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Abstract: Chemical reactions mediated by localized surface
plasmons have been identified as a viable pathway for
efficiently converting solar energy to chemical energy. The
excitation and decay of plasmons have found applications in
catalysis via different mechanisms. Especially, recent reports
demonstrated that the hot charge and energy carriers generated
from plasmon decay in nanoparticles could transfer to attached
molecules and drive photochemistry, which was previously
thought to be impossible. In recent work, we have
computationally explored the atomic-scale mechanism of a
plasmonic  hot-carrier-mediated chemical process, H:
dissociation. Numerical simulations demonstrate that, after
photoexcitation, hot carriers transfer to the antibonding state
of the H> molecule from the nanoparticle, resulting in a
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repulsive-potential-energy surface and H» dissociation. This
process occurs favorably when the molecule is close to a
single nanoparticle. However, if the molecule is located at the
center of the spatial gap in a plasmonic dimer, dissociation is
suppressed due to sequential charge transfer, which efficiently
eliminates occupation in the antibonding state and, in turn,
reduces dissociation. An asymmetric displacement of the
molecule in the gap breaks the symmetry and restores
dissociation when the additional charge transfer becomes
significantly suppressed. Thus, these models demonstrate the
possibility of structurally tunable photochemistry via
plasmonic hot carriers.

Introduction

Surface plasmon polaritons (SPPs) and localized surface plasmon resonances
(LSPRs) are collective oscillations of electrons in conductors excited by
electromagnetic modes that are confined to the conductor—dielectric interfaces
[1-3]. LSP of a metallic nanoparticle (NP) can be excited by illumination, which
triggers a set of complex dynamical processes, including the localization of
strong optical near field, re-emission of a photon, hot-carrier generation, ejection
and relaxation of hot-carriers, these important processes are depicted in Figure
1. Due to the LSP resonance in metallic nanostructures, light absorption can be
significantly enhanced, resulting in strong light concentration in the near field
around the nanostructure interfaces as illustrated by Figure la [4-5], which
enables efficient spatial control of charge and energy fluxes in a variety of
applications. The strong light enhancement has been used in many surface-
enhanced processes, including surface-enhanced Raman spectroscopy (SERS)
[6,7], photochemistry on surfaces [8], fluorescence [9], and solar energy
conversion [10]. Recent studies also found the strong light enhancement could
be employed as a driving force in chemical reactions. The direct intramolecular
excitation from the HOMO to the LUMO of molecules can be induced
resonantly by the LSP with the same energy as the HOMO-LUMO gap, as
shown by the red arrow of Figure 1(f) [11]. Moreover, when the molecules are
adsorbed on metals, their optical energy gap can be reduced because of the
hybridization between the molecular orbitals and metal states, thus providing
excitation pathways accessible by LSP.

However, surface plasmons suffer from significant dissipation [12].
Plasmon resonances in nanostructures can be damped radiatively by emitting a
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photon or non-radiatively through the creation of hot electron-hole pairs via
Landau damping, resulting in a swarm of hot electrons and holes (Figure 1b)
[13]. Landau damping is a pure quantum mechanical process in which a
quantum plasmon is transferred into a single electron-hole pair. After generation
from the plasmon decay, the hot electrons will quickly redistribute the energy
among many lower-energy electrons, and the temperature of the conduction
electrons increases due to electron-electron scattering processes (Figure 1¢). The
additional energy of the lower-energy electrons is then dissipated via electron-
phonon scattering, resulting in local heating (raising the lattice temperature).
Similar dynamics of this process for extended surfaces has been described by a
two-temperature model [14]. Finally, the heat is transferred to the surroundings
of the metallic structure by thermal conduction (Figure 1d). Even through
ultrafast hot-carrier generation dominates the energy dissipation of SPPs [15]
and limits plasmonics applications due to the short plasmon lifetime, several
recent efforts have proposed possible scenarios of hot carrier extraction before
dissipation takes place [16-19]. This has stimulated the application of hot
carriers to several branches of applied physics, chemistry, and materials and
energy sciences [19-29]. Since different processes of the plasmon decay take
place on different timescales, the energetic electron-hole pairs and heating
effects can be used by the molecules as stimuli for driving chemical reactions in
photocatalysis via different mechanisms [30]. This process is different compared
to common photochemical reactions occurring in natural systems, including the
photoisomerization in vision [31], photosynthesis in plants [32], and gating of
certain ion channels [33]. Plasmon-driven photochemistry has received
increasing attention in recent years for its potential to overcome the intrinsic
limitations of conventional semiconductor photocatalysis. Recent studies have
shown that the hot carriers generated in plasmonic structures can be transferred
to adjacent electron acceptors, inducing such photochemical processes as
diatomic H», Oz, and N> dissociation [34-41,42], proton reduction [43], water
splitting [44-48], artificial photosynthesis [49], and hydrocarbon conversion
[50]. The unique feature of metallic NPs, namely that their optical properties are
tunable over a wide spectral range via changes in size, shape, and composition,
makes these systems appealing for plasmon-induced chemistry [5]. The NPs
used in photochemistry are typically gold spheres with sizes as small as several
nanometers. It has been demonstrated that the LSP can not only enhance
reaction efficiency by its strong field concentration, but also enable reaction
selectivity and open pathways that are not accessible with photons by making
use of hot-carrier transfer [30].

