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Abstract:  Modelling of nonadiabatic reactions for heterogeneous photocatalysis involving

absorbates on metal nanoparticles provides insight for the interpretation of experiments. In this

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

paper, photoinduced H, dissociation in a AugH, model complex has been investigated using Time-

Dependent Density Functional Theory (TDDFT), and with a decoherence corrected fewest
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switches surface hopping (DC-FSSH) approach that includes all degrees of freedom of the AugH,

cluster in the photodynamics. The excited states of this cluster near the equilibrium geometry

(cc)

mostly involve weakly entangled combinations of transitions between occupied orbitals with 60%
gold d-orbital character and unoccupied orbitals that are 95% sp, with little variation between
different excited states for energies close to what is the Au plasmon energy for larger clusters.
Both adiabatic and nonadiabatic process play significant roles in H-H bond dissociation, with
adiabatic dissociation always being fast and nonadiabatic dissociation involving slow or fast
mechanisms and little variation in the dissociation dynamics when different excited states are
considered. In all cases both hydrogen atoms end up chemisorbed on the Au cluster, in contrast to
earlier work which suggested that dissociation was dominated by one or both H atoms going to the
gas phase. Most H-H bond dissociation reactions take place via the nonadiabatic pathway and
leading to both hydrogens chemisorbed on the nearest Au atom, but others lead to H’s on different

Au atoms. H; desorption from the Aug cluster competes with hydrogen dissociation, and is always
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nonadiabatic for this model. Charge transfer between the adsorbed H, molecule and the Aug cluster
is found to make a minor contribution to H-H dissociation. Instead, the calculations show that
nonadiabatic transitions between metal localized states are dominant, and that the lowest excited
metal-localized state adiabatically evolves into an H, dissociative state. These calculations provide

new insights to an important model system for plasmon mediated photocatalysis.

1. Introduction:

One of the typical heterogeneous reactions on metallic surfaces'-? is H, dissociation. Usually this
is a thermally induced catalytic result, but plasmon mediated H, dissociation on nanomaterial
surfaces has been found to be very effective in several studies®®. This type of photochemical
reaction is enhanced by localized surface plasmon resonance (LSPR) excitation® 2 which involves
collective excitation of the conduction electrons in metals like Au, Ag, Cu and Al. Subsequent
decay of the plasmon produces hot electrons (HEs), and charge transfer to nearby adsorbates that
facilitates hydrogen (H,) dissociation.’-% 13 Many other photocatalyzed reactions have been found,
including the decomposition of ammonia (NH3)'4, carbon monoxide (CO) bond activation',
splitting of water (H,0)!6-13, carbon dioxide (CO,) reduction!®-2? | hydrogenation reactions.?! etc.

This has led to the realization that LSPRs have important applications?>> in photocatalysis.

In a chemical reaction involving multiple electronic states, a key opportunity for theory is the use
of nonadiabatic dynamics to simulate the dynamics responsible for reaction. Nonadiabatic reaction
dynamics studies,?®?° either with quantum molecular dynamics simulations using multi-
configurational time-dependent Hartree(MCTDH) approach 30-34or using a semiclassical method,
26,35 are limited for these applications due to available methods and computational costs. Time
dependent density functional theory (TDDFT) opens opportunities for describing nonadiabatic
dynamics®® with several electronic states and the ability to treat large molecules, however for
reactions on metal clusters there are still important limitations. One method for circumventing this
is to use the self-consistent charge density functional tight binding (SCC-DFTB) method, which
is especially efficient when done using real-time (RT) calculations in combination with classical
Ehrenfest type dynamics simulations®’. However, a limitation with this approach is that very high
intensity pulsed fields are needed to achieve dissociation, which can be difficult to connect with

experimental studies that are commonly done with CW irradiation?.

2
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Although there have been several computational studies of photoinduced H, dissociation on metal
nanoparticles®® 38 the best choice for simulating full dimensional dynamics is not still clear. H,
absorbed on small metal clusters will necessarily involve a large number of excited electronic
states which makes surface-hopping calculations challenging, with very little previous work on
this topic!> 3%. However, a well-defined dynamics study involving these model systems and how
the nonadiabatic events that lead to reaction is crucial for a detailed understanding of the processes
that lead to H, dissociation. With the aim of maximizing mechanistic insight using trajectory
surface hopping (TSH), in this work we have chosen to study AugH, as a model system for
describing plasmon induced H, dissociation. As has been noted previously3®, this has limited
number of low-lying electronic states for dynamics simulations, so although it is not large enough
to demonstrate realistic plasmon effects, the energies of the lowest lying states are similar to that
of the gold plasmon, and many features of the dynamics resemble what is expected for much larger

Au nano clusters.> 3

A previous study of the same (AugH,) system3® had important limitations that we have avoided
in the present study. In that work, only two coordinates were used in describing the nuclear
dynamics, with all other coordinates being frozen. One coordinate was the internuclear H-H

distance, and the other was the distance between the center of mass of H, and the nearest tip atom

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

of the triangular-shaped Aug cluster. Dissociation in this model could only occur when both H

atoms separated from the cluster. Although this does describe a mechanism for H; dissociation, a
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study based on RT-TDDFT? found that usually one H atom remains on the cluster after dissociation
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(and sometimes both do), and this is consistent with experimental measurements in which gold
hydride was observed by infrared measurements*’ for H, dissociation on gold nanoparticles. We
have found in the present study where all atoms are allowed to move in three dimensions that there
are important changes in the reaction dynamics relative to this earlier work that influence both the
results and the interpretation of the experiments. Another limitation of the earlier surface hopping
work is that a two-state diabatic representation was assumed in the dynamics based on potential
energy surfaces in which an adiabatic surface that showed no H-H bond dissociation was combined
with one that correlates to an antibonding repulsive state of the H, molecule. In this picture,
surface hopping always leads to dissociation, which we will find is not true in our more general

description.
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In the present study, we consider full TSH dynamics based on adiabatic potential surfaces and with
derivative coupling driving nonadiabatic transitions. Also, the trajectories sample all initial
vibrational modes of the electronic ground state based on the NEWTON-X dynamics code?® 41> 42
which leads different dynamical processes in which purely adiabatic dynamics can lead to
dissociation in some cases, and where nonadiabatic events do not necessarily lead to H-H bond
breaking. In addition, the photoabsorption cross section has been calculated for different initial
electronic states within an energy window consistent with plasmon energies in larger clusters, thus
making it possible to see if the dynamics changes much for different metal excited states. Detailed
investigation of H-H dissociation through each route has been discussed. In addition, the time
evolution of the H; charge is studied to gain a better understanding of the relation between charge

transfer, nonadiabatic transitions, and H-H dissociation.

This article has been organized as follows; Section II describes the electronic structure and TSH
methods and computational details. Section III includes Results and Discussion. Section IV

narrates the conclusions.
II. Methods and Calculations

AugHj has been studied with DFT and TDDFT using the ORCA#*3 44 electronic structure package.
The generalized gradient approximation (GGA) PBE* functional with a def2-TZVP*6 basis was
used for geometry optimization. PBE and other GGA functionals have often been used for metal
calculations because of computational efficiency and because GGA gives a reasonable description
of gold cluster ground state geometry, energy, excited state energies and photophysical properties.
The Triple -Zeta Valence Polarized basis ( def2-TZVP) allows us to maintain the excited state
properties(energy, gradient) along with reasonable computational cost during the dynamics, so the
PBE/def2-TZVP level of theory is a good choice. We also note that in a previous study 3* the same
level of theory was used. The ground state optimized structure is shown in Figure 1. The H-H
bond distance is 0.79 A and the distance from the tip of the Aug cluster to the center of the H-H
bond is 1.9 A which is the same as previously reported by Guo et al 38. The gas phase H-H bond
distance is 0.74 A. The slightly longer H-H bond distance is due to absorption on the Aug surface;
this type of behavior is also seen for larger gold and silver nanoparticles®. The vibrational
frequencies are calculated for the optimized geometry in the ground electronic state, and then the

NEWTON-X*! code is used to generate coordinates for determining optical spectra, and to set up
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initial conditions for the trajectories. These coordinates and momenta are derived from the Wigner

distribution*’, which in the NEWTON-X*!-42 program is given for the vibrational ground state by
Moo 2e. [ waw’q’ 2 ho.

P.(q.p) :H&exp _2% | A9, Py where ¢; = tanh @, and at T=0 K
i1 7h ho, 2 24, 2k, T

i

temperature @, =1. A stochastic algorithm is used for sampling q and p independently, as

described later. The Wigner distribution is a gaussian function in coordinate and momentum space.
An uncorrelated sampling of these two spaces has been used, with coordinate (q) and momentum
(p) sampled randomly, with only small displacements from equilibrium involved for the Au
cluster. The H; is also sampled from the zero point, but here the available energy is about 0.25 eV
so vibrational displacements are much larger. Variation of the results with initial conditions can

be seen in Figures S1 to S4.
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Figure 1: Ground state optimized geometry of the AugH, complex.
II.A Spectrum Generation:

Once we have the initial geometries, the vertical excitation energies and their corresponding
oscillator strengths are calculated for each initial condition. In this study we have included the 20
lowest singlet excited states of the AugH, model system. The vertical excitation energies and their
corresponding oscillator strengths for the lowest 10 excited states are shown in Table 1. It is seen
that the oscillator strength for states 3 (2.48 eV) and 4 (2.62 eV) have larger values compared to
other excited electronic states. In this nuclear ensemble approach the photoabsorption spectrum is

generated by calculating the absorption cross section for all initial conditions derived from the
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Wigner distribution according to the following formula*?

ze’h &y 1 &
PEy=————>» —>» AE (R R E-AE (R )0
o ( ) 2mec€0E;NpZn: i (RS ( n)g( i« (R,), )

where the o (E) is the photoabsorption cross section at photon energy E, h is the reduced

Planck constant, &, the vacuum permittivity, c¢ is the speed of light , e and m, are electronic
charge and mass. Also, there are Np values of the initial coordinates R,, and N, values of the final
excited states labeled as K=1,...N.), while AE and f are the vertical excitation energy and
oscillator strength, g is a normalized gaussian that defines the lineshape function. Each geometry

forms a gaussian of width 6 and an approximate absorption spectrum is achieved by averaging
over all the excitations in the ensemble. The resulting spectrum spreads out quite broadly due to
the randomly generated geometries in combination with several important electronic transitions.

Table 1: Vertical excitation energies and oscillator strengths of AugH, model calculated at the
PBE/def2-TZVP level of theory.

Transitions Vertical Excitation Energy(eV) Oscillator Strength
Ground -State 1 2.2598 0.0021
Ground -State2 2.3721 0.0001
Ground -State3  2.4762 0.0615
Ground -State4 2.6194 0.0252
Ground -State5 2.832 0.0001
Ground -State6 2.9181 0
Ground -State7 2.9243 0.0003
Ground -State8 2.9342 0.0285
Ground -State9 2.9649 0
Ground -State10  2.9653 0.0005

To generate the average spectrum, we have sampled 500 initial conditions. This simulated
spectrum is shown in Figure 2. We see that there are several transitions over the range 2.0 to 3.3
eV which is quite similar to the TD-TDDFT spectrum reported by Guo?® et al. The first significant
peaks are around 2.47 eV, which is close to the plasmon energy in gold nanoparticles, but we

discuss later that in this case the transitions are only weakly plasmonic in nature.

IL.B. Generation of trajectories from the initial conditions:
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In TSH dynamics simulations, we need the nuclear coordinates, momenta and initial electronic
state from where the trajectory will commence. Among all initial conditions that were used for the
spectrum simulation, we have restricted the energy window within the 2.47 + 0.25 eV range which
is the energy of the third excited state. Newton-X*! uses a stochastic algorithm for selecting initial

conditions which starts from a chosen excited state within the energy window & * d¢ using the

R,
following inequality |AE0 «(R,)— 5| <og and r < M where AE, is the energy difference

max

between ground and excited electronic state K , f;, is the oscillator strength for this transition

and ™ is the maximum oscillator strength for all states and among all initial conditions. The

random number r is generated from a uniform distribution in the range [0,1].

We have also generated a second set of trajectories in which the dynamics simulation is started
from the fourth excited state with energy in the range 2.62 + 0.3 eV to get an idea whether the

dynamics changes if we start the trajectories from a higher excited electronic state.

Photoabsorption Spectrum

0.40 A
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Figure 2 Photoabsorption spectrum of AugH, calculated at PBE/def2-TZVP level of theory.
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I1.C. Trajectory Surface Hopping Dynamics Simulation Details:

To simulate the TSH dynamics we have used the NEWTON-X*! suite of programming in
conjunction with the ORCA electronic structure program*®. This nonadiabatic dynamics approach
was performed on the basis of molecular dynamics using adiabatic potential energy surfaces
between hops. Trajectory propagations were started from the third and fourth excited states. In
each propagation step, potential energy , energy gradient and derivative coupling between
electronic states are calculated on the fly. This methodology is similar to our previous work*-3!,
In brief, the Velocity-Verlet algorithm is used to solve Newton’s equation to obtain the position
of the classical nuclei as a function of time. The Butcher algorithm is used to integrate the time-
dependent Schrodinger equations. TSH decisions are based on a modified version of Tully’s>?
fewest switches algorithm. A simplified decay of mixing type decoherence correction® is
implemented in NEWTON-X*!' program which is similar to that proposed by earlier by Truhlar et

al.>* 35 to overcome the decoherence in the TSH simulation.

111. Results and Discussion:

In this study we are interested in the dissociation dynamics of H, absorbed at the tip of the Aug
cluster. The trajectory analysis shows that the H, molecule either dissociates, or is desorbed from
the Aug cluster surface after photoexcitation. We discuss in detail the mechanism observed for
each process. We have run a batch of 226 trajectories to study the TSH dynamics on excited state
3, with each trajectory allowed to propagate a maximum of up to 1000fs. The classical trajectory
propagation time is 0.5 fs which is reduced to 0.1 fs if the system’s total energy is not conserved
adequately. The hydrogens are either dissociated in the same electronic state from which it was
started through an adiabatic process or the trajectory hops to a lower electronic state, possibly with
additional hops, followed by breaking the H-H bond in a process we will call nonadiabatic

dissociation.

Among the trajectories that show H-H dissociation, around 73 % pass through the nonadiabatic
pathway and 27 % through the adiabatic pathway. Most of the adiabatic processes are fast and the
H-H bond is dissociated (distance more than 2.5 A) in less than 30 fs. The adiabatic fast
dissociation does not show significant oscillations. We show one representative trajectory for
adiabatic H-H bond dissociation in Figure 3. Note that both hydrogens are bonded to the Au atom

after dissociation, rather than one or both of the hydrogens being ejected into the gas phase. In

8
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this case although it takes energy to dissociate the H-H bond, some of this energy is recovered by
forming two Au-H bonds. The ground state energy for this structure is 2.10 eV above the energy
of the initial equilibrium geometry, and then the excited state 3 is ~1 eV above that, but the initial
electronic excitation energy and excitation contained in the Wigner distribution is sufficient for
this to occur. We also note that this mechanism is found for all adiabatically dissociating
trajectories. In the trajectory plotted in Figure 3, the H-H bond oscillates near the tip of Augsurface

and dissociates at around 13 fs.

In case of nonadiabatic hydrogen dissociation, the trajectories hop to lower electronic states from
the initial electronic state. Here we find two types of nonadiabatic hopping trajectories, which we
label “slow” and “fast” nonadiabatic hydrogen dissociation trajectories. If the effective hops occur
in less than 30 fs followed by H-H dissociation, the dynamics involves fast TSH H-H dissociation.
One of the representative trajectories for fast nonadiabatic hydrogen dissociation is shown in
Figure 4. The molecule hops from state 3 to state 1 at around 12 fs followed by continuous H-H
bond stretching which leads to dissociation near 40 fs. In many respects, the dynamics after
hopping is not significantly changed compared to that before, with only small changes in the flow
of charge to the H, molecule, so this version of surface hopping can be considered to involve a

transition between electronic states with similar properties, as would typically happen between

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

two excited states localized on the Aug cluster. The slow type of nonadiabatic trajectory hops to a

lower electronic state after more than 50 fs propagation time. The nonadiabatic slow dissociation
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process shows significant oscillations of the H-H bond. A swarm of trajectories that shows such
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oscillations is presented in supplementary Figure S3. Figure 5 shows one of these types of
trajectories. The molecule stays on the same electronic state for a long propagation time followed
by a hop to state 1 at around 166 fs and the full H-H bond dissociation is completed at around 250
fs . Again, we see little charge flow at the point of hopping but later the H, becomes slightly less
positively charged and the H-H bond distance increases substantially. This suggests that when the
hop takes place, the potential surface is still behaving like a metal excited state, but later there is

adiabatic excitation transfer (associated with small charge transfer) leading to dissociation.

There is another mechanism for H-H bond breaking where the dissociated hydrogens end up on
two different Au atoms. Note that this type of bond dissociation process occurs via either adiabatic

or nonadiabatic processes. One of the representative trajectories has been delineated in Figure 6.
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Here we see hops between states 3 and 2 near 30-60 fs that lead to more substantial charge flow
to one of the H’s, and subsequent H-H bond breakage. This is followed at longer times by
migration of the H’s to different Au atoms in what appears to be adiabatic dynamics. This
trajectory shows reasonable correlation between a hop between surfaces and the flow of charge
that leads to dissociation, but it isn’t clear that the migration of H atoms to other gold atoms is
correlated to this. Details of the charge transfer and how the wavefunction changes over time is
shown in Figure7. This picture shows the change in HOMO/LUMO wavefunctions as well as the
change in charge over time between 25fs and 50 fs. It is clear from these panels that one of
hydrogens (and eventually the other) becomes more negative at 33 fs due to charge transfer from
the Au cluster to that atom. In addition, we note that the H-H bonding region shows antibonding
character when this happens, and this leads to dissociation. Also, near 50 fs we see that some of
the charge has transferred back to the Aug, leading to gold hydrides that are more neutral in
character. This nicely illustrates transient negative ion formation that has been discussed in earlier

studies’.

Our TSH dynamics analysis also reveals that H, desorption also takes place from the gold cluster.
In this case the H, molecule oscillates near the tip of the Aug surface, and hopping is followed by
desorption. Here we assume that a trajectory leads to desorption when the distance between the
center of mass of H-H and the tip Aug is more than 8 A. Significantly we find that H, desorption
is always driven by electronic transitions. In other words, energy flows from the Aug electronic
excitation to kinetic and potential energy that ultimately leads to H, desorption. We also see that
there is relatively short time between hops in the TSH calculations. This makes sense for transitions
between metal excited states given that they are closely spaced and have similar properties, as this
can lead to high probabilities for hopping. Overall, we find that H, desorption competes favorably

with H-H bond dissociation, corresponding to around 60% of the total number of trajectories.
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Figure 3: Representative trajectory for adiabatic fast H, dissociation, leading to both H’s on the

same Au atom. a) shows the four lowest

singlet potential energy surfaces along with trajectory

propagation time (with red dots labeling the current state of the trajectory, which takes place on

excited state 3). b) shows the change in H-H distance with time. The time evolution of Mulliken

charges for H1,H2 and total charge of H,

steps of the trajectory are outlined in d).
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Figure 5: Representative trajectory for nonadiabatic slow H, dissociation. Labeling of the panels

(a-d) is same as in Figure 3.
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Figure 6: Representative trajectory for H, nonadiabatic dissociation with H’s ending up on two

different Au atoms. Labeling of the panels (a-d) is same as in Figure 3.
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Figure 7: Change of wavefunction (upper panel) and charge (lower panel ) over time for the H-
H dissociation followed by migration of one of the H atoms to a different Au atom compared to

where initially it was adsorbed.

We have also analyzed another set of trajectory results where the dynamics started from state 4. A

batch of 169 trajectories was initiated in state 4 and allowed to run to a maximum of 1000fs.
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Analysis of these trajectories reveals that the H-H bond dissociation and desorption processes have
similar mechanisms to those mentioned above with initial state 3. Both adiabatic and nonadiabatic
dynamics contribute to H-H dissociation. Around 60 % of the trajectories yield H, desorption and
this only occurs after hops to lower states. The rest of the trajectories produced gold hydride by
H-H dissociation. The fact that both states 3 and 4 lead to the same results is consistent with the
orbital character of these states, as both involve similar fractions of sp and d character for the
AugH; equilibrium geometry. A Natural Transition Orbital (NTO) analysis for both these states
reveals both states 3 and 4 involved entangled combinations of occupied to unoccupied transitions
involving the same orbitals, with the occupied orbitals involving 35 % and 65 % sp and d character
respectively while the unoccupied orbitals are 95 % sp and around 5 % d character. The similar
properties of these states explain why the dissociation dynamics is also similar. The entanglements
are also similar, involving approximately an 80% contribution of the dominant excitation and 20%
of the next most important. This indicates relatively weak entanglement, which is consistent with

the weak plasmonic properties expected for this small cluster.

As the initial conditions were prepared according to a Wigner distributions using 3N-6 normal
modes ( N=8 atoms), the Au-Au distances vary with time. But since we are only sampling zero

point energies in the initial vibrational states, and the fastest Au-Au modes have periods of ~100

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

fs, we find that there is no significant change in these coordinates on the time scale of H-H

dissociation. Therefore, in this study H-H dissociation was not significantly influenced by any

Open Access Article. Published on 06 March 2026. Downloaded on 3/8/2026 7:35:35 AM.

particular Au mode. Experimental studies of thermal heating effects for plasmon-driven chemistry

(cc)

have found only minor increases in temperature during these experiments, so the role of gold

vibrational excitation is not considered to be a significant factor>®.
IV. Conclusions:

A nonadiabatic TSH study of the model system AugH, using TDDFT and the NEWTON-X surface
hopping level of theory has been presented in this article. The trajectory analysis reveals that
starting in electronic states with about 2.5 eV excitation leads to H-H bond dissociation with
nonadiabatic as well as adiabatic pathways playing significant roles. In the case of nonadiabatic
H-H dissociation the trajectories either hop to a lower electronic state in less than 30 fs (fast
hopping trajectories) or they propagate on higher electronic states followed by hopping to the

lowest excited electronic state in more than 50 fs. Adiabatic dissociation can also occur, and it is
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always fast, in many respects similar to fast nonadiabatic dissociation where the latter involves
excited states where there is no significant charge transfer. Small amounts of charge transfer can
take place, such as in the slow nonadiabatic charge transfer case, however charge transfer doesn’t
play a major role for most trajectories. Most of the trajectories involve the formation of two Au-
H bonds after dissociation, where the gold atom involved is the closest to where the H; is initially
located. However, we also found hydrogen dissociation dynamics in which the H atoms migrate
to other Au atoms to form Au-H bonds. No gas phase H atoms are produced in this study, and we
note that in calculations where we froze the Aug cluster structure (but not the H,) during the
calculations, we obtained trajectories that very closely reproduce what we obtained for the
completely unfrozen structure for trajectories that are a few oscillation periods of H,, but are only
the same for a statistical ensemble when it takes longer for dissociation or desorption to occur.
This indicates that the zero point energy in the Wigner distribution of Au vibrational states has

little influence on the dynamics.

The results for these full dimensional calculations differ significantly from those previously
reported by Zhang and coworkers 3% in that the Zhang work always associated H-H dissociation
with nonadiabatic charge transfer, and a limitation of the model was that the resulting H atoms
were ejected into the gas phase, rather than forming bonds to gold. This latter result is important
to the interpretation of the Halas et al experiments as it means that the photocatalysis always leads
to gold hydride formation rather an hydrogen atoms in solution. This is consistent with
experimental results from Borguet*® who observed Au-H formation using infrared measurements.
Thus, in spite of the simplicity of this model, with only weak plasmonic character found in a study
of the orbital character of the states using a Natural Transition Orbital analysis, the results have

many features that resemble what is known about H, dissociation on gold nanoparticles.
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