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Abstract

Excited state relaxation in zinc sulfide (ZnS) nanoparticles is studied as a model for the fate
of excited state in inorganic nanoparticles in general. A series of time-dependent density
functional theory optimisations on the S; and T; excited states predict the existence of not
merely isolated minima, as found before, but rather a connected cascade of excited state
minima ending up in a conical intersection between the excited state energy surface and the
ground state. The localisation of the excited state in the different minima increases down the
cascade, while the barriers separating these minima, studied here for the first time, are
predicted to be in some cases electronic (strongly avoided crossing) in origin. The cartoon
picture of excited state relaxation in inorganic nanoparticles that involves relaxation to the
bottom of only one approximately harmonic well followed by photoluminescence appears for
the ZnS nanoparticles studied here to be a best rather simplistic. The localisation cascade is
finally found to strongly affect the excited state properties of nanoparticles and predicted to

lead to the formation of defected nanoparticles after de-excitation in selected cases.



Introduction

Applications of nanoparticles in photocatalysis'*?, photovoltaics*>® and as photoluminescent
markers™® all involve the generation and subsequent exploitation of excited electron and
hole pairs. In photocatalysis excited electrons are, for example, used to reduce protons to
molecular hydrogen and the holes to oxidise water to molecular oxygen. To properly
understand the physical and chemical processes underlying these applications and the
influence of material properties (e.g. nanoparticle size, shape composition) on the obtained
results, it is crucial to properly comprehend the fate of the excited nanoparticles after

excitation.

After excitation a number of processes will occur (see Fig. 1) (i) radiationless relaxation from
higher excited states to the lowest excited state (e.g. from S, to S;, where the S signifies
singlet states) if the nanoparticle was initially excited into a higher excited state than the
lowest excited state, (ii) relaxation on the S; excited state energy surface to a nearby S;
minima or S;/Sy conical intersection (CX and (7if) either radiative relaxation back to Sy in the
case of the minimum (photoluminescence, PL, fluorescence) or raditionless relaxation back
to Sy in the case of the CX. Moreover, there is also the potential for (iv) an intersystem
crossing from the S; to T, surface, followed (v) by relaxation on the T; excited state energy
surface to a nearby minimum and (vi) radiative relaxation to Sy (PL, phosphorescence).
Furthermore, in the case of (iii) and (vi) there is a chance that after relaxation back to Sy there
is no barrier-less downhill path back to the original Sy structure and the nanoparticle ends up
in a different Sy minimum and thus with a modified ground state structure. The relaxation
from S, to S; through internal conversion (IC, process (7)) is generally very fast so that we
can treat processes (i) and (i7) as happening subsequently. This observation is canonised in
Kasha’s rule'®, which states that fluorescence or phosphorescence occurs in appreciable yield

only from the lowest excited state of a given multiplicity (i.e. S; or T). The vast majority of



systems appear to follow Kasha’s rule though selected experimental examples of non—Kasha
behaviour are known for molecules'' and more recently also nanoparticles'?. In the remainder
of the paper we will assume Kasha’s rule to hold and exclusively focus on the S; and T,

excited state energy landscapes.

Taking into account the amount of papers showcasing excited state applications of
nanoparticles, we know surprisingly little about the underlying atomistic and electronic
processes outlined above. From an experimental perspective the problem is twofold. Firstly,
most scattering and spectroscopic methods yield only an average picture of the atomic
structure while nanostructures are often severely disordered and, due to their small size, show
limited long-range order. Secondly, excited state processes are inherently transient in nature.
Structures relevant to the excited state processes (e.g. those for (ii7), (iv) and (vi)) often only
exist for very short times which makes them especially difficult to characterise.
Computational calculations do not suffer from these problems. One can employ global
optimisation algorithms to predict nanoparticle structures without recourse to experiment.
The development of time-dependent density functional theory'® (TD-DFT) in general and the
derivation of analytical expressions for the nuclear gradients in particular'*'>'® (and the
incorporation of code for calculating such gradients in standard quantum chemistry codes)
has made an exploration of the excited state landscape of true nanoparticles (i.e. larger than 1
nm) numerically tractable. Such calculations provide an opportunity to revolutionise
understanding, as has occurred for applications that do not involve excited states (e.g.
conventional heterogeneous catalysis). Recent years have, therefore, seen a number of

17-24

publications studying the excited-state energy landscape of nanoparticles in the so-called

Franck-Condon region, i.e. in the direct neighbourhood of the ground state minimum.

