3-10'* W ecm~2) required to perform TDDFT-
ED simulations, plasmonic effects can still be observed in pho-
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and (d) Snapshots for the off-resonant field frequency 8 eV at instants
t =34 and 34.25 fs, with actual maximum values of 1.16 and 1.31 V A1,
respectively. The H, center of mass coordinates are approximately Z ~ 34
A y=20A.

40

30

20

10

40 %

40 40 gp

30 30

20 20

10 10

40 % 10 20 30 40

Z(A)

10 20 30
Z (A)
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toinduced chemical reactions on nanoparticles. In particular, we
have focused on the dissociation of H, adsorbed on a plasmonic
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nanoparticle as a case study because dissociation is often one of
the key elementary processes in heterogeneous catalysis at sur-
faces. Once the relevant reactants are dissociated, the subse-
quent reaction may proceed on the surface through conventional
Langmuir-Hinshelwood or Eley-Rideal mechanisms, depending
on whether all the reactants are adsorbed or involve reactions
between adsorbates and gas-phase species.

Our simulations show that by increasing the size of the
nanoparticle we can indeed distinguish plasmonic effects that
were completely suppressed by strong-field effects in the small
nanoparticle studied in our previous work4Z, = Still, for the
nanoparticle size and field intensities employed, nonlinear effects
are manifested. The obtained dissociation of the H, molecule re-
quires that it loses one electron. Moreover, it can take place even
under off-resonant conditions when applying a short (2.5 fs) but
very intense (8 x 10! W cm~2) external pulse. However, the ef-
fect of the plasmon can be clearly distinguished in all cases when
comparing the response of the system under resonant and off-
resonant pulses. The plasmon excitation generated by the former
induces much larger charge oscillations on the molecule. The in-
duced electric field is also stronger and is more localized on the
molecule. As a result, depending on the intensity of the exter-
nal field, the plasmon excitation can be decisive to provoke the
chemical reaction or to accelerate it.

Actual experiments are performed in the linear regime with
field intensities of the order of 1 W cm~2, much lower than the
ones used here. As discussed above, this means that nonlinear
effects are still playing a role in these simulations. As a conse-
quence, the extrapolation of the results to disentangle the mech-
anisms governing the experimental observations is still question-
able. Nevertheless, the observation that already at the utilized
field intensities and nanoparticle sizes the TDDFT-ED approach
can account for plasmon induced photochemical processes con-
stitutes a promising fact for future research. In this context,
the present results provide practical guidelines for future TDDFT-
ED studies. In particular, a systematic comparison between res-
onant and off-resonant excitation is a key diagnostic to assess
whether plasmonic mechanism dominates. Moreover, our analy-
sis indicates that increasing nanoparticle size and increasing pulse
duration at moderate intensity is more suitable than increasing
peak intensity when aiming at preserving plasmon-driven dynam-
ics while avoiding direct multiphoton ionization. The observed
trends are expected to be true for other materials and geome-
tries, provided that a well-defined plasmon mode exists and that
the adsorbate is located near the local field enhancement site.
Following these criteria can help position simulations in a regime
where the dynamics more closely resembles experimental condi-
tions and facilitates a more direct connection between TDDFT-ED
predictions and plasmonic catalysis experiments.
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