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Ab initio insights into plasmonic and strong-field
contributions to H2 dissociation on silver
nanoshells

Natalia E. Koval, *a J. Iñaki Juaristi bac and Maite Alducin *ac

Modeling plasmonic catalysis by applying femtosecond laser pulses of high intensity (1013–1015 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 excitation created under low-

intensity continuous light in experiments (on the order of 1 W cm�2). In this study, we examine the

dissociation of H2 on a large octahedral Ag nanoshell under varying field intensities, frequencies, and

durations, and explore the possibility of identifying optimal modeling conditions accessible with current

TDDFT simulations. We show that using this large nanoshell, which consists of an outer layer of the Ag231

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) � 1013 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 � 1013 W cm�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 for bridging the intensity gap between TDDFT modeling and experiments in

plasmonic catalysis.

1 Introduction

Plasmonic catalysis is a promising field of research that
explores the use of localized surface plasmon resonance (LSPR)
in metal nanoparticles to accelerate and enhance chemical
reaction rates under the influence of light.1–16 Experimentally,
there are multiple studies showing that the rate of molecular
dissociation at metal nanoparticle surfaces increases when the
system is illuminated with a light of the same frequency as the
plasmon resonance of the nanoparticle.4,17–21 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 bonds.17,18,21 For silver nanoparticles, a 4-fold17 to 8-fold22

acceleration of the chemical reaction was observed under
resonant light illumination. However, the precise mechanism
of the plasmon-induced molecular dissociation cannot be
understood from experiments alone due to the short time of

plasmon excitation and decay (on the order of femtoseconds,
fs) that cannot be resolved experimentally. On top of that, the
mechanism can be system-specific and is still a highly debated
issue.23–25 Therefore, ab initio calculations are crucial for get-
ting insights into the interplay between plasmon excitation in a
metal nanoparticle and dissociation of molecules adsorbed on
its surface.

Time-dependent density functional theory (TDDFT)26–28

combined with Ehrenfest dynamics (ED) is a state-of-the-art
methodology that can describe electronic and atomic excita-
tions at the nanoscale and on the femtosecond time scale.29

Real-time TDDFT allows for an accurate (formally exact, but
practically limited by the choice of the exchange–correlation
functional) description 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 average trajectory, so that it cannot
account for different pathways associated with different elec-
tronic quantum states,30 which may be relevant in the dissocia-
tion processes. However, TDDFT-ED is one of the very few
methods capable of handling complex light–matter interac-
tions and the electron and nuclear dynamics following a
plasmon decay. Thus, despite its limitations, this approach
can provide valuable insights into the mechanisms of plasmo-
nic catalysis.
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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.31–45 Due to the high
computational cost of such calculations, these studies, aimed to
model plasmon-induced reactions, are commonly performed for
small systems irradiated with high-intensity laser pulses (1013–
1015 W cm�2). These conditions accelerate the dissociation pro-
cess, but can bring about strong-field effects46 that are rarely
discussed. Such a discrepancy in intensities makes it difficult to
extrapolate ab initio results to experimental conditions (intensities
of the order of 1 W cm�2) because strong-field effects can suppress
the role of plasmon excitation and change the mechanism of
molecular dissociation, as demonstrated recently in small
(E1 nm) nanoparticles.47 In that work,47 we studied H2 dissocia-
tion on a silver nanoshell (a hollow shell consisting of the outer
layer of the icosahedral Ag55) 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
H2 become ionized at these high intensities because of multi-
photon absorption. As a result, H2 dissociates at both resonant
and off-resonant pulse frequencies, making it difficult to deter-
mine the contribution of plasmon excitation to the process.

Motivated by the findings that emphasized the need to recon-
sider 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
current TDDFT-ED simulations. Second, we conduct a thorough
analysis 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
reducing the intensity of the external pulse is to use large nano-
particles. It has been shown that the threshold intensity for
dissociation decreases with increasing nanoparticle size.48 There-
fore, 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
H2 molecule adsorbed at the vertex of an octahedral silver
nanoshell49 under various external field conditions. The choice
of the octahedron is motivated by the stronger field enhancement
that the plasmon creates on its vertex compared to other
shapes.50–53 This property can additionally increase the effect on
the molecule at a lower external field intensity. By comparing
different field durations, frequencies (resonant vs. off-resonant),
and peak intensities, we analyze the correlation between plasmo-
nic and strong-field effects in detail.

