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Aqueous nanodiamonds illuminated by UV light produce free solvated electrons, which may drive high-
energy reduction reactions in water. However, the influence of water conformations on the excited-
state electron-transfer mechanism are still under debate. In this work, we offer a theoretical study of
charge-transfer states in adamantane-water structures obtained by linear-response time-dependent
density-functional theory. Small water clusters with broken hydrogen bonds are found to efficiently bind
the electron from adamantane. A distinction is made with respect to the nature of the water clusters:
some bind the electron in a water cavity, others along a strong permanent total dipole. These two types
of bound states are more strongly binding, the higher their electron affinity and their positive
electrostatic potential, the latter being dominated by the energy of the lowest unoccupied molecular
orbital of the isolated water clusters. Structural sampling in a thermal equilibrium at room temperature
via molecular dynamics snapshots confirms under which conditions the underlying waters clusters can
occur and verifies that broken hydrogen bonds in the water network close to adamantane can create

rsc.li/pccp traps for the solvated electron.

|. Introduction

The solvated electron has attracted the interest of researchers
for more than 60 years as the most fundamental reducing agent
as well as a highly reactive intermediate in a variety of physical,
chemical, and biological reactions." In particular, the electron
solvated in water is an important intermediate in many photo-
catalytic reactions,>” redox-chemistry," and radiation damage
processes.” Despite its long history, the solvated electron is
still one of the most mysterious chemical species that
deserves investigation using the most advanced theoretical
simulations and experiments to clarify its structural and
dynamic properties.

A recent ab initio molecular dynamics (AIMD) simulation of
an electron in water® using a machine-learned force field based
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on Mpgller-Plesset second-order training data shows a cavity
formed by four to five water molecules with each having one of
their OH bonds pointing to the center of the cavity. In addition,
a recent AIMD simulation using density functional theory (DFT)
has confirmed that such a so-called cavity-bound state shows
the experimentally observed redshift of the infrared absorption
spectrum when the temperature increases.” On the contrary,
some non-cavity models suggest that the solvated electron is
delocalized in water regions where the water density is
enhanced compared to neutral water.® Furthermore, high-
accuracy ab initio simulations show that the non-cavity model
can correctly reproduce the infrared absorption spectrum of the
solvated electron,® particularly the redshift of the O-H stretch-
ing motion compared to that in bulk water."®

Experimentally, the generation of solvated electrons
usually requires techniques with high-energy inputs, such as
electrolysis,"’ ionizing radiation,'* or direct injection of
plasma.™® Other techniques rely on novel photo-catalytic mate-
rials and excitations within the visible spectral range.®> One
particularly interesting type of catalysts are nanodiamonds,
which can act as electron donors upon radiation with UV/Vis
light."*"® Nanodiamonds, similar to a planar diamond surface
in general, have a negative electron affinity (NEA), ie., the
lowest unoccupied molecular orbital (LUMO) of a nanodia-
mond has a higher energy than a free electron in the vacuum.
Furthermore, the outwards-pointing surface dipoles of the
diamond C-H bonds facilitate the movement of the electron
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from the diamond surface into the adjacent medium."® Accord-
ingly, nanodiamonds have been used as a source of water-
solvated electrons to catalytically drive high-energy reduction
reactions, such as the reduction of N, to NH;,'” and CO,
to CO."»"°

The solvation process of electrons from illuminated nano-
diamonds is believed to proceed through the following stages:®
first, the nanodiamond is excited into a state with high electron
density on the surface. Then, due to the NEA, the electron
diffuses into the water over a negligible barrier. After the
emission, the actual solvation of the electron in water under-
goes the following steps:*° (i) ultrafast liberation (tens of (fs)),*"
(ii) capturing of the excess electron in a preexisting trap
(100 fs),>*** and (iii) the complete solvation assisted by the
translational motion of water molecules (<300 fs).>* Despite
the significance of the solvation process, theoretical studies on
the charge transfer dynamics from nanodiamonds to water
molecules are still missing, because of the large size and
complexity of the system.

Isolated nanodiamonds are semiconductors with a band gap
around 5.4 eV>® and unique electron emission properties*®*”
that dependent on their size, shape and symmetry.”**° The
band gap is widely tunable by doping and surface
termination.*** While the electronic structure of nanodia-
monds has been relatively well-studied,***® the electronic
structures of bulk water, however, are much more complicated
due to the incessant movement of the water molecules. Bulk
water in equilibrium can be regarded as a semiconductor with a
band gap of about 10 eV and a conduction band minimum
(CBM) at about —0.8 eV.*® However, it has been suggested that
due to thermal fluctuations, the rearrangement of water con-
figurations can give rise to inter-bandgap bound states that lie
below the conduction band minimum.?’~*° In addition, pre-
vious work has shown that these bound states may play a
dominant role in the formation mechanism of solvated elec-
trons in neutral water.’® They arise from substructures formed
by a limited number of water molecules that deviate from the
hydrogen-bond network®**' and give rise to dangling O-H that
are common at the surfaces of small water clusters. The
respective hydrogen atoms resulting from broken hydrogen
bonds can point either to a common center, allowing the
formation of a cavity-bound state for the electron, or they
may point away from the center, giving rise to a dipole-bound
state in which the electron localizes at one or several dangling
O-H following the static dipole moment of the involved O-H
bonds.***?