Except the resonant intramolecular excitation mechanism described above,
there are other excitation mechanisms that involve charge transfer. Direct charge
transfer as excitation from the metal states to the LUMO has been suggested as a
possible pathway when the LSP energy is resonant with the energy gap between
the metal states and LUMO, as illustrated by the arrow in Figure le [51].
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However, many other chemical reactions are explained by the indirect hot-
electron transfer mechanism, as shown by the blue arrow in Figure 1f. In this
case, hot electrons are transferred from the metal to the molecule by an electron
tunneling process, resulting in a transit negative ion state of the adsorbed
molecule [36]. In plasmonic hot-carrier chemistry on metal surfaces, most
reactions are explained by this mechanism. Besides, recent studies suggested
hot-hole transfer as the reaction pathway [52]. Finally, the local heating effect,
caused by the energy dissipation of the hot-carrier via the electron-phonon
scattering can also induce thermal reactions of the molecules [53-55].

From the theoretical viewpoint, even though recent simulations have

(a){’ ®) e eh* (C)/ 3
- - eh*

| eth*
» - | eh* eh* eh* \l \
- ~ eth® gt /

G (e) ()
e P

Metal Molecule Metal | Molecule

Figure 1: a) Excitation of LSP. b) Hot electron-hole pairs generation from the
decay processes of the LSP. c¢) hot-carriers relaxation via electron-electron and
electron-phonon scattering. d) Heat dissipation to the environment via thermal
conduction. e-f) Excitation mechanisms of molecules adsorbed on the metal
surfaces: e) direct charge transfer (black arrow), f) direct intramolecular excitation
enhanced by local field of LSP (red arrow) and indirect charge transfer (blue

identified fundamental limitations when extracting hot carriers for solar energy
conversion [29], the opportunities and the detailed mechanisms for using
plasmonic hot-carrier extraction to drive photochemistry are less well known.
Moreover, even the same chemical reactions are explained by different
mechanisms [30]. Hence, understanding plasmon driven chemistry in a realistic
environment from the atomistic viewpoint is crucial for further development. In
our recent work [56], we demonstrated the principles of plasmonic enhancement
and control of chemical reactions by considering the photoinduced dissociation
of an adsorbed molecule on a plasmonic nanoparticle and plasmonic dimer.
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Atomistic study of Plasmonic Hot-Carrier Mediated
Photochemical Reactions

In the following, we illustrate simulations of the plasmonic hot-carrier
mediated photochemical reactions [56]. We demonstrate the principles of the
plasmonic enhancement and control of chemical reactions by considering the
photoinduced dissociation of an adsorbed molecule on a plasmonic nanoparticle
and plasmonic dimer. The results show that the hot-carrier transfer to the
antibonding orbital of H» attached to a monomer nanoparticle is quite feasible
and can lead to dissociation. However, for the plasmonic dimer, a competing
process involves sequential transfer of the electron to H> and then to the other
nanoparticle. This reduces dissociation yield, which becomes tunable depending
on the spatial location of the molecule in between the nanoparticles, with the
minimal dissociation being associated with the most-significant electromagnetic
hot spot.