2 Computational methodology
2.1 Geometry optimization

The first step in our computational approach involves optimi-
zation of the system’s geometry using density functional theory

(DFT). We used the Perdew–Burke–Ernzerhof (PBE) func-
tional54 within the CP2K software package,55–57 which imple-
ments the Gaussian plane wave (GPW) method.58,59 We used
DZVP basis sets including 1 and 11 electrons for H and Ag,
respectively, and a cutoff of 600 Ry for the plane wave auxiliary
basis set. Norm-conserving Goedecker–Teter–Hutter (GTH)
pseudopotentials60 were used to represent the interaction of
valence electrons with atomic cores. The initial coordinates of
the octahedral Ag231 cluster (edge length 7 atoms) were
obtained using the Atomic Simulation Environment (ASE)
builder (function ase.cluster.Octahedron).61 The nanoshell
(denoted hereafter AgL1

231) was next constructed by taking only
the outer layer of the unrelaxed Ag231 cluster, which is formed
by 146 atoms. The H2 molecule was placed at one nanoshell
vertex with its molecular axis oriented parallel to the octa-
hedron base (see Fig. 1a). The z-axis is defined along the inner
diagonal that contains the vertex at which H2 adsorbs. Note that
the nanoshell with an inner diagonal of 2.45 nm before relaxa-
tion is smaller than those commonly employed in experiments.
However, although less often, nanoparticles as small as a few
nanometers have been studied experimentally as well.62,63

Using a non-periodic simulation cell of 32 � 32 � 32 Å3, the
AgL1

231 + H2 geometry was optimized until all atomic forces were
below 0.001 Ha Bohr�1. After relaxation, the edges of the
nanoshell (colored in green in Fig. 1a) slightly bent towards
the inner empty space of the hollow shell, whereas the facets
(blue atoms in Fig. 1a) bent slightly outwards. The adsorption
of H2 causes a slight distortion of the nearest Ag atoms, with
the underneath Ag vertex being displaced towards H2. The
optimized distance between the Ag vertex and the H2 center
of mass (CM) is 2.275 Å. The adsorbed H2 remains parallel to
the octahedron base with an equilibrium bond length of
0.763 Å. The adsorption energy Eads = �0.17 eV is calculated
from the ground state DFT + PBE energies using the formula
Eads ¼ EAgL1231þH2

� EAgL1231
� EH2

. Similarly, the AgL1
231 + H2 ioniza-

tion potential Ip = 4.6 eV is obtained as the ground state energy
difference between the positively charged and neutral systems,
i.e., Ip ¼ E

AgL1231þH2ð Þþ � E
AgL1231þH2ð Þ0 .

Fig. 1 (a) Relaxed structure of the AgL1
231 nanoshell with H2 (light pink

spheres) adsorbed at 2.275 Å 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 AgL1

231 + H2 calculated with RT-
TDDFT, showing the plasmon resonance at �hop = 2.48 eV.
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2.2 Real-time time-dependent density functional theory
calculations of the absorption spectrum

The AgL1
231 + H2 absorption spectrum was calculated within the real-

time time-dependent density functional theory (RT-TDDFT)
approach implemented in the CP2K software package55–59,64,65

by perturbing the system with a weak broadband electric field,
E(t) = E0d(t)ê.66 In particular, we applied a z-polarizedd-kick field of
strength E0 = 0.001 a.u. E0.5 V nm�1 at t = 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 Dt = 0.005 fs. Calculations were performed in the same
non-periodic cell of 32� 32� 32 Å3 as that employed for geometry
optimization. The absorption spectrum in the frequency domain
was next computed by applying a discrete Fourier transform to the
(induced) time-dependent dipole moment. For completeness, 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 spectrum for the
z-polarized field is shown in Fig. 1b. It features an intense and well-
defined plasmon peak at �hop = 2.48 eV and a less intense signal
that extends from 4 to 7 eV, approximately. A similar optical
absorption spectrum was obtained with RT-TDDFTB for the
closely related system Ag231 + H2, 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.48 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.67

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 package.55–59,64,65 The external field was mod-
eled by a Gaussian envelope:

Eðo; tÞ ¼ E0 exp �
ðt� t0Þ2
2s2

� �
cos½oðt� t0Þ�k̂; (1)

where s is the standard deviation and t0 is the center of the
envelope. The electric field was polarized in the z-direction.
The maximum intensity is given by Imax = ce0E0

2, where c is the
speed of light, e0 is the permittivity in vacuum, and E0 is the
maximum field strength. In order to determine those field
conditions that allow us to distinguish between plasmon and
strong-field contributions when studying the catalytic proper-
ties of plasmonic nanoparticles, we have applied four different
pulses, resonant (�ho = �hop = 2.48 eV) and off-resonant (�ho = 8 eV),
of varying intensities and durations to the AgL1

231 + H2 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 eV 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 eV, 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 H2 molecule
adsorbed on the nanoshell, while the initial atomic velocities
correspond to an initial temperature of 300 K. All atoms were
allowed to move freely without any geometry constraints during
the dynamics (i.e., no frozen atoms). We used a converged time
step Dt = 0.002 fs and a non-periodic unit cell of size 40 � 40 �
45 Å3. 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. 1a, the coordinates are listed in the SI). The
ghost atoms Agg are represented by the Ag DZVP basis set and
the GTH pseudopotentials.

Data analysis and visualization were performed using
NumPy,68 Matplotlib,69 VESTA,70 and Gnuplot.71

3 Results and discussion

At an external field frequency matching the plasmon reso-
nance, 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 resonant behavior. This is what we found for
a small icosahedral nanoshell of the Ag55 cluster (AgL1

55),47 as
mentioned in the Introduction. At the usual intense fields
employed in TDDFT-ED studies (Imax Z 1013 W cm�2), there
was no difference in the amplitude of the time-dependent
dipole moments that were induced by fields in resonance or
off-resonance with the AgL1

55 plasmon mode. Therefore, our first
step has been to assess whether field intensities in the order of
1013 W cm�2 fall within the linear response regime for the
larger octahedral nanoshell studied here. In particular, we start
by applying the Gaussian pulse, denoted as pulse-1 in Table 1,
to the AgL1

231 nanoshell with the H2 adsorbate. Note that, under
the same pulse excitation, the plasmon effects were completely
masked in AgL1

55 + H2.47

The induced dipole moments for resonant and off-resonant
external field frequencies are compared in Fig. 2a. The dipole
moment at a plasmon frequency of 2.48 eV has a significantly
larger amplitude than at a higher, off-resonant frequency of
8 eV (see the absorption spectrum in Fig. 1b). However, in the
linear-response regime, the created plasmonic oscillations of
the dipole moment persist long after the pulse is off (see the

Table 1 Gaussian pulses applied to AgL1
231 + H2 in TDDFT-ED

pulse-1 pulse-2 pulse-3 pulse-4

Imax (W cm�2) 2 � 1013 2 � 1013 2 � 1013 8 � 1013

t0 (fs) 18 35 55 9
s (fs) 5 10 15 2.5
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evolution of the dipole moment for a much lower intensity in
Fig. S3).72,73 Hence, the rapid decay of the dipole moment
shown in Fig. 2a, which becomes almost zero immediately after
the pulse is off, still manifests the nonlinear response of the
system and it indicates that the applied perturbation is still
strong. In spite of this, the analysis of the density changes
induced by pulse-1 at the resonant frequency allows us to
identify the distinct collective nature of the plasmon excitation,
confirming that the plasmon is not suppressed. Fig. 2b and c
show selected snapshots of the induced density created when
applying the resonant and off-resonant pulse-1 to the AgL1

231-H2

system. Each snapshot corresponds to the time point at which
the value of the induced dipole (Fig. 2a) is close to one of its
local maxima. When pulse-1 is resonant with �hop, we clearly
observe the collective electron displacement that is character-
istic of plasmon excitation (Fig. 2b). In contrast, when the pulse
frequency is far from the resonance, at 8 eV, the distribution of
the induced density suggests that only single- and multi-pair
excitations are created (Fig. 2c). Altogether, the observed stron-
ger dipolar response and corresponding induced density dis-
tribution under the resonant pulse-1 suggest that by applying
an intense external field to the large nanoshell AgL1

231, we can
keep the conditions closer to the linear regime, with a potential
for distinguishing the role of plasmon in catalysis, as we
analyze next.

In order to determine the plasmon contribution to the
dynamics and possible dissociation of H2 on AgL1

231, we have
performed TDDFT-ED calculations by applying pulse-1 (Table 1)
with frequencies �ho = 2.48 eV (resonant) and 8 eV (off-
resonant). Fig. 3a shows the time evolution of the H–H bond
length for the two field frequencies. For comparison, it also
includes the result for H2 without the nanoshell (14 ghost
atoms surround the molecule), in which case the molecule
oscillates around its equilibrium bond length. When the

molecule is adsorbed on the nanoshell, the H–H bond is visibly
stretched at both field frequencies during the interval around
10–30 fs (i.e., while the pulse is more active), but the resonant
pulse at �ho = 2.48 eV produces the largest elongation. Once the
pulse is extinguished, the molecule remains oscillating pro-
foundly around a bond length of 0.8 Å in the case of the
resonant pulse and around 0.85 Å, but with little variations,
in the off-resonant case. Importantly, the molecule desorbs in
both cases but without dissociating.

The observed changes in the H2 bond length are associated
with the changes in the electron population. Fig. 3 shows the
transient electron population change [DNe = Ne(t) � Ne(t = 0)]
experienced by the molecule (panel b) and the nanoshell
(panel c). In each case, Ne is the number of electrons (not the
charge) obtained from a Mulliken population analysis, with
negative values of DNe indicating a reduction in the number of
electrons. Mulliken population analysis is employed as it

Fig. 2 (a) Transient dipole moment m(t) of the AgL1
231 + H2 system induced

by the Gaussian external field denoted pulse-1 in Table 1 with frequencies
of 2.48 eV (resonant, cyan solid line) and 8 eV (off-resonant, orange
dashed line). Vertical dashed line marks the time point t0 = 18 fs of the
pulse maximum. Corresponding AgL1

231 + H2 induced density created at
time t = 10 fs (i.e., near the induced dipole moment local maxima) by
(b) the resonant pulse-1 (an isosurface value 0.00027588 e� Bohr�3) and
(c) the off-resonant pulse-1 (an isosurface value 0.000148458 e� Bohr�3).

Fig. 3 (a) H2 bond length and (b) and (c) Mulliken population change
[DNe = Ne(t) � Ne(t = 0)] on H2 and AgL1

231, respectively, as a function of
time. Results obtained from TDDFT-ED simulations of H2 adsorbed on
AgL1

231 using external field pulse-1 (see Table 1) 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 H2 when applying the
resonant pulse-1 are also shown by magenta dotted lines in (a) and (b).
Vertical dashed line marks the time point t0 = 18 fs of the pulse maximum.
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enables electron charge evaluation on ghost basis functions,
while real-space partitioning schemes such as Hirshfeld and
Bader do not provide a meaningful decomposition in the absence
of atomic reference densities or regions of electron density
minima between real and ghost atoms. Excitation of the plasmon
mode in the case of the resonant pulse (2.48 eV), which is
characterized by an oscillatory displacement of electrons between
the adsorbate and the nanoshell, is reflected in the large-
amplitude oscillations of DNe that take place in the molecule
while the pulse is on. Together with these oscillations, 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 ionization of
the nanoshell that loses more than 20 electrons according to the
Mulliken analysis of the electron population change (Fig. 3c, cyan
solid curve). Importantly, since the resonant frequency 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 with the intense pulse-1.

The absence of plasmon excitation in the case of the off-
resonant pulse (�ho = 8 eV) leads to much smaller oscillations of
DNe in the molecule (see orange dashed curve in Fig. 3b) 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. 3c). As a result, the initial perturbation (10–30 fs) created
by pulse-1 in the H–H bond is weaker in the off-resonant case,
as shown in Fig. 3a. Notably, the isolated molecule does not
lose any charge, supporting the fact that the electron popula-
tion change on H2 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 con-
tributions. The large electron density fluctuations associated
with the plasmon are responsible for a larger vibrational
excitation of the molecule (larger oscillations of the H–H bond
length). Furthermore, 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
decays rapidly once the pulse is off (Fig. 2a), was too short to cause
dissociation. Therefore, to assess the effect of a longer perturba-
tion, we have performed TDDFT-ED simulations for two addi-
tional resonant pulses, pulse-2 (Fig. S1b) and pulse-3 (Fig. S1c) in
Table 1, that share Imax but have durations two and three times
longer, respectively, than that of pulse-1.

Fig. 4a 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
desorption of the nascent H atoms. An H–H distance of 3.5 Å
that is achieved with the two pulses during the time span of the

simulations assures that H2 is dissociated (see the potential energy
as a function of the internuclear distance for isolated and
adsorbed H2 in Fig. S5). The electron population changes in
Fig. 4b show that the longer durations of pulse-2 and pulse-3
facilitate the ionization of the molecule, which subsequently
dissociates. In both cases, we recognize the large-amplitude
oscillations in DNe that are associated with plasmon excitation
and the underlying decrease in the electron population that was
observed with pulse-1. The difference is the higher degree of H2

ionization that is reached because the new pulses are longer. As
noted previously, H2 ionization is linked to the ionization of the
nanoshell that loses 35 (pulse-2) and 45 (pulse-3) electrons (see
Fig. S6).

In the previous analysis (Fig. 4), not only is the duration of
the pulses different but also their total energy. Therefore, the
obtained H2 dissociation can simply be a consequence of
increasing the pulse energy when the maximum intensity is
kept constant. In the following, we compare the H2 dynamics
on the AgL1

231 nanoshell induced by pulses with the same total
energy, but different maximum intensities and durations. 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 intensity (Imax = 8 � 1013 W cm�2) than the
previous pulses (see Table 1 and Fig. S1d). Despite its high
intensity, the plasmon excitation created by pulse-4 is still
visible. This can be seen from the larger transient dipole

Fig. 4 (a) Time evolution of the H–H internuclear distance and (b)
Mulliken population change [DNe = Ne(t) � Ne(t = 0)] on H2. Results
obtained from TDDFT-ED simulations for AgL1

231 + 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 1 for pulse details). Peak
intensity time points t0 are marked by vertical dashed lines following the
same color code.
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moment amplitude induced by pulse-4 at the resonant fre-
quency compared to the off-resonant frequency (see Fig. S7).

The time evolution of the H–H internuclear distance under
pulse-2 and pulse-4 is compared in Fig. 5a. Both pulses induce
H2 dissociation at the resonance frequency, but the shorter and
more intense pulse-4 also does so under off-resonant condi-
tions. Therefore, pulse-2 provides the most explicit demonstra-
tion of plasmon effects, as the excitation of the plasmon is key
to inducing H2 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 even for this intense pulse. It is worth noting
that the molecule ultimately desorbs regardless of whether it
dissociates or not (see Fig. S8). Although direct comparison to
experiments is still questionable due to differences in field
intensity and timescale between ab initio simulations and
experiments, our results are consistent with the observed
acceleration of chemical reactions under resonant light.22

The results regarding the evolution of the H–H bond are
consonant with the strength and nature of the H2 ionization
induced by each pulse and field frequency. This is observed in
Fig. 5b, in which we show the Mulliken population change on
H2. 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 eV, but not at the high off-
resonant frequency of 8 eV. Remarkably, the degree of ioniza-
tion 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 plasmon facilitates the electron
emission that, ultimately, causes the dissociation of the mole-
cule. Strong-field plasmonic (multiphoton) photoemission
from silver nanoparticles has also been observed experimen-
tally under similar laser intensities (1012–1014 W cm�2) due to a
stronger field enhancement at LSPR.74,75

The fact that pulse-4 is more intense than pulse-2 is reflected in
the larger H2 ionization that occurs at the same field frequencies.
As a consequence, at this field strength, the molecule also dis-
sociates with the off-resonant pulse-4, despite the absence of
plasmon excitation. In this case, although ionization amounts to
just E0.6 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 Eind

provides direct evidence of the different perturbations that
each pulse creates in the AgL1

231 + H2 system and it can allow
us to discern how the plasmon excitation, on the one hand, and
the strong-field effects, on the other hand, contribute to the
observed dissociation. Fig. 6 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) frequencies. The induced field is
computed from the induced electron density as explained in
the SI. The two snapshots shown for each pulse and frequency
correspond to the time point at which the modulus of the induced
dipole moment is close to a local maximum (see Fig. S11 and S12)
and oriented either parallel or opposite to the z-axis. Each snap-
shot shows the instantaneous (z, y)-distribution of the x-averaged
modulus of the electric field induced on AgL1

231 + H2 by the external
pulse, Eindðy; z; tÞk kh ix. Starting with pulse-2, Fig. 6a and b show
that excitation of the plasmon 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 of 1.1–1.3 V Å�1 (see Fig. S14). In contrast, 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. 6c and d. Thus, the observed dissociation at the
resonant pulse-2 is a consequence 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
resonant (Fig. 7a and b) and off-resonant (Fig. 7c and d)
frequencies behaves similarly to that of pulse-2. The difference
is that the induced electric field created by the more intense
pulse-4 is also stronger. Thus, even if the regions where Eind 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 transiently high (0.9–1.0 V Å�1, 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 results obtained with pulse-2 and pulse-4

Fig. 5 (a) H–H internuclear distance and (b) Mulliken population change
[DNe = Ne(t) � Ne(t = 0)] on H2 as a function of time for pulse-2 and pulse-
4 (see pulse details in Table 1) at resonant (2.48 eV) and off-resonant (8 eV)
field frequencies. The results were obtained from TDDFT-ED simulations
for AgL1

231 + H2. Vertical cyan (pulse-4) and magenta (pulse-2) lines show
the time points corresponding to the maximum of each pulse.
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remark that the amount of energy provided by the external field is
not the only defining parameter, 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 emission 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 plasmonic effects can
still be observed in photoinduced chemical reactions on nano-
particles when using the high-intensity laser pulses (1013–
1014 W cm�2) required for TDDFT-ED simulations. In particular,
we have focused on the dissociation of H2 adsorbed on a
plasmonic nanoparticle as a case study because dissociation is
often one of the key elementary processes in heterogeneous
catalysis at surfaces. Once the relevant reactants are dissociated,
the subsequent reaction may proceed on the surface through
conventional Langmuir–Hinshelwood or Eley–Rideal mechan-
isms, 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 work.47 However, for the
nanoparticle size and field intensities employed, nonlinear
effects are manifested. The obtained dissociation of the H2

molecule requires 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 � 1013 W cm�2) external pulse.
However, the effect 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 oscilla-
tions on the molecule. The induced electric field is also
stronger and is more localized on the molecule. As a result,
depending on the intensity of the external field, the plasmon
excitation can be decisive in provoking or accelerating the
chemical reaction.

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
consequence, the extrapolation of the results to disentangle
the mechanisms governing the experimental observations is
still questionable. Nevertheless, the observation that, already at
the utilized field intensities and nanoparticle sizes, the TDDFT-
ED approach can account for plasmon induced photochemical
processes constitutes a promising fact for future research. In
this context, the present results provide practical guidelines for
future TDDFT-ED studies. In particular, a systematic compar-
ison between resonant and off-resonant excitation is a key
diagnostic strategy to assess whether the plasmonic mecha-
nism dominates. Moreover, our analysis indicates that increas-
ing the nanoparticle size and extending the pulse duration at
moderate intensity are more suitable than increasing peak
intensity when aiming at preserving plasmon-driven dynamics
while avoiding direct multiphoton ionization. The observed
trends are expected to be true for other materials and

Fig. 6 (z, y)-distribution of the x-averaged electric field induced on AgL1
231

+ H2 by the external pulse-2 at different time points t, Eindðy; z; tÞk kh ix.
Selected t correspond to time points at which the induced dipole moment
mz(t) (see Fig. S11) is close to a local minimum (left panels) and maximum
(right panels). (a) and (b) Snapshots for the resonant field frequency 2.48 eV
at time points t = 34.25 and 35 fs, with the actual maximum induced
electric field values of 1.53 and 1.65 V Å�1, respectively. (c) and (d) Snap-
shots of the off-resonant field frequency 8 eV at time points t = 34 and
34.25 fs, with actual maximum values of 1.16 and 1.31 V Å�1, respectively.
The H2 center of mass coordinates are approximately Z E 34 Å, Y E 20 Å.

Fig. 7 Same as Fig. 6 but for pulse-4. (a) and (b) Snapshots for the
resonant field frequency 2.48 eV at time points t = 9.24 and 10 fs (see
Fig. S12), with actual maximum induced electric field values of 2.69 and
2.37 V Å�1, respectively. (c) and (d) Snapshots for the off-resonant field
frequency 8 eV at time points t = 9.24 and 10 fs, with actual maximum
induced electric field values of 1.84 and 2.32 V Å�1, respectively. The H2

center of mass coordinates are approximately Z E 34 Å, Y E 20 Å.
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geometries, provided that a well-defined plasmon mode exists
and that the adsorbate is located near the local field enhance-
ment site. Following these criteria can help position simula-
tions in a regime where the dynamics more closely resembles
experimental conditions and facilitates a more direct connec-
tion between TDDFT-ED predictions and plasmonic catalysis
experiments.
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