In this work, we study the properties of low-lying charge-
transfer excited states of adamantane (C,,H;¢) in water. Using
this reduced-size model for nanodiamonds allows the deploy-
ment of high-accuracy electronic structure calculations to
account for the diffuse properties of the solvated electron,
which may have a distribution expanding across several water
molecules.?” In addition, adamantane as the minimal-size
nanodiamond shares key properties with a full-size nanodia-
mond, including NEA,>>*” and can hence act as an accurate
model for the electronic properties of the electron donor. For
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the water environment, water clusters of various sizes - from
monomer through pentamer - are used and placed at different
positions relative to adamantane to provide a systematic ana-
lysis of the electron-transfer characters of arising excited states.
To extrapolate findings to realistic scenarios, we use snapshots
from molecular dynamics (MD) simulations to analyze a cavity-
bound and a dipole bound state in an extended water environ-
ment. For these calculations, the use of finite-temperature
MD snapshots allows to get realistic snapshots of the room-
temperature geometries and hydrogen bond networks of the
water droplets in addition to the 0 K geometries from DFT
optimizations and geometric arrangement. We reveal that the
lowest unoccupied molecular orbital (LUMO) of the water
molecules is the system’s key property for capturing the
photo-excited electron from adamantane. The energies and
the shapes of the cluster LUMOSs provide a quantitative descrip-
tion of various types of bound states of the electron in the water
clusters.

The use of different-sized water clusters as a representation
of the bulk water environment comes with certain limitations.
Previous research stated that the excess electron after injected
into bulk water will first occupy a diffuse state delocalized over
only a few water molecules.*>*> On the other hand, in equili-
brated finite-size water droplets, the injected electron will
instead localize on the surface of the water cluster, where it is
stabilized by dangling hydrogen bonds.***® While the previous
studies on this subject focused on the injection of an excess
electron into the water clusters to create anionic clusters, we
here investigate the effect of injecting an electron from a
nanodiamond into the adjacent water cluster. Within this
approach, we investigate the charge transfer states of the
excited electrons for which finite-temperature MD snapshots
provide meaningful geometric arrangements. However, others
have pointed out that the charge transfer state of the electron is
closely associated with the breaking of hydrogen bonds.*®
Hence, to supplement our study on small water clusters, which
always have a surface with broken hydrogen bonds, we take a
large shell of water using snapshots from MD to better resem-
ble the properties of the water bulk.

Il. Methods and theory

A. Electronic structure calculations of the ground and excited
states

In this work, the method to calculate structures and ground
state properties is DFT. As a first step, the geometries of
adamantane as well as of the isolated water clusters in different
geometries (monomer, dimers, trimers, etc.) are optimized to
study their individual electronic properties, including molecu-
lar orbitals, transition dipole moments, and electrostatic
potentials. The geometry of adamantane is optimized using
CAM-B3LYP/aug-cc-pVDZ.”™*® The geometries of the water
monomer and dimer structures are taken from the
literature,*” and in addition, two new dimer configurations,
C2h and C2h*, were optimized under the constraints of a fixed
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Fig. 1 (a) Schematics for the position and orientation of a water monomer
relative to adamantane. The six positions correspond to the prominent
water positions in the first solvation shell according to MD simulations. The
angle « controls the direction of the water molecule’s permanent dipole
moment relative to adamantane. f§ controls the orientation of the water's
molecular plane along the axis of the dipole moment. The distances of the
water molecule relative to the center of adamatane (d) are also given in the
unit of A (b) The net amount of charge transfer to the water molecule, g.,,
(vertical axis) at the six different positions (horizontal axis) for six different
combinations of the orientation angles (different pillars, denoted by using
different combinations of colors and patterns).

symmetry and center of mass (CM) distances. Likewise, the
construction of trimers through pentamers adapts the struc-
tures of Kim et al.,** with the dipole-bound structures under-
going a full optimization of the geometry, and the cavity-bound
structures that have fixed CM distance and predefined arrange-
ment. The joint structures for adamantane and the different
small water clusters are composed according to Fig. 1(a) of
Section III. For these structures, orbital properties also have
been calculated with the long-range corrected functionals LC-
BLYP, ®B97X, and ®B97X-D3. As summarized at the end of
Section IIIC, the observed trends are largely unchanged, there-
fore, in the following the results and discussions are presented
for the CAM-B3LYP calculations.

The subsequent excited state calculations use linear-response
time-dependent density functional theory (LR-TDDFT) in the
Tamm-Dankov approximation. The exchange-correlation
functional is the same range-separated hybrid functional
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CAM-B3LYP" as used for the ground state calculations, which
has shown to deliver an accurate description of the charge-
transfer excitation in large organic molecules or molecular
arrays.’®>* The basis set for the excited states is the same
Dunning’s augmented basis set, aug-cc-pvDZ,*®*°
diffuse functions are needed for the description of largely
delocalized virtual orbitals of the adamantane-based
structures.”®>® This part of the calculations are done using
the ORCA software.

The LUMO energies from DFT are closely related to the
electron affinities®® defined as the total energy difference
between the anionic and neutral molecular species, namely
the vertical detachment energy. To calculate this for the excess
electron, we execute a ASCF calculation, which is commonly
done when examining charge-transfer properties with TDDFT
calculations.®® For self-consistency with the previous TDDFT
calculations, the exchange-correlation functional is the same
CAM-B3LYP used previously. Here, extra diffuse basis functions
are necessary to account for the highly diffuse additional
electron in the anionic water clusters. Accordingly, we use the
aug-cc-pVTZ*®*® basis set with two additional sets of diffuse
shells (2s,2p/2s), where the exponents are set equal to 1/8 of the
outmost exponents of the original set.”* The computation for
the electron affinity is carried out in the Gaussian software®?
using the SG-1 grid®* for integration in DFT. These settings can
provide accurate electron affinities in small anionic water
clusters.®

since the

B. Particle and hole NTO densities

We target charge-transfer excited states, in which the photo-
excited electron has moved from adamantane to water, and
where particle and hole are spatially separated. We investigate
the lowest-energy states with a charge transfer of at least g, =
0.1e, and for (nearly) degenerate excited states, we choose those
with the highest charge transfer on the water. For a direct
visualization of the excitations of particles and holes at differ-
ent segments of the molecules, the natural transition orbital
(NTO) analysis®® provides a compact representation indepen-
dent of the underlying multi-transitional character of excited
states. The particle and hole NTO densities derive from the one-
particle transition density matrix of the excited state n,