Here I report on the first explicit exploration of the excited state energy landscape of

inorganic nanoparticles beyond this Franck-Condon region and show that in practice for our



model system of choice (~1-2 nm Zinc Sulfide, ZnS, particles, which experimentally are
known to display PL at 420-520 nm, ie. 3.0-2.4 eV,”' and to be active as

photocatalysts**>

) there is a cascade of minima including, for the first time, what appears to
be a CX, where the S; and Sy energy surfaces cross. There is no inherent reason why a similar
cascade of excited state minima, where the excited state becomes trapped on increasingly
smaller number of atoms, could not occur for larger nanoparticles or inorganic nanoparticles
of other materials than ZnS. Furthermore, the relative height of the excited state barriers
between the different excited state minima is obtained, to my knowledge a first for
nanoparticles. These barriers height values allow one to not only consider energetics but also
for the first time to make informed statements about excited state kinetics. Finally, an
example is presented where relaxation on the ground state energy surface after de-excitation

is predicted to lead to an alternate ground state minimum and discuss the general impact of a

localisation cascade on the physical and chemical properties of inorganic nanoparticles.
Previous computational work on ZnS nanoparticles

This work builds further on a series of previous computational publications that have
focussed upon ZnS nanoparticles as model systems for inorganic semiconductor
nanoparticles in general®>****** (which in itself form part of a much larger body of papers

focussing mostly on vertical excitation spectra of selected ZnS nanostructures® "

). In these
publications it was shown that TD-DFT predicts the experimentally measured optical
absorption spectra of small ZnS nanoparticles and that TD-DFT predictions are consistent
with those obtained using correlated wavefunction methods (complete active space self-
consistent field second-order perturbation theory and approximate coupled cluster methods)
for sub-nanometre clusters. They also include a study of the Franck-Condon region of both

naked (Znus]z, Zn16SI6, Zn22822 and Zn26826) and hydrated ((anzsu)(HzO)]z and

(Zn16S16)(H20)16) ZnS global minima candidates (previously enumerated in references 24, 34



and 41-46), which showed that larger (r > 1 nm) and hydrated particles reproduce the
experimentally observed PL*. Furthermore, two fundamentally different S; excited state
minima have been reported for these nanoparticles, both involving a 4-membered ring**. The
smaller nanoparticles display one type of minimum, which involve an electron predominantly
localised on one zinc atom of a 4-membered ring and the hole evenly localised on two
adjacent sulfur atoms (we refer to this as a /-I/ type minimum, where the Roman numerals
indicate upon how many atoms the electron and hole respectively predominantly are trapped,
see also section ESI-1 of the supplementary information). For the larger clusters, two minima
were found. One at higher energy, where the hole gets evenly trapped on two sulfur atoms of
a 4-membered ring while the electron remains delocalised, though not evenly, over all zinc
atoms (a N-/I minimum, where N stands for “nulla”, Latin for none), and a lower energy /-1/
type minimum. For T}, in contrast, for all particles only a /-/I type minimum was observed. In
this study we additionally find type /-/ minima for T, and type I-I CXs for S;, both never
before observed for ZnS or other inorganic nanoparticles, and new versions of the type N-11
and /-7 minima. More importantly, we explore the interrelatedness between minima, estimate
the barriers that separate them and generally make a first exploration of the complexity of the

excited state energy landscape of ZnS nanoparticles.

Computational details

We explored the minima and barriers on the excited state energy landscape of four specific ~
1 - 2 nm ZnS nanoparticles; the likely global minima isomers of the bare Zn;,Si2, ZnieSie,
Zn2,S» and ZnyS» particles (see Fig. 2), also studied in previous work®***. All the DFT/TD-
DFT calculations were performed using the Turbomole*”" 6.3.1 code, and, employed the
hybrid B3LYP®' exchange-correlation (XC-)functional and the DZ(D)P*? basis-set. For triplet
states we employed the Tamn-Dancoff approximation to TD-DFT, as this is known from the

literature to give more stable results for triplet states than full TD-DFT>***. Relaxations, both



those of the ground and excited states, were continued until the maximum norm of the
Cartesian gradients was smaller than 1x10° Hartree/Bohr (IXIO'4 Hartree/Bohr for Zn»»S»»
and Zny6Sy6). Finally, where numerically tractable, (numerical) frequency calculations were
performed to verify that stationary points obtained by relaxation of the ground and excited

state correspond to proper minima.

Information on the degree of localisation in the excited state were obtained by means of the
difference in between the Natural Population Analysis charges of a nanoparticle in the ground
and excited state for the same geometry. Estimates of the energetic barriers between different
minima on the S; excited state energy surface were obtained in a two-step procedure. First,
interpolation using the interpolate function of the molecular structure manipulation toolkit>
was used to obtain an upper limit to the barrier height and initial guess for step two. Typically
ten structures are used in the interpolation and care is taken that the excited state is localised
on the same sub-set of atoms in both minima. In the second step a numerical frequency
calculation was performed followed by a Trust-Region Image Minimization®® (TRIM)
transition state search along the (lowest) imaginary frequency found in the frequency
calculation. Afterwards, a final frequency calculation was performed to confirm that the
obtained transition state structure has only one imaginary frequency. Finally, for selected
cases we slightly distorted the obtained transition state structures in both directions along the
imaginary mode (using the Turbomole screwer tool), started excited state optimisation runs
from these distorted structures and verified that these runs end up in the two minima that the

transition state is meant to connect.

Canonical Born-Oppenheimer molecular dynamics (BOMD) for S; state of the Zn;,S;;

nanoparticle were obtained at 10 K using the Frog module of Turbomole. The molecular

57,58

dynamic runs used a time step of 1.9 fs (80 a.u.) and a Nose-Hoover thermostat set to 10

K with a time-constant of 242 fs (10000 a.u.). Initial nuclear velocities were sampled from a



293.15 K Boltzman distribution. Approximate ionisation potentials (IP) for the ground and
excited state were, finally, obtained for selected clusters from the differences between the
energy of a cation (DFT) and that of the ground state (DFT)/excited state (TD-DFT) at the
same geometry, i.e. [IPsy = En+1.prr — Exprr and IPs, = Enti.prr — Enrp (Where Ey is the DFT
energy of a system with N electrons). Both the BOMD and IP calculations further use the
same approximations (XC-functional, basis-set etc.) as the other DFT and TD-DFT

calculations.
Results and discussion

Excited state minima and complexity

As outlined in the introduction previously two general types of minima for nanosized (~ 1
nm) ZnS particles were identified: N-II and I-1I **, where the N-II type minimum was only
observed for the S; excited state energy surface of the larger particles. For the S, excited state
energy surface of the smaller nanoparticles and the T, excited state energy surface of all the
nanoparticles considered only the /-/ type minimum was observed. The existence of two
types of excited state minima for the same particle, differing in localisation of the excited
state, raises the question if there are potentially more. For instance, a type /-/ minimum,
previously only observed for ZneSe, and which would be the natural progression in excited
state localisation after N-II and /-II. However, for the larger particles of interest here, direct
excited state optimisations for S; or T; starting from the ground state structure never yield
such a minimum (or any other). Therefore, inspiration was taken from the ZnsS¢ type I-/
minimum energy structure”. Here the distance between the adjacent zinc and sulfur atoms on
which the excited state localises becomes dramatically larger (by ~60%) than the same
distance in the ground state structure and both atoms become essentially 2-coordinated. One
of the Zn-S distances of the type /-I/ minimum structures was thus manually elongated by a
similar amount and S; and T, optimisation were started from this distorted geometry. In the

7



case of T; such optimisations indeed result in a type /-/ minimum with one zinc and one
sulfur atom that are effectively 2-coordinated (see Fig. 3 and section ESI-1 of the
supplementary information). Table 1 collates the photoluminescence energy (PLE) and
excited state stabilisation energy (ESSE, the difference in excited state energy between the
ground state minimum energy geometry and the geometry in question) for the most stable T;
I-I minimum for each particle. A comparison with the values previously found for the T, /-1/
minima (see ESI-2) shows that the T, /-/ minima have a lower PLE (~0.3 eV) and are more
stable (ESSE ~ 1.25 eV) than their /-/I counterparts. For S;, in contrast to the case for T},
what appears to be a point or more generally a seam where the S; and Sy energy surfaces
touch is found (i.e. a CX). The localisation as probed by the difference between ground state
and excited state charges at this CX is also approximately /-/ and the zinc and sulfur atoms on
which the excited state localises are effectively 2-coordinated (see Fig. 3). Table 1 also
collates the ESSE values for the most stable S; /-/ CX found for each particle (the PLE values
are by definition zero). A comparison with the values previously found for the S; N-II and /-
Il minima (see ESI-2) shows that the S, /-/ CXs are predicted to be more stable (ESSE ~ 1.3
eV) than any of the S; minima. It is known that standard TD-DFT by definition cannot
correctly describe the specific topology of the energy surfaces in the direct vicinity of a S;/Sy
CX>’. This does, however, not stop TD-DFT in practice from relatively accurately predicting
both the locations of and the excited state dynamics around CXs when compared to CASSCF
(Complete Active Space Self Consistent Field)*® and/or experimental photochemical®® results.

59,60

From a practical point of view the biggest problem is that the CX might be a seam>™" (i.e. not

a point) and thus less well defined than a simple minima.

Figs. 4 and 5 plot the energy difference of different excited state minima and CXs found for
Zn2S;; and ZnyeS,6 with respect to the ground state energy for their respective ground state

minima. Both figures clearly show that for these lower symmetry particles (compared to e.g.



Zn>S|,) minima are found to occur in different variants, where the excited state localises on
different topologically unique sets of atoms. For instance, as can be seen from Fig. 4, for
7Zn S, there are at least two type N-II S; minima (where the former is 17 meV more stable
than the latter) and also two type /-II S; minima (where the former is 63 meV more stable
than the latter) and two /-/I T; minima (where the former is 49 meV more stable than the
latter). The fundamental difference between the two sets of minima is the 4-ring involved;
either one aligned along the long direction of the particle or one aligned along the radial
direction, where localisation on the former yields more stable minima. As can be seen in Fig.
4 one can think of these different sets of minima as different branches or drainage basins with
the ground state geometry as watershed. For Zn,6S,6 at this moment only one branch is found
but there are likely to exist more and a systematic method of find different excited state
minima is desirable. Every type /-II minimum of a branch can again give rise to potentially
two different type /- minima/CXs depending on which of two sulfur atoms the hole localises.
In some cases, these two minima/CXs are degenerate (as for the left branch in Fig. 4) but
generally they are not. All these different minima (though not the CXs) can in principle be
distinguished directly on basis of their spectroscopic properties. The photoluminescence
energy (PLE) of the two N-II S; minima for Zn;,S;; for instance differs by 0.05 eV (PLE 2.55
and 2.60 eV), while the PLE of the two /-// S; minima differs even by 0.12 eV (PLE 0.97 and
0.85 eV). Even relatively simple particles are thus predicted to have a quite complicated

excited state energy landscape with many clearly different but typically related minima.

As can be seen from Figs. 4 and 5 (and by comparing the data in table 1 with those in section
ESI-2 of the supplementary information) for each particle the PLE decreases and the ESSE
increases with increasing localisation (i.e. when going from the N-II minimum to the /-/
minimum/CX). In other words, the more localised a minimum is the more energetically stable

it is and the more red-shifted its PLE signal. Also, triplet versions of minima/CXs always are



more stable than singlet versions of the same minima/CXs. Taking this all into account, the
fate of an excited state in the larger ZnS nanoparticles is thus predicted to be a localisation or
trapping cascade; ground state minimum energy geometry -> type N-II minimum -> type -1/
minimum -> type /-/ CX. Here the system can relax to the electronic ground state via
photoluminescence (fluorescence) at either minimum or radiationless at the CX. The system
can also cross from S; to T; mediated through spin-orbit coupling and the fact that the T, type
I-1I minimum lies lower in energy than its S; equivalent. In the latter case, the localisation
cascade might be; ground state minimum energy geometry (S;) -> type N-II minimum (S;) ->
type I-II minimum (S;) -> type /-Il minimum (T;) -> type /I-I minimum (T;), followed,
perhaps, by a yet undiscovered T;/So CX. Here the system can additionally relax to the
electronic ground state via photoluminescence (phospherence) at either triplet minimum or

radiationless at the potential T,/So CX.
Excited state barriers

Having considered energetics, the next question is kinetics. How large are the barriers
between the different minima and what is the chance they will be crossed under typical
experimental conditions. As outlined in the methodology section the excited state barrier
heights are obtained in a two-step procedure. First the barrier height is approximated through
linear interpolation between the structures of the minima. In this way one obtains at least an
upper limit to the true barrier height and most likely a reasonable estimate of relative barrier
heights at the expense of a limited number of single point calculations along the interpolation
path. In a second step, the structure with the highest barrier value along the interpolation path
is used as a starting point for a TRIM® search for the exact transition state. Fig. 6 shows the
energy profile obtained through linear interpolation in the case of Zn,,S;; (left branch of Fig.

4) while table 2 collates the obtained barrier heights for the singlet minima (focussing on the
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barrier between the most stable minima discussed in table 1 and section ESI-2 of the

supplementary information).
N-II to I-1I barriers

Focussing first on the barrier separating the N-II and /-II minima. For Zn;,S;; and Zn;6Si6
there is no N-I/I minimum. However, trajectories for 10 K BOMD runs (inspired by reference
61) for S; starting from the ground state minimum energy structure for Zn;,S;, display a
~300 fs plateau in with roughly the same PLE and ESSE as that observed for the N-I
minimum in the larger particles (see Figs. S-1 and S-2 in section ESI-3 of the supplementary
information). This plateau feature suggests that there might be a proto N-II minimum present
in these particles and that literally the only thing lacking in these smaller particles is the
barrier preventing the excited state to spontaneously collapse into the /-I/ minimum. For
7Z1n2,S» and Zny6So6 there is a finite barrier between the N-I7 and /-// minima but as can be
seen from Fig. 6 and table 2 it is predicted to be rather low (approximately 0.15 and 1.15 kT
at room temperature). Moreover, the barrier value estimated through interpolation is found to
be very similar to that obtained through the full TRIM search. The N-II minimum is in most
cases thus most likely merely a temporary staging post before the excited state relaxes further
to the /-/] minimum. In this scenario the exact time spent in the N-// minimum basin probably
depends on the temperature of the particle and the excess energy donated to the particle

through interconversion if the initial absorption of light excited the system to S, or higher.

On a technical note, it is important to stress that while the calculated N-II -> [-II barrier
values are very low and in the case of Zn;;Sy; barely higher than the inherent energetic
uncertainty associated with the use of finite tolerances during a geometry optimisation they
are not equal to zero. The found transition states connect two proper minima with only finite

positive frequencies (e.g., lowest frequency of the Zn»S»> N-II minimum is 29 cm™) and the
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optimised transition states themselves have, as required, one imaginary frequency (e.g. in the

case of Zn»»>S»> a mode at -69 cm'l).

The fact that in Fig. 6 the barrier, or more strictly the maximum along the interpolation path,
for S; coincides with a minimum on S, suggests that the barrier separating the N-II and I-11
minima might be the result of a strongly avoided crossing between the S; and S, excited state
energy landscapes rather than from the energetic cost of distorting the geometry. Further
evidence supporting the strongly avoided crossing hypothesis comes from the analysis of S;-
So and S;-Sy charge differences along the interpolation path linking the N-II and I-11 Zn;,S;;
minima. On the N-I7 side of the barrier S, has /-7 like character while on the /-7 side of the
barrier S, has N-II like character (see Fig. S-3 in section ESI-4 of the supplementary
information). In line with what is expected to occur in the case of strongly avoided crossing,
the local electronic characters of the S; and S, energy landscapes exchange. The electronic

nature of the barrier might also explain why it is absent for T;.
I-11 to I-I barriers

Calculating the barrier between the /-// minima and the /-/ CX on the S; excited state energy
landscape is methodologically challenging because, as discussed above, the /-1 CX is likely to
be a seam rather than a point and hence the end point is not necessarily as well-defined as in
the case of a minimum. To circumvent this problem, instead a barrier between the I-11
minimum and the geometry of the /-/ T; minimum was considered as initial guess, exploiting
the fact that on the S; energy landscape there is a downhill path from the latter well-defined
point to the /-/ CX. In the case of ZnysS,¢ the presence of two different /-/ T; minima for
every I-II S; minimum (see above) results to in two different possible pathways to a I-/ T,
minimum and hence two different approximate barriers (0.18 and 0.41 eV respectively), here
it was assumed that the lower one is most relevant for actual kinetics and only that structure

was used as a starting point for a subsequent TRIM transition state search.
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The calculated (approximate) barrier height values in table 2 shows that in the case of the
barrier between the /-/] minima and the /-7 CX the approximate barrier height value obtained
by interpolation is generally much larger (by a factor 10-30) than the true barrier height
obtained in the subsequent TRIM transition state search. Just as for their N-II to I-1]
counterparts the obtained transition states had one negative frequency (e.g. in the case of
7Zn»S12 a mode at -32 cm™ and one at -49 cm™ for Zny,S7,). Moreover, excited state
optimisation runs started from initial structures obtained by slightly distorting the transition
state structure along the imaginary mode find in one direction the /-// minimum and in the
other direction the /- CX, further confirming that the transition states obtained in the TRIM
searches are proper transition states. Figure 7 displays the obtained /-1/ -> [-] transition state

geometry for Zn;;Si,.

Concentrating on the TRIM values, table 2 shows that the /-I/ minima and the /-/ CX barriers
are predicted to be of the same order of magnitude as their N-II to I-II counterparts (0.2-1.4
kT at room temperature). The /-/] minima are under experimental conditions thus most likely
also mere temporary staging posts on the inevitable path to the /-/ CX. The time spent by the
system in the /-// minima and the odds of observing its characteristic fluorescence is thus
predicted to depend, just as in the case of the N-II minima, critically on the exact
experimental conditions employed. With only low barrier separating the different excited
state minima and the CX it is likely that radiationless de-excitation will be competitive with
fluorescence, something we hope to further explore using BOMD and the surface-hopping

D60,61,62,63

approach to non-adiabatic abintio M approach to excited state nuclear dynamics in

the future (see also perspective section below).
De-excitation and alternative ground state structures

Finally, the energy profile in Fig. 6 also shows a small barrier on the ground state energy

surface between the geometries of the /-// minimum and /-/ CX. Such a barrier on the ground
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state surface could mean that after relaxing back to the ground state at the T; /-/ minimum
(phospherence) or at the S; /-/ CX (radiationless) the system might not be able to relax back
to the original ground state minimum the system was excited from. Indeed in the case of
Zn»S;; a ground state DFT optimisation starting from these points results in a different
ground state minimum where one of the sulfur atoms is inverted and puckered inwards and
that lies 0.22 eV higher in energy (see Fig. S-4 in section ESI-5 of the supplementary
information for a comparison between both ground state structures). In this particular case,
the two minima are topologically the same and there is likely only a relatively moderate
barrier on the ground state energy landscape for converting the structure back into the starting
7Zn3,S;; global minimum structure (interpolation between both minima yields an estimate of
the barrier height of 0.28 eV, see Fig. S-5 in section ESI-5 of the supplementary information
for a comparison between both ground state structures). However, in other cases the system
might relax into a topologically different ground state minimum separated from the global
minimum by a larger barrier that is unlikely to be crossed and the net result after de-

excitation is a defected structure.
Perspective

The above analysis focussed on series of ~ 1 nm ZnS nanoparticles but there is no inherent
reason why such cascades of excited state minima could not exist for other types of inorganic
nanoparticles or perhaps even be a common feature for inorganic nanoparticles in general.
Larger nanoparticles or nanoparticles of different materials might be more rigid with more
atoms having the coordination number found for the bulk material but surface atoms will
always be relatively free to move. In particular, the existence of a barrier that hinders full
excited state localisation (i.e. the formation of an /-/ minimum where an excited electron and
hole are each trapped on one atom) and thus the existence of at least a minimum where an

excited electron and/or hole are trapped by a unit involving more than one atom (e.g. the -1/
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minimum here) might be a relatively common feature on the excited state energy landscape

of other inorganic nanoparticles.

Clearly for these ZnS nanoparticles the cartoon model of excited state relaxation in inorganic
nanoparticles that involves relaxation to the bottom of only one approximately harmonic well
from where then the PL takes places is too simplistic. Future experimental and theoretical
work should carefully consider the role of temperature, excess energy and the time scale of
the experiment (e.g. the time delay between, for instance, absorption and PL). From a
computational point of view this raises a difficult question; how to systematically find the
relevant excited state minima beyond those directly connected to the ground state minima
structure by an energetic down hill path and the barriers between them. The procedure
employed in this paper is to an extent ad hoc while BOMD and the surface-hopping approach
to non-adiabatic ab-intio MD, which explicitly considers hopping between different (excited
state) energy surfaces during the ab-initio MD, is for the moment only numerically tractable
for just the smallest particles (also as a number of independent runs will be required).
Moreover, careful thought is required when using MD about how to properly include the
dissipation of heat to the environment. The usage of methods developed for the systematic
exploration of ground state energy surfaces (e.g. basin-hopping® and genetic algorithm®>®°
based global optimisation) might present an alternative way forward. However, for the
moment such methods are probably also only numerically tractable for merely the smallest
systems, as they typically require a very large number of independent energy/gradient

evaluations (e.g. 10.000+).

From an application point of view an important side effect of the localisation cascade is the
change in the ability of the excited electrons or formed holes to drive chemical reactions or an
external electric circuit. The key parameters in the TD-DFT total energy picture (in contrast

to the traditional orbital picture) are he relative energies of an electron in the ground and
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excited state relative to that of the vacuum level, i.e. the negative of the ground state and
excited state ionisation potentials. As can be seen from table 3 the predicted ground and
excited state ionisation potentials change drastically when going from the ground state
minimum energy geometry down the localisation cascade, where the ground state ionisation
potential becomes less positive (and the relative energy of an electron in the ground state thus
less negative) while the excited state ionisation potential becomes more positive (and the
relative energy of an electron in the first excited state thus more negative). This suggests that
down the localisation cascade the ability of an excited nanoparticle to drive reactions, such as
the half reactions of the water splitting reaction, or an external electric circuit changes. The
ground and excited state ionisation potentials at the ground state geometries (or their
HOMO/LUMO counterparts) thus only tell a part of the story when it comes to a material
being suitable as, for example, a photocatalyst. Again relative timescales, in this case those of
electron/hole transfer versus that of the nuclear relaxation responsible for the localisation or

trapping cascade, are a key parameter in understanding both experiment and theory.
Conclusions

In conclusion, the fate of excited states for ZnS nanoparticles is predicted to involve a
cascade of excited state minima, separated by excited state barriers, and ending up in a
conical intersection between the excited state energy surface and the ground state. The
different minima found differ in the localisation of the excited state, where minima further
down the cascade display more localised excited states. The excited state barriers between the
different minima and the conical intersection are predicted to be rather low (0.2-1.5 kT) and
hence radiationless de-excitation via the conical intersection is likely to be competitive with
fluorescence. There is no inherent reason why a similar localisation or trapping cascade could
not also occur for larger nanoparticles or inorganic nanoparticles of other materials than zinc

sulfide.
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Table 1 PLE and ESSE for the most stable /-/ type T; minima and S; CX found for the
studied nanoparticles (all energies in eV, CX values given to only one decimal because of the
inherent difficulty in defining the precise location of the CX highlighted in the text). ESSE-S
values give the position of the T; minima relative to the energy of the S; state at the ground

state minimum energy geometry.

Table 2 Barrier height values calculated for the transition states between the different S1
minima/CX types found for the studied nanoparticles (all barrier heights in eV, approximate
values obtained through interpolation given in parentheses, barriers height values smaller

than 0.01 eV not explicitly given).

Table 3 IPsg and IPg; values calculated for the different S; minima and CX found for the

Zn,,S;; nanoparticle (all values in eV).

Figure 1 Cartoon representation of a ground and excited state energy landscape highlighting

some of the processes discussed in the text.

Figure 2 DFT optimised ground state structures for the global minima candidates used in this

Study: (I) anzslz, (H) Zn16816, (IH) anzszz and (IV) Zn26826.

Figure 3 Atomic geometries around the atoms on which the excited state localises for the /-/
T; minimum and /-/ S; CX found for the Zn;,S;, nanoparticle (all distances in Angstrom, for

comparison ground state Zn—S distance in a 4-membered ring is 2.35 A and outside 2.27 A).

Figure 4 Plot of the energy difference of different excited state minima and CXs found for
7Zny,S;; with respect to the ground state energy at the ground state minima (PLE values given
in labels, singlet states black diamonds, triplet states open squares, arrows and circles

highlight the 4-ring involved with either branch).

Figure 5 Plot of the energy difference of different excited state minima and CXs found for

7Zn,6S,6 With respect to the ground state energy at the ground state minima (PLE values given

22



in labels, singlet states black diamonds, triplet states open squares, arrow highlights the 4-ring
involved). The second /-7 S; CX is predicted to lie slightly higher than expected from the
trend in the T, minima, which might be real, or alternatively, the result of the problems

highlighted in the text with finding the exact location of a CX.

Figure 6 Energy profile along the interpolated path that connects the ground state minimum

energy geometry with those of the different S; excited state minima found for Zn;,S,,.

Figure 7 Transition state structure found for the barrier separating the /-// minimum and the
I-1 CX for Zn;,S;» (structural changes larger than 1% highlighted, all distances in Angstrom,

for comparison the relevant Zn—S distance in the /-/I minimum is 2.66 A).
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T, I-1 Si I-1
PLE ESSE ESSE-S ESSE
Zn»S12 0.31 1.29 1.37 1.3
Zn16S16 0.27 1.25 1.32 1.3
Zn»Sy» 0.29 1.23 1.30 1.2
Zn26S26 0.28 1.24 1.31 1.2
S N-II > I-I1 I ->I-1
Barrier Barrier
Znp;pSy; -- <0.01 (0.08)
Zni6S16 -- 0.02 (0.18)
Zn»Sa» <0.01 (<0.01) 0.04 (0.24)
Zn26S26 0.02 (0.03) <0.01(0.18)
Ground state N-11 I-11 I-1
IPg; 4.3 4.7 6.2 6.8
P 8.1 7.3 7.0 6.8
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