Computational Approach

Non-adiabatic molecular dynamics (NAMD) and Non-adiabatic excited-
state molecular dynamics (NEXMD) have become powerful tools in quantum
chemistry for the research of ultrafast nonadiabatic processes [57-59], thus it is
ideal for the simulation of the dynamics of Hz on the surface of NP following
photoexcitation. Ab initio NAMD simulations are performed for Hz dissociation
into individual hydrogen atoms on metallic NPs after being excited by
femtosecond laser pulses by employing time-dependent density functional
theory (TDDFT) and Ehrenfest dynamics implemented in the OCTOPUS
package [60-62], with the metal NP treated in the Jellium approximation. The
Jellium radius is carefully chosen so that the resonant frequencies (around 2.5
eV) are similar to that of an Au nanoparticle with a diameter of several
nanometers. For feasibility, we chose the size of the metallic NP (diameter) to
be 19.05 A, roughly corresponding to a 200 atom gold cluster. While this size is
smaller compared to current experimentally relevant dimensions, the plasmonic
properties of such particles are similar to those of much larger particles, except
for a size-dependent blue shift of the plasmon [63]. The distance between the H>
molecule and NP is set to be 1.59 A. In addition, the H> molecule is placed
parallel to the NP surface, as shown by the schematic diagram in Figure la. A
maximum field strength of Emax = 2.57 V/A is assumed for the laser pulse in the
simulations. The nanoparticle is approximated as Jellium medium with a single
electron radius (Wigner-Seitz radius) [57] of rs = 4.5 au. The radius is carefully
chosen so that the resonant frequencies of the NP are similar to that of Au
nanoparticles with a diameter of several nanometers. The diameter of the NP is
38 au., which assumes 64 free electrons in the NP. The local density
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approximation (LDA) is employed in the calculation. The choice of LDA
functional in this work underestimates the HOMO-LUMO gap of H>. However,
this does not affect the physics and conclusions. Using other functionals, such as
PBE, gives similar results. The grid in real space is set as 0.5 au. NAMD is
treated within the Ehrenfest scheme with temperature fluctuation around room
temperature (300 K). The ground state is used as the initial state for NAMD
simulations. A time step of 0.1 au is used in the calculation. For the optical
absorption spectrum, an electrical pulse with a strength of 0.01 au is used.

The contribution (weight) of H> to each wavefunction (WF) is estimated by
integrating the WFs in a sphere centered at each H atom with a radius of 3 A,
ie.,

Wi = [y rawe B (P

It should also be noted that the choice of radius does not affect our conclusion. If
a smaller radius is used to estimate the WF weight, a similar result (LDOS of Hz
for different bond lengths) can also be obtained (with the only difference being
that the WF weights become smaller). The charge around the H: is calculated by
integrating the charge density within 3 A of the H> molecule. According to our
test, 3 A is a reasonable threshold, which is able to characterize the H> density.
A radius larger than 3 A (recall that the position in the Jellium approximation is
excluded in the integration) does not increase the charge number on Ho.
Similarly, the charge on Au is calculated by integrating charge density within 15
A (excluding the volume used to calculate the H> charge).

The external electric field of the light to drive the photochemical reaction is

set to
(t=to)?
E(t) = E, exp [— T] cos [w(t — ty)].

Here w is the excitation frequency, E, is the maximum field strength of the laser
pulse, T = 1.6 fs is the width of the pulse, and t, = 6.6 fs is the center of the
pulse. Figure 2 indicates that a critical laser intensity is required to observe Ha
dissociation within 100 fs, and similar phenomena were also observed in a
recent experiment [25]. In addition, it should be noted that the laser intensity
used in this work is much higher than that in the experiment due to the
following: (a) we need to observe the H> dissociation within tens of
femtoseconds due to the limitation in computational cost; (b) even though the

laser field seems very strong, the pulse duration is very short (~10 fs) compared
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Figure 2. H» dissociation rate (defined as the inverse of time required for splitting the
H-H bond when its length reaches 2.0 A) as a function of laser intensity. According to
the plot, a critical laser intensity is required to observe H» dissociation. The rate is
defined as vanishing if dissociation is not observed within 100 fs. Besides, the rate is
linearly dependent on the laser intensity when it is larger than 4 mW /A2, The blue line

pli is a linear-fit of rate for laser intensity larger than 4 mW /AZ. 6



to the illumination time (~1 s) used in the experiment, and (c) the plasmon
enhancement in our model is expected to be smaller than that in the experiment
because the experiment involves larger particles and aggregates that have more
accessible electromagnetic hot spots.

Plasmonic Hot-Carrier-Induced H: Dissociation on the NP Surface
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Figure 3. (a) Schematic diagram of H> molecule adsorbed on the NP surface.
The electric field is inx direction. (b) Bonding and (c) antibonding (AB) wave
functions of Hz in the x—z plane. Panel ¢ indicates that (1) the AB state is 1.48 eV
above the Fermi energy, which offers the possibility of transferring the hot-electron
generated in the metallic NPs to the AB state; and (2) the AB WF is hybridized with
the NP, which can facilitate the hot-electron transfer. The red circle indicates the
surface of the NP. (d) LDOS of Hz adsorbed on NP surface. The dashed line indicates
the Fermi energy (shifted to 0) of the NP + H» system with equilibrium H-H bond
length. The evolution of peaks in LDOS for different H-H bond lengths roughly
reflects the PES of the Homolecule. (e) Absorption spectrum of NP and NP-Ha.

We start by examining the electronic structure of H> adsorbed on the NP,
where the wave functions (WFs) of H> and the NP become hybridized at
chemically relevant separations. Analysis of the weight (wi) of Ha to each WF
shows that the bonding and antibonding (AB) state (the states that have the
largest wi) of the Hz are 8.05 eV below and 1.48 eV above the Fermi energy,
respectively, as shown by Figure 3b—d. Because the 9.53 eV gap between the
bonding and AB states of Hz is much larger than the energy of a visible light
quantum, no electron in the bonding state of Hz can be excited by a photon to the
AB state to drive the chemical reaction in the visible regime. However, in the
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coupled system, the AB state is only 1.48 eV above the Fermi level, which
suggests the possibility of transferring hot electrons generated in the metallic NP
to the AB state of Hz and inducing chemical reaction such as Hz dissociation. In
addition, Figure 3b also shows that the AB WF of Hz is strongly hybridized with
the NP, which can also facilitate interfacial hot-electron transfer by directly
exciting an electron of the NP to the attached molecule, as demonstrated in
recent experiments [51, 64—65]. Because the excitation of electron—hole pairs by
plasmon decay in the NP can generate hot electrons with energy ranging from
zero to the photon energy (which, in this example, means that the energy of the
hot-electron can be larger than 1.48 eV) [29,66,67], our results suggest that H>
dissociation can be readily induced by the hot electrons generated in the metallic
NP. In addition, the local density of states (LDOS) of Hz for different H-H bond
lengths is plotted in Figure 3d. The evolution of peaks in LDOS for different H—
H bond lengths roughly reflects the potential energy surface (PES) of the Ha.
The plot shows the evolution of bonding and AB states of Hz with varying bond
lengths. Even though the H2 molecule is coupled to the NP and the WFs are
hybridized, the PES of H: is similar to that of the standalone H> molecule.
NAMD for the standalone H> molecule also confirms that dissociation can
indeed occur upon promoting electrons to the antibonding state. Hence, the PES
shown in the plot reveals that when the H: is attached to the NP, electron
transfer from the NP to the AB state of H: is feasible and is able to drive Hz
dissociation by following the molecular dynamics on the excited state PES.

The absorption spectra of NP and NP-H: are shown in Figure 3e. The
spectrum of the NP shows four resonant absorption peaks that are all plasmonic,
as confirmed by the TDDFT calculation, in which collective excitations are
observed. These four peaks correspond to different plasmon modes [68]. Here
we note that interband effects are not included in the Jellium model, so the
optical properties of Au in this model are more plasmonic than they would be in
a more-realistic description of Au. The distribution of the induced charge and
field enhancement for each mode can be found in Figure 3a,b. When H: is
absorbed on the NP surface, the absorption spectrum is weakly perturbed
essentially through slightly larger broadening (i.e., damping) of the peaks. This
observation is attributed to the WF hybridization between the Hz and the NP,
which alters the electronic structure, as well as to the collective electron
oscillation (plasmon) to some extent. However, the four resonant peaks remain
virtually unchanged. The absorption spectrum in the visible is dominated by the
NP even though the AB state of Hz is hybridized with the NP. Because the NP
shows stronger absorption and field enhancement at the resonant frequencies,
we next study the dynamics of these states. Namely, four resonant energies (o =
2.23, 2.53, 2.63, and 2.93 eV) of the NP are used to excite the NP and to
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Figure 4. (a) Real-time dynamics of Ha bond length with and without NP. For the case
of H» alone, the excitation frequency is 2.53 eV. By coupling to the NP, plasmonic hot-
carrier mediated induced chemical reaction is observed. (b) Time evolution of charge
around H» after photoexcitation with different frequencies.
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calculate the subsequent plasmonic hot-carrier-mediated chemical reactions.

Figure 4a plots the time evolution of the H-H bond length (with and
without NP) excited by the external field with different excitation energies. The
black curve shows that the H2 bond oscillates with the external field and never
dissociates if the Hz is not coupled to the NP. Because the energy of incident
light is much smaller than the HOMO-LUMO gap, an external field can only
perturb the charge density and drive the hydrogen molecule to vibrate near the
equilibrium position. However, if the Hz is placed near the NP surface, plasmon
excitation at any resonant energy results in an increase in the H2 bond length.
The H-H bond reaches 2 A in less than 40 fs, indicating molecular dissociation.
Because the Jellium model with no explicit Au atoms is used in our work, the
Au-H interaction is not correctly captured, i.e., the adsorption and desorption
behavior of H atoms on the NP surface is poorly described compared to the
atomistic model of NP [69]. Consequently, lacking bonding to Au, the H atoms
drift away after dissociation. In realistic experiments, there are several Ha
molecules making it more probable for the dissociated protons/H atoms to meet
and recombine into molecular hydrogen. Actually, the experiment on Ha
dissociation (mixed with D2) by Halas group detected the generation of HD to
estimate the reaction rate [34].

To illustrate the charge-transfer behavior, we also analyze the charge
dynamics upon laser excitation. Figure 4b shows the charge around Hz, which is
calculated by integrating the charge density within 3 A of the Hz molecule.
Following the oscillations of the external field, the H2 charge also oscillates with
time, which indicates forward and backward charge transfer between the NP and
H> molecule. Initially, the charge on H», Qmu, is around 2 e (elemental charge).
After photoexcitation, the charge of Hz increases to 3.1-3.8 e at around 7.7 fs.
The additional charge transferred from the NP resides on the AB states of Ha,
thus initiating motion along the excited potential energy surface and dissociating
the molecule. Figure 4b shows that the amount of charge transferred to Hz varies
for different excitation energies. Consequently, different excitation energies can
result in slightly different dissociation rates because the distribution of induced
charge density and field enhancement for different plasmon modes are different
as shown in Figure 5a,b. If the excitation energy tunes away from the plasmon
resonant energies, the field-enhancement and induced charges become smaller.
Consequently, the dissociation rates are reduced. In addition, the charge transfer
is also dependent on light intensity. Generally, increasing the light intensity
increases the amount of charge transferred to Hz because the intensity of hot-
carriers generated from the plasmon decay is proportional to light intensity in
the linear response regime.
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Figure 5. Induced charge (in unit of 10* ¢) distribution for (a) single NP and (c) NP
dimer (d = 1.59 A); Profile of field-enhancement (|?LWE‘"; ) for (b) single NP and
incident (@,

(d) NP dimer. The single NP enhances the field at both ends of the NP in the direction
of the external field. The NP dimer can generate hot-spots in the gap, and the field
enhancement in the dimer gap is also found to be larger than that near the surface of
the single NP (except for 2.93 eV).

Tunable H: Dissociation in the Plasmonic Dimer

In practical applications, an assembly of NPs instead of a single NP is
usually employed, allowing for the formation of dimers and other aggregates
that have more significant electromagnetic hot spots and charge-transfer
plasmons [70]. Indeed, plasmonic NP aggregates and arrays have many novel
optical properties and have found promising applications in various fields,
including lasing, sensing, and quantum information processing [71]. As shown
in Figure 5, the distribution of induced charge and field enhancement in the
plasmonic dimer is very different from that of a NP monomer. In contrast to a
single NP, the field enhancement of the plasmonic dimer is spatially located in
the gap between the two NPs and is more significant than that in the near-field
of a NP monomer. Because photodissociation also depends on light intensity, as
evidenced by Figure 2, the stronger field in the spatial gap presumably may
further promote dissociation. Moreover, as we discussed above, the stronger
field intensity is also able to induce more hot electrons, an effect confirmed
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theoretically and experimentally [72,73]. Thus, it is natural to consider if the
stronger field enhancement in NP aggregates can facilitate H> dissociation.
Consequently, we calculated Ha dissociation in the plasmonic dimer for different
geometrical configurations.

As an example of the photochemistry for the dimer structure, we consider
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Figure 6. Bond dynamics of H> in plasmonic dimer with different distance. Ha
dissociation in a dimer of a pair of 1.9 nm NPs with different distances (for D =
1.59 A): monomer (black), d = 1.59 A (green), d = 3.70 A (cyan), d = 5.82 A
(blue), d =7.94 A (brown), d = 10.05 A (purple), d = 12.17 A (red),and D=d =
5.82 A (gray). Photochemical reaction for d = 1.59 A is significantly suppressed.
Tuning the distance d can affect the dynamics of Hz in the plasmonic dimer.

the H> molecule placed between the NPs. The distance between H> and one of
the NPs is fixed at 1.59 A (which we define as the distance D), which is the
same as in the case studied above. The distance between Hz and the other NP is
d, taken as a variable. A schematic diagram of the configuration is shown in
Figure 6a. The time evolution of H-H bond lengths for different d is plotted in
Figure 6b—e. When d = D = 1.59 A, the Hz is placed precisely in the center of
the plasmonic dimer, with the stronger field enhancement compared to larger
values of d. It should be noted that there is a critical distance between the two
NPs at which the field-enhancement is strongest for a general plasmonic dimer
[74]. In our case, the smallest separation between the two NPs is 3.18 A for d =
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D, and the field enhancement decreases monotonically with increasing d. In this
configuration, the induced charges (hot electrons) are enhanced in the gap edges
(Figure 5c) except for 2.93 eV. The latter is an example of plasmonic resonance
in which the induced charges are not magnified at the gap edges. However, no
matter what the excitation energy is, the H-H bond never breaks, as shown by
the green curves in Figure 6. Even though Figure 6 suggests that, for geometries
with smaller d, the H-H bond length can significantly increas to 1.2-1.4 A,
which is larger than the equilibrium value, the dissociation event does not occur,
as evidence by the subsequent oscillatory dynamics of the bond length.

Our NAMD simulations further demonstrate that tuning the distance d can
affect the dynamics significantly. As shown in Figure 6, the H: starts to
dissociate for some excitation frequencies when d reaches 5.82 A. It should be
noted that d = 5.82 A may be not a precise critical distance that separates the
two phases (Hz dissociation or lack of dissociation) because we did not sample
the distance d with sufficiently small increments due to the computational cost.
However, for a given light intensity and photon energy, a critical distance that
separates the two phases exists. This critical distance can vary with excitation
energy (or plasmon mode) because different plasmon modes induce different
charge distributions, field enhancements, and dissociation rates, as shown in
Figures 4a,b, and 5a. For instance, for the mode at 2.93 eV, which has a smaller
dissociation rate as shown in Figure 4a, larger d is required to restore the
chemical reaction, as seen in Figure 6e. To illustrate the importance of the
relative position of the H> molecule in the plasmonic dimer, we studied the Hz
dynamics in the NP dimer with D = d = 5.82 A. Here, the distance between the
two NPs is 11.64 A, which corresponds to the arrangement with D = 1.59 A and
d =10.05 A. As shown by the gray line in Figure 6, no dissociation is observed
in this case, which, however, is similar to the outcome with geometry D = d =
1.59 A. The difference is that when D = d = 5.82 A, the bond-fluctuation time
scale becomes faster. Moreover, the distance between the Hz and the NP (5.82
A) is much larger than 1.59 A, so the coupling between the Hz and the NP is
much smaller compared to that for the D = d = 1.59 A geometry, and the H>
dynamics are closer to those of the pure H> case, as shown by the black curve of
Figure 4a. An even-larger distance d more strongly favors dissociation of the H-
H bond. These results demonstrate that chemical reaction can either be
suppressed or enhanced by the plasmonic dimer depending on the relative
position of the molecule between the dimer. Thus, hot-carrier-mediated
dissociation can be tuned by controlling the location of the molecule in the
spatial gap. For the NP dimer, the optical properties are also different from that
of a single NP, especially for small d. According to our calculation, compared to
a single NP, the resonant peaks are shifted in a dimer with the shift increasing
with decreasing d. Some peaks are blue-shifted, and the others are red-shifted
because coupling (A) between the two NPs can split a resonant energy (®) into
satellite ® + A components. This suggests modeling the H2 dynamics in the NP
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dimer for d = 1.59 A with the new resonant energies. However, the results (not
shown) also indicate the absence of Hz dissociation, even when the Hz is excited
at the resonant energies of the NP dimer.
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Figure 7. Charge of Hz on the surface of single NP (black) and in plasmonic
dimer with different d: d = 1.59 A (blue) and d = 12.17 A (red). In general, the
larger distance increases the charge accumulation on the H> molecule. For d =
1.59 A, the hot electrons transferred from the left NP quickly transfer to the
right NP, which reduces the net charge accumulation on Hz. Thus, the
photochemical reaction is getting suppressed.

We have further examined the charge dynamics of the H2 molecule in the
NP dimer gap when excited by different photon energies. The results are plotted
in Figure 7, and the charge difference between the two nanoparticles as well as
the charges of each NP are plotted in Figure 8. When d = 1.59 A, the charge
dynamics on the H2 molecule shows high-frequency oscillations (enhanced by a
factor of 2) but with reduced amplitudes compared to Hz on the surface of the
NP monomer. In addition, Figure 8 shows that the charge oscillates back and
forth between the two NPs with a frequency that is comparable to that seen for
the NP monomer. These two figures show that when the NPs are close together
and the H2 molecule is midway between them, the charge evolves coherently
from one particle to the molecule and to the other particle and then back, with
the doubled frequency at the position of the molecule reflecting a small
difference in phasing of the charge flow to the molecule and then from the
molecule to the receiving particle. We also note that the charge amplitude
changes from —4 to +4 for the particles in Figure 8, while the corresponding
change on the Hz is less than 0.5 in magnitude. Hence, compared to the single-
NP case (the black curve in Figure 7), the charge accumulation on H: is reduced
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in presence of the NP dimer, which makes the dissociation much less probable.
When d = 12.17 A, the charge oscillation becomes the same as in the single NP
case, which indicates that this value of d is sufficient to suppress the second
consequent charge transfer. The maximum charge on Hz can reach as high as 3.8
e in this case, which significantly increases the dissociation probability.

Overall, we see that hot carriers transferred from one NP to the H» will
undergo another charge transfer to the other NP before H> dissociation can
develop when d = 1.59 A. Increasing the distance d makes the charge-transfer
rates different. Indeed, in the red curves in Figure 7, we see that the time scale of
charge oscillation is the same as for the single-NP case. With increasing
distance, the charge loss from the H> molecule to the right NP is suppressed. At
a certain distance, the charge accumulation on H> can be large enough to induce
bond dissociation. This is the reason why a critical distance exists for inducing
H> dissociation in the plasmonic dimer. Because the right NP still has a
significant contribution to the field enhancement in the gap for d = 12.17 A,
dissociation can be enhanced relative to the monomer case for certain d values
and plasmon modes.
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Figure 8. (a-d) Time evolution of charges on NPs for d = 0 (blue for the left NP,
green for the right NP) and d = 12.17 A (red for the left NP, black for the right
NP). The charges for the d = 12.17 A are shifted by 4 e for clarity. The evolution
of charges on the two NPs indicates there is significant charge transfer for the case
ofd=159A.

Discussions

In realistic applications, the H> molecules would typically have a broad
spatial distribution of possible locations on the dimer. Such placement would be
difficult to control with any precision. Hence, only a fraction of the H»
molecules in a strong plasmonic field can be dissociated by exciting plasmonic
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hot carriers. To improve efficiency, charge transfer from the H2 molecule to one
of the NPs needs to be suppressed. One approach is to coat one of the particles
with SiO2. Recent experiments have indicated that the large barrier between
SiO2 and a metallic NP can practically eliminate hot electron transfer [75]. In
addition, it should be noted that plasmon-driven hot-electron transfer to
adsorbed molecules (in this case, the molecule 4,4'-bipyridine, BPY that has a
stable negative ion) has been confirmed in a recent experiment using SERS
techniques [77]. This study also found that the negative ion has a finite lifetime,
indicating that additional charge-transfer processes occur after the negative ion
is formed. Unfortunately, the time scale of charge-transfer processes in that
work were only studied at time scales greater than 1 s.

Finally, we note that the mechanism of suppression of chemical reaction in
the plasmonic dimer proposed in our work is fundamentally different from that
studied in [77], where the quantum nature of the cavity plays a vital role in
modifying the PES of the molecule [78,79]. In contrast, in our case, the balance
between charge transfer and field enhancement tunes the chemical reaction, and
strong coupling leading to the formation of a new polaritonic state is not needed.
Another aspect of the difference in the mechanisms is that the suppression of
chemical reaction when d = 1.59 A holds for different excitation frequencies,
including nonresonant regime. The mechanism in [77] is only observed for
resonant excitation because hybridization between the electronic and photonic
states becomes important only when the excitation energy is resonant with the
cavity [78].

Summary and Outlook

In summary, we have introduced a different mechanism potentially leading
to plasmon-enhanced photochemistry. Performed TDDFT and NAMD
calculations allow monitoring the dynamic process of Hz dissociation on the
surface of a metallic NP mediated by hot-carrier transfer. Our results illustrate
the phenomenon of plasmon-induced H» dissociation at the atomic scale and
identify how hot carriers can be transferred from a NP to the adsorbed molecule
to drive photochemistry. The electronic structure calculations show significant
wave function hybridization between NP and Hz and that the energy difference
between the AB state and the Fermi level makes dissociation accessible by the
visible light. In addition, because photoinduced charge transfer can be controlled
by the shape of the external field, we can imagine adjusting laser parameters and
nanoparticle size to control electronic hybridization and dynamics to direct the
plasmon-assisted photochemistry.

Our results also demonstrate that the photochemistry can be tunable in the
case of a plasmonic dimer. When the molecule is placed in the center of NP
dimer, charge transfer between the molecule and each of the two NPs is
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identical. Consequently, the hot electrons transferred to the molecule from one
of the NP are transferred to the other nanoparticle before the dissociation can
occur. As a result, the effective charge accumulation on the molecule is reduced,
and the chemical reaction is suppressed. By tuning the relative position of the
molecule in the spatial gap of the NP dimer, one of these charge-transfer
processes can be efficiently suppressed. Consequently, charge accumulation on
the molecule can be enhanced and the chemical reactions thus restored. This
indicates that via geometry control, field enhancement can be increased and
charge loss minimized. Even though our conclusions are based on H»
dissociation, the concept can be applied to other cases, such as water splitting
[80-82]. In practical applications, the loss of charge from an adsorbate to the NP
can be suppressed via coating of the latter by insulating materials, such as SiOx.

In addition, different mechanisms have been proposed to explain the
plasmon-mediated chemical reactions of different molecules. Even the same
chemical reaction have been explained by different mechanisms [30]. In order to
investigate and distinguish the mechanisms of plasmon-induced chemical
reactions, experimental techniques with high spatial/time resolution and
advanced electronic structure calculations are required. Via combination of
experimental and theoretical efforts, detailed understanding of the different
pathways involved in plasmon mediated chemical reactions is expected to be
achieved [30].
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