T = (W,|clei|Po), 1)

where i and a represent the occupied and the virtual orbital
index, respectively. ¥, is the ground state wavefunction and ¥,
is the wavefunction of the excited state. The singular value
decomposition (SVD) 7™ = UAV' gives the following total
wavefunctions for particle (p) and hole (h),

¥ = D AiVile?). (2)
j,i€occ

|P0) = > AUs[e)), (3)
Jaevirt

where the singular values A;; weigh the underlying occupied-to-
virtual transitions. U and V are orthogonal transformations in
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the SVD decomposition. The NTO densities are the absolute
squares of the wavefunctions of the hole (eqn (2)) and particle
(eqn (3)), respectively,

pRito = | 5% (4)

C. Integrated NTO densities

There are three categories of excited states identified in
the adamantane and water system. Depending on the location
of the hole and particle NTO densities on water molecules
or adamantane, there are water-localized excitations,
adamantane-localized excitations, and charge-transfer excita-
tions. The localized excited states have both the hole and
particle NTO density on either adamantane or water, while
for the charge-transfer excited states, the hole NTO density is
on adamantane and the particle NTO density is on one or
several water molecules. We focus in this study on those
charge-transfer excited states that have a significant amount
of charge being transferred from adamantane to water.

To quantitatively describe the distribution of particles and
holes in various molecules, it is common to calculate the total
NTO densities on each atom. There are multiple schemes to
determine the volume for each atom to perform spatial integra-
tions. One chemically intuitive and consistent method is the
Hirshfeld population analysis.®®7° It assumes that atoms with
more electrons occupy a larger space than a few-electron atom.
Hence, in a molecule, the atomic contribution to the total NTO
density should also be proportional to the volumes defined by
the electron density of the individual atoms. The weight func-
tion 7,44 on adamantane (ad) and water (w) molecules is
defined from the electron density p? of the isolated atom 7 as

> pir)
icad/w

Vadw(T) = W (5)

It defines the spatial contribution of NTO densities from the
water molecules and adamantane separately. The total inte-
grated particle and hole density of water molecules are then

h h
qi/l/w = J ‘pIIiI/TO(r)Vad/w(l')dl‘. (6)

qgé}}w are the integrated particle or hole NTO densities on
adamantane or water, respectively. Additionally, to quantify
the net amount of electron transfer to water, the difference of
particle and hole NTO density on the water molecules is
considered:

QW = qgv - qxl}vy [7)

D. Electrostatic potentials

The electrostatic potential V(r) is by definition the repulsion/
attraction (positive/negative value) experienced by a unit of
positive charge at a given position r in the vicinity of a
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molecule. It is obtained from the Coulomb interaction with
the positively charged nuclei at positions R4 and the negatively
charged electrons at positions 1’ as”*

N i [

A7r|_, r—r|

where Z, is the charge on nucleus 4 and p is the total electron
density. r and r’ are integration variables. R, is the position of
an atom in the molecule. The electrostatic potential is evalu-
ated outside the van-der-Waals radii of the atoms in molecules
to exclude the electrostatic peaks of the nucleus. As V1) is a
spatial variable, the comparison of the attraction by different
molecules uses only the maximum value (V,,,) of the electro-
static potential that attracts the negatively charged solvated
electron.

E. Large water cluster conformers from molecular dynamics

To obtain structures of adamantane in a more extended aqu-
eous environment, we perform atomistically resolved molecular
dynamics simulations of adamantane in water using the
Lammps’> simulation package in combination with the gen-
eralized Amber force field (GAFF)”* for organic molecules. The
partial charges of adamantane are calculated using the Gaus-
sian09 software® by employing the B3LYP functional”® with the
cc-pVTZ basis set*® using the electrostatic potential fitting
method.”” The SPC/E model is used to simulate the water
molecules.”® The particle-particle particle-mesh method is
used to calculate long-range electrostatic interactions.”” The
cut-off lengths of the van-der-Waals and real-space electrostatic
interactions are set to 1.2 nm each.

We use a cubic simulation box with periodic boundary
conditions. The simulation box contains 417 water molecules
and a single adamantane molecule in its center. We first
equilibrate the system in the NPT ensemble at P = 1 bar and
T = 300 K until the total density of the system converges to a
value slightly above 1 g cm ™. The temperature and pressure are
controlled by a Nose-Hoover thermostat and barostat. The
subsequent production simulation is performed in the NVT
ensemble for 10 ns with a time step of 1 fs. Meanwhile, the
adamantane is retained in the box center by subtracting
the center-of-mass velocity of the adamantane from all atoms
in the system.

The structures of all water cluster from the DFT calculation
are optimized at 0 K. Therefore, they are the minimum struc-
tures each with many hydrogen bonds. However, at room
temperature, due to the thermal fluctuations, water can have
more configurations with broken hydrogen bonds. The erup-
tion of the hydrogen bond networks provides a trap for the
electron that can form the cavity-bound state.>® To purposely
simulate a cavity-bound state where water molecules can
encapsulate an electron, a single negative point charge is added
to the water in the first solvation shell. The Lennard-Jones and
Coulomb parameters of the point charge are obtained by fitting
the radial distribution function between the electron (repre-
sented by the negative charge) and the surrounding water

Phys. Chem. Chem. Phys., 2024, 26, 8158-8176 | 8161
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Fig. 2 Structures of the isolated water dimers and their respective symmetries. (a
“Neutral” represents the most stable dimer without an excess electron for which different structural

geometry-optimized anionic dimer structures,
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angles are defined. (b) Water dimers without hydrogen bonds. D2d, C2h, and C2v indicate symmetric structures taken from the literature,*2 C2h* was
created in this work. (c) Random structures with the two non-hydrogen-bonded water molecules in arbitrary configurations.

molecules to the results with a real electron from ab initio MD
simulations from literature.®

A spherical cut-off centered at the negative charge is used to
create a series of cavity-bound states with eight, sixteen, or 32
water molecules adjacent to adamantane. For the thermal-
equilibrium water surrounding the adamantane, we apply a
spherical cut-off from the center of the adamantane to create a
shell of water molecules around the adamantane. These two types
of truncated water structures and adamantane are then used for
the excited state property analysis using a higher accuracy quan-
tum chemistry method as described in Section IIA.

¢ 0

I1l. Results and discussion

We present a systematic investigation of the electronic struc-
ture and characteristics of the lowest electron-transfer excited
state of adamantane adjacent to water clusters of increasing
size. The first case is a water monomer (Section IIIA) in all
possible combinations of the orientation and position relative
to the adamantane surface. For more water molecules, dimer
and trimer clusters of various geometries are investigated first
without and later including adamantane (Sections IIIB-IIID).
Two types of water structures are favorable for the solvated

®
. @Q
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Fig. 3 Geometry (left), shape of the LUMO (middle), and electrostatic potential (right) in different symmetric water dimers. The ISO value of the LUMO is

2 x 10~
maximum electrostatic potential (

2 a0—3/2

Vi) are given.
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, and 1.089 eV for the electrostatic potential. Below the LUMO energy (), the electron affinity (EA), the dipole moment (uo), and the
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electron. One of those are dipole-bound states with at least one
dangling O-H bond of water pointing away from the cluster
rather than being part of a hydrogen bond. The other is a cavity-
bound state with several OH moieties pointing to the common
center. As structures of thermo-equilibrated water fluctuate
constantly, the orientation of OH can be random. The MD simula-
tion includes a negative charge, which acts as a reference of the
center and constrains the water structure into a cavity similar to
that of a solvated electron (Section IIIE). For the non-cavity case, we
take snapshots of the first solvation shell from the MD simulation
to find possible electron-binding states (Section IIIF).

A. Adamantane and a single water molecule

For the setup of different structures with a single water mole-
cule adjacent to adamantane, its position and orientation in
each of the conformers is defined according to the first
solvation-shell structure of adamantane as reported in previous
molecular dynamics studies.”® Fig. 1(a) summarizes the
selected arrangements in a Cartesian coordinate system, with
the CM of adamantane in the origin and one of its C; axis
parallel to the x axis. In each chosen configuration (1-6), the
CM of the water molecule is placed in one of the six peaks of the
MD water density distribution.”® Moreover, for each position

View Article Online
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the water molecule takes orientations around the rotation
angles o and f as defined in Fig. 1(a) at their distinct values
0°, 90°, and 180°.

We start our investigations with the electronic properties of
a single water molecule obtained from DFT. The HOMO and
LUMO energies obtained are —10.700 eV and 0.1170 eV, respec-
tively. The HOMO energy is approximately the ionization energy
of the water molecules, which is in the range of 9.9 eV.” The
LUMO energy is a positive value, which indicates a single water
molecule has a negative electron affinity. The result from
orbital considerations agrees with the calculated dipole
moment, which is 1.88 D, too small for stable binding of an
excess electron to form the anionic monomer. The minimum
magnitude of the dipole moment is 2.6 D.*® Accordingly, we can
anticipate that the electron transfer from the adamantane to a
single water molecule will be difficult.

Nonetheless, the magnitude of the electron transfer to the
single water molecule is computed for the first CT state in all
different positions and orientations as indicated in Fig. 1(a).
Fig. 1(b) shows the charge transfer towards the respective water
molecule g, calculated as the difference of integrated particle
and hole NTO density at the water molecule as defined in
eqn (7). The position of the monomer does not have a

o £ (@
. ' & b 6. LA
) N/ &
3lc3h g =-0.439 eV ¥, =3.916 eV 31d3d g =-0.823eV vV, =4.498 eV
1, =0.000D  E, =5.546 meV =0.000D E, =11.072 meV
- .. A8

B N
4
3Laa g, =-0.644 eV V,=2.972eV 3Ldd g, =-0.636 eV V., =2562eV
Hy=6249D  E, =11.084 meV p, =6.229 D =11.466 meV
N
. e 3 . A
{ b P! 9 & §
3Lda g, =-0527 eV v, =2.801eV 3Rda 0. 167 eV ' =1.999 eV
B, =6860D  E, =9.070 meV 1, =3.970D EA =2.833 meV
o
o QB
o )
3Rda* g, =0.525eV Vi =1.866 eV

1, =0.817D E, =-0.525 meV

Fig. 4 Structures and properties of different anionic and neutral water trimers. The 3/c3h and 3/d3d trimers are cavity-bound states with fixed CM
distances (top). 3Laa, 3Ldd, 3Lda, and 3Rda are the optimized dipole-bound states of anionic trimers (middle). The 3Rda* water cluster is the optimized
neutral water cluster (bottom). For each water trimer, the water structure, and the shapes of the LUMO (ISO value 2x 1072 ag~*/?) and the electrostatic
potential (1.09 eV) is shown from left to right. Below the figures of structures are some basic electronic properties, including the LUMO energies (), the
electron affinity (Ea), the ground state dipole moment (1), and the maximum of the electrostatic potential (V).
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systematic influence on the electron transfer. Only position 4 is
slightly less favorable. On the other hand, the rotation angles
show a systematic trend across all positions. Except for position
1, where o = 0° is favorable, o = 180° is most favorable at the
other positions. However, the combination of o = 90° and f§ =
90° always gives the largest electron transfer to the water
monomer. That means that here the most favorable configu-
ration has the water dipole moment parallel to the surface of
adamantane and one of the O-H moieties is closer to adaman-
tane. On average, the electron transfer to the monomer is g, =
0.18 with a span of 0.13-0.3, which is only a fraction compared
to a complete electron transfer (g, = 1). The small charge
transfer confirms that a single water molecule is insufficient
for the complete binding of an excess electron.

B. Water dimers

For the water dimer, we consider two classes of possible
structures. Fig. 2(a) shows the first category of water dimers,
which corresponds to geometry-optimized neutral and anionic
structures with two water molecules connected by a hydrogen
bond, taken from the literature.”” The second category corre-
sponds to structures with broken hydrogen bonds as shown in
Fig. 2(b) and (c). In (b) the four high-symmetry structures are
termed by their symmetry groups D2d, C2h, C2h* are con-
structed by fixing the CM distance of the two water molecules
to the averaged water-water distance in bulk water (2.85 A).*'
Similar structures with the same CM distance and random
orientations of the water molecules are shown in Fig. 2(c).

For the anionic and neutral dimers (a), the intra- and
intermolecular O-H bond lengths are approximately the same
and there are only minor differences in the H-O-H angles of
around 0.3° for each water molecule.”® However, the presence
of an excess electron affects the water molecules’ relative
orientation, leading to three different conformers among which
the CsC has the lowest energy and is therefore the energetically
most favorable anionic dimer structure.

The dimers with hydrogen bonds are the smallest and yet
most abundant water structures that allow for dipole-bound
states® to trap a solvated electron. Going from left to right in
Fig. 2(a), they have increasing net dipole moments pointing
from the O-H bond of one water molecule to the oxygen atom
of the other molecule along the hydrogen bond. The proton
donor has an O-H bond pointing slightly off the inter-oxygen
axis, while the proton acceptor has a larger torsional angle (),
which can vary in a large range and thus create different
conformers in a Cs symmetry. For example, the neutral con-
former has ¥ = 57°, while the trans (CsT) and cis (CsC) anionic
dimers have ¥ = 38° and y = —26°, respectively. The conformer
CsI represents a transition state between Cs7T and CsS, which
are two local stable states on the potential energy surface.*”

The LUMOs of neutral water clusters appear to be crucial for
capturing the excess electron. To provide a visual understand-
ing of the LUMO shapes and their connection with the struc-
ture of six different dimers, Fig. 3 collects LUMOs and their
orbital energies ¢;. Total dipole moments are listed, indicating
the nature of a cavity in the CT state. Finally, on the right-hand
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side, the electrostatic potentials as defined in eqn (8) are
depicted together with their maximal value V;,,. Already from
visual inspection, it can be observed that the distribution of the
LUMO has a high correlation with the electrostatic potential,
i.e., it has a large value, where there is also a high electrostatic
potential value. For example, the zero-dipole dimers C2h and
D2d show the localization of the LUMO between the water
molecules’ hydrogen atoms, which creates a positive electro-
static potential trap in the middle. We can thus identify these
structures as hosting cavity-bound states. For the dipole-bound
states, namely the CsT, CsI, and CsC dimer with the respective
total dipole moments of 3.57, 3.95, and 4.30 D, a positive
electrostatic potential arises at each dangling hydrogen atom
of the O-H bond. Likewise, the LUMO accumulates at the same
position.

C. Water trimers through pentamers

To further verify the relation between the LUMO energies,
electron affinities, and electrostatic potential in water clusters,
we continue this analysis for increasingly larger clusters start-
ing with three water molecules. Fig. 4 shows the detailed
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Fig. 5 (a) Electron affinity (Ea) of various clusters of two through five water
molecules versus the LUMO energies. The lower the LUMO energies, the
stronger the electron affinity. (b) Ea versus the maximum of the electro-
static potential (V,,,). The bigger the electrostatic potential, the stronger the
electron affinity. In both plots, black squares represent dipole-bound and
red triangles cavity-bound states.
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properties of different types of trimers. First, we consider the
high symmetry structures with a center of inversion. Then there
are the ones with three rotation axes, namely the 3/c3% and one
with three dihedral axes denoted as 3Id3d. The two structures
on top represent cavity-bound states with all hydrogen atoms
pointing to a common center. For the dipole-bound states with
the three water molecules in a line (denoted 3L), the direction
of the dipole is either perpendicular to (3Laa, 3Ldd) or along
(3Lda) the chain of the hydrogen bonds. In the 3Rda dipole-
bond state, the dipole moment points vertically away from the
plane of the ring-like water structure as the dangling O-H all
point to the same side. For all the bound states, the shapes and
positive values of the LUMO (central graph) agree with those of
the electrostatic potential (right). As already observed in the
previous section, higher maximal electrostatic potential values
Vi correspond to lower LUMO energies ¢, and to stronger

View Article Online
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electron affinities E,. The 3Rda* structure is the only non-
bound state as the O-H bonds point in all directions, below
or above the plane or in the plane level. Consequently, the
structure has only a small net dipole moment, which manifests
in the absence of a positive electrostatic potential center. When
considering the ring structures 3Rda* and 3Rda and their
relation to all other structures, they have the largest number
of hydrogen bonds and have the lowest likeliness of accepting
an extra electron (lowest, even negative E,). Therefore, the
breaking of the hydrogen bond is the key to forming a bound
state. This was likewise observed for larger clusters (tetramers
and pentamers) as can be seen from the figures in the
appendix.

The negative correlation between the LUMO energy and the
electron affinity found for water dimers and trimers also holds
for dipole- and cavity-bound states in larger water clusters, as
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Fig. 6 Comparison of water-cluster properties obtained by different functionals. Shown for the functionals B3LYP, LC-BLYP, ®B97X, and ®B97X-D3 are
the (a) HOMO, (b) LUMO, and (c) HOMO-LUMO gap energies, and (d) charge transfer, g, in terms of the averaged values and their standard deviation
over all cluster structures of the manuscript and, for comparison, plotted as the differences to the CAM-B3LYP results. The HOMO and LUMO orbitals of
all functionals are shown in (e) along with their energies exemplarily for the Cs/ water cluster adjacent to adamantane. The isovalues for all plots are the

same as in Fig. 3.
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Fig. 7 Particle (top) and hole (bottom) NTO densities in an assembly of
adamantane and one of the different water dimers. The first excited states
with the majority of hole NTO density on adamantane are selected. All
dimers but C2h* allow for a charge transfer as visible from the particle
NTO density on the side of the water cluster. The ISO value of all plots is
4 x 107 357>

we observed in tetramers and pentamers. Detailed information
about four- and five-molecular structures including the respec-
tive dipole moments, electrostatic potentials, and LUMO ener-
gies, are given in the appendix. Fig. 5(a) shows for all these
cluster sizes that the LUMO energy has a negative correlation
with the electron affinity. It is stronger for dipole-bound states
represented by black squares and weaker for cavity-bound
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states (red triangles). The sign change of the LUMO energy
indicates whether it can form a bound state for the electron.
Moreover, the positive LUMO energies correspond to the struc-
tures that have negative electron affinities.

The increase of the electron affinity is closely related to the
enhanced positive electrostatic potential due to two factors:
broken hydrogen bonds and the orientation of the dangling O-
H parallel to one another or pointing towards a common
geometric center. Consequently, the electrostatic potential cre-
ates a trap for the photo-excited electron. To verify the above
analysis, Fig. 5(b) shows the electron affinity as a function of
the maximum of the electrostatic potential, which increases
nearly linearly with one another. The increase, however, follows
a weaker trend in cavity-bound states, which are no equilibrium
structures.

DFT is notably sensitive to the choice of functional. For all
small water clusters, we have re-calculated some properties
with ORCA using the B3LYP and the range-separated hybrid
functionals LC-BLYP, ®B97X, and ®B97X-D3. The latter is a
modified version of the ®B97X functional, which includes
dispersion correction as part of the functional. Fig. 6 shows
the calculations of the differences of the various physical
properties obtained from the tested functionals versus the
CAM-BLYP functional. The comparison is in the form of
averaged values and standard deviations across all small water
clusters. The results show orbital energies of (a) HOMO and (b)
LUMO, as well as the (c) HOMO-LUMO gap and the amount of
charge transfer (d). Our findings can be summarized as follows:
the long-range corrected ®BX97, ®BX97-D3, and LC-BLYP func-
tionals tend to give higher LUMO energies (about +0.8 eV),
lower HOMO energies (about —0.7 eV), and hence larger
HOMO-LUMO gaps (around 1.5 eV). The amount of charge

(b)

Particle

Hole

Fig. 8 LUMO (top) and HOMO (below) energies in eV as well as hole and particle NTO densities (bottom) for the C2h and CsC water dimers near
adamantane (a) in position 1 and 6 and (b) vice versa. The photo-excited electron first occupies the LUMO of the C2h dimer, which has a lower energy

than the LUMO of CsC. The ISO value of the plot is 4 x 1074 ap~>.
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transfer, g, employing Hirshfeld charges with these three
functional is about 0.2e lower in average, while showing a
broader distribution along the structures. For the B3YLP func-
tional, which is known to be not suitable for CT processes, we
observe the opposite trends: an increase of the HOMO energies
(+1.8 eV) and a decrease of LUMO energies (—0.7 eV) as well as
HOMO-LUMO gaps (—2.5 eV), while our prediction of the
charge transfer increases by +0.3 e on average. The orbital
shapes, however, remain largely the same. As an example,
Fig. 6(e) shows the similarity of the HOMO and LUMO orbitals
for a water dimer adjacent to adamantane for all used the
functionals.

D. Charge-transfer states of adamantane and small water
clusters

To analyze the character of the charge-transfer states, we
investigate here water dimers and trimers in the vicinity of an
adamantane molecule. We commence by placing the CM of
different water dimers at position 1 relative to adamantane (cf:
Fig. 1), then compute the excited states via TDDFT, inspect the
NTO densities, and select the first excited state with hole NTO
density on adamantane, i.e., the lowest-energy state in which an
electron is removed from the nanodiamond. Fig. 7 shows the
respective NTO densities of holes (bottom panels) and particles
(upper panels). For all dipole- and cavity-bound states dis-
played, the electron NTO density is located at the positive
electrostatic region of the water dimer as was shown in Fig. 3
Since the shape of the electrostatic potential and the LUMO are
very similar, the shape of the electron NTO density also
resembles that of the LUMO of the isolated water dimer. This
clearly shows that the charge transfer has a distinct character
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v
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.
HOLE i
6
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from the HOMO of adamantane to the joint LUMO of the
neighboring water molecules. Contrary, the non-bound water
dimer C2h* with its positive electron affinity does not attract an
extra electron from adamantane. The main reason is that the
electrostatic negative potential of the two oxygen atoms facing
one another pushes the particle NTO density to the opposite
side of adamantane.

So far, we can summarize that each charge-transfer state
shows a shift of electron density from the HOMO of adaman-
tane to the water cluster’s LUMO, which has a clear connection
with the electron affinity and the electrostatic potential of the
respective water dimer. For an energy consideration regarding
the orbitals involved in the charge-transfer states, Fig. 8 collects
the HOMO and LUMO energies of adamantane and of the water
dimers in the C2h and CsC configurations, which are both
placed near adamantane, but at different positions 1 and 6
alternating in the two subfigures. Due to the overall lowest
LUMO energy of the C2h dimer, the lowest-energy CT states of
both assemblies reveal that the particle NTO density prioritizes
the C2h dimer, which also has the highest electrostatic
potential. This electron transfer is independent of the relative
positions of the water clusters to adamantane.

Other studies report on small anionic water clusters that
reflect the situation after successful transfer of an electron
without the notion of the source of a trapped electron. The
spin density of the additional electron shown by Taylor et al.,*’
as well as the HOMO shape of the anionic water clusters
obtained by Kim et al.** have similar distributions as obtained
by us, cf. Fig. 3, 4 and 7. In particular, the solvated electron can
be regarded as a pseudo-atom in the cavity of small water
clusters.”® This agrees with our observation that the cavity-
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Fig. 9 Particle (top) and hole (bottom) NTO densities of the lowest charge-transfer excited state of adamantane surrounded by three small water
clusters, namely (a) CsC at position 1, 3Ldd at 4, and 3Rda* at 6 and (b) 3Rda* at position 1, 3Ldd at position 4 and CsC at position 6. The ISO value of the

plot is 4 x 10™% g%
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bound state of the C2% and D2d water clusters have a somewhat
higher charge transfer capacity, as shown in Fig. 6. This has its
origin in the higher electrostatic potential (0.124 eV for C2h and
0.112 eV for D2d) at their centers, compared to the other water
clusters, CsT (0.088 eV), CsI (0.089 eV), CsC (0.091 eV), and C2h*
(0.058 ev).

To further verify that the charge-transfer states incorporate
transitions from the HOMO of adamantane to the LUMO of
water and that they are independent of the relative positions of
the water clusters at equal CM distance, Fig. 9 compares
exemplarily arrangements of the non-bound 3Rda* trimer, the
dipole-bound trimer 3Ldd, and the likewise dipole-bound
dimer CsC around the adamantane molecule. The lowest
charge-transfer state locates the excitation of the particle on
the 3Ldd trimer, which has the lowest LUMO energy of the three
water clusters irrespective of the relative water cluster
positions.

To quantify the transfer of charge to water clusters with
different LUMO energies, Fig. 10(a) displays the magnitude of
the charge transfer given by g, the difference of integrated
NTO densities of particle and hole on the water dimers and
trimers, which is plotted against the LUMO energy difference
between the respective water cluster and adamantane. The
difference of energies is always negative or zero. The general
trend is that when the LUMO energy of the water cluster is
lower than that of adamantane, the magnitude of charge
transfer increases. Inversely, if the LUMO energy of water is
equal or larger than the LUMO energy of adamantane, then
there are no charge-transfer states.

Furthermore, Fig. 10(b) shows that the excited-state energy
of the lowest-energy charge-transfer state of the investigated
structures (ordinate) is proportional to the energy differences
between the LUMO of the water cluster and the HOMO of
adamantane (abscissa). This demonstrates that the charge
transfer is from the adamantane’s HOMO to the water’s LUMO.
As discussed in the previous section, the LUMO energy has a
high correlation with the electron affinity, therefore, the charge
transfer should also be proportional to the electron affinity and
the maximum electrostatic potential of water molecules.

E. Cavity-bound states in larger water clusters

As pointed out in the literature, a cavity-bound state in a
realistic water environment only forms in large water clusters
with dozens of water molecules for energetic reasons.®”* To
obtain such a state and analyze its stabilization by increasing
cluster sized, we run a classical MD simulation in which we
introduce a negative (classical) point charge in the first layers of
the solvation shell. The point charge creates a stable cavity that
is easily visually identified over all MD time steps. Therefore,
only an arbitrary snapshot is selected when the total system is
in equilibrium. Spherical cutouts from the MD, representing
larger water clusters than the ones studied in the previous
section, with eight, sixteen, and 32 water molecules around the
negative charge are analyzed to consider the size effect of the
cavity-bound state.
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Fig. 10 (a) Difference of the integrated particle and hole NTO density gy,
(egn (7)) on the water cluster of indicated size versus the LUMO energy
differences between the water cluster and adamantane. (b) Energies of
each first charge-transfer excited state that has the hole NTO density only
on adamantane versus the energy differences between the LUMO of the
different water clusters and the HOMO of adamantane. For both figures,
the black squares represent the dipole-bound states and the red triangles
represent the cavity-bound states.

Fig. 11 shows in the first column the LUMOs of the water’s
cavity for increasingly large water clusters. The second column
shows the lowest excited state properties and the charge
transfer from the adamantane to the water cavity, including
the NTO density for particles and holes and the corresponding
excitation energies. When the size of the sample is increased
from eight to 32, the LUMO energies decrease from —1.230 eV,
over —2.540 eV to —3.391 eV, which is mainly due to the
quantum-size effect.** Likewise, the excitation energies for
the first charge-transfer states decrease from 5.271 eV over
5.208 eV to 4.531 eV. Together with the increasing hole NTO
density on adamantane (0.93, 0.97 to 0.99) this suggests that
the charge transfer to the water molecules is more efficient for
the increased size of the water cluster. The electron NTO
densities in all cases are (nearly) unity on the water molecules
and its shape resembles the LUMO of the water cavity.
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Fig. 11 Excited-state properties of the lowest charge-transfer state of adamantane and a droplet of (a) eight, (b) sixteen, and (c) 32 water molecules. An
MD snapshot with a negative charge in the center of the water droplet delivers the geometries. The properties listed are the LUMO energies ¢, of the

p/h

water droplets, and the excited state energies E. g54)w denote the integrated particle (p) and hole (h) NTO densities on adamantane (ad) and water (w),

respectively. The left column shows the LUMO density with iso-value 2 x 1072 aq

the hole NTO density, both with an iso-value of 4 x 10™* ag~>.

The MD snapshots of water molecules reveal some promi-
nent features of the cavity-bound state in the water environ-
ment. The most nearby water molecules are arranged such that
the dangling H atoms point to the center of the cavity owing to
the presence of the extra charge. When adding water molecules
near the center (e.g. the third water molecule from the top in
Fig. 11(b) or the inner one at the 8 o’clock position in (c)), they
also orient their dangling O-H bond into that center. Therefore,
the maximum electrostatic potential rises with the number of
water molecules contributing to the cavity. According to the
previous conclusions from small water clusters, the enhanced
electrostatic potential always leads to lower LUMO energies and
stronger electron affinity, which means the trap is also energe-
tically deeper for the solvated electron. Note that most of the
additional atoms do not engage in the formation of the cavity,
but incorporate into the hydrogen-bond network of the sur-
rounding. This suggests a stabilization of the cavity with more
water molecules, even if they are not strictly part of the cavity,
i.e. if they do not have dangling H atoms pointing to the cavity
center. Instead, the water molecules will give rise to additional

This journal is © the Owner Societies 2024

=372 the central column the particle NTO density, and the right column

hydrogen bonds that bind water molecules together so that the
water molecules hosting the cavity are more difficult to repel
one another.

However, the cavity-bound state created by the negative
charge is an idealized structure representing a situation in
which only the electron has already been released from ada-
mantane and transferred to the water environment. For study-
ing a charge transfer situation in the water shell before the final
solvation of the electron, we study the weakly-bound trap states
in extended, and thus more realistic, water environments and
find the corresponding charge-transfer states as discussed in
the following.

F. Dipole-bound states in extended water environments

Although the long-range structure of bulk water is dominated
by an extended hydrogen network, the formation of dipole-
bound states is possible due to thermal fluctuations. With the
constant motion of water molecules, the conduction band
minimum rises and falls around —0.4 to —0.8 eV.**”® There-
fore, there are times when the water structures form a trap for
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the electron with an energy below the average CBM. These low
energies may be connected with broken hydrogen bonds, which
can in principle either be parallel or directed towards a com-
mon center of all dipole moments, where the latter are also
features of the cavity-bound state discussed in the previous
section.

Around a nanodiamond like adamantane, a solvation shell
of several layers of water molecules is forming that structurally
differs significantly from the structure of bulk water.”® The
dipole moments of individual water molecules in the first
solvation shells have a higher probability of aligning either in
parallel or outwards.®> In addition, the infrared spectra of
water-solvated nanodiamonds suggest a broken hydrogen-
bond network due to the decrease of the OH bending
vibration.®® Therefore, it is interesting to check whether repre-
sentative water structures in the solvation shell can form a
bound state that can trap an electron. By MD sampling with a
sufficiently large shell of water molecules, it is possible to take
snapshots that include one of these bound states from the
water shell surrounding adamantane and study the charge-
transfer properties.

(2)
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To analyze one of the snapshots, Fig. 12(a) shows adaman-
tane and the surrounding water molecules within a radius of
8 A from the centrally placed adamantane. The size of the water
shell is big enough to include the first solvation shell,® which
has a radius around 5 A. It was created by cutting off the rest of
the water molecules in the MD simulation box, which intro-
duces a surface. The presence of a surface is inevitable as the
complete inclusion of water is too challenging for the current
computational power. Though not existing in an idealized
solution, such a surface of water molecules may occur at any
water interface. Physically, it can offer a competing trap site for
the solvated electron, compared to the inner area of the
solvation shell. And indeed, the 4th excited state, which is the
first state that shows charge transfer from the adamantane to
water, incorporates the surface of the solvation shell, as visua-
lized by the hole and particle NTO density in Fig. 12(a). Panel
(b) shows the zoom-in view of the particle NTO density super-
imposed on the geometries, where the black arrows mark a
large number of broken hydrogen bonds. This corresponds to
the situation we know from the dipole-bound state for electrons
discussed in the previous chapters.

Particle

E,y =6.307 eV

4y =0.91/0.09

gl =0.15/0.85

Fig. 12 MD snapshot of a shell of water molecules with a radius of 8 A around adamantane. E represents the excited-state energies with the subscript n

p/h

representing the number of the excited state. g54) denotes the integrated particle (p) and hole (h) NTO densities on adamantane (ad) and water (w). The

ISO value of the plot is 4 x 10™* a,7>. (a) The hole and electron NTO density for the 4th excited state. (b) represents the zoom-in view of the structure of
the water molecules around the particle NTO density for the 4th excited state. The broken hydrogen bonds are denoted by black arrows. (c) The same
hole and particle NTO density for the 20th excited state. (d) Zoom-in view given the particle NTO density of the 20th state.
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Fig. 13 Structures and properties of different anionic and neutral water tetramers. 4N is the optimized neutral water cluster. 4Lbif is a line of water
molecules with parallel dipole moments. 4Y32, and 4Lda are the optimized conformers corresponding to dipole-bound states of the anionic tetramer.

The isolvaues and the subfigures are the same as in Fig. 3 and 4.

As the surface of the water shell comes from the computation
setup and a typical chemical reaction solution would be largely
surface free, we investigated if charge-transfer states in the
immediate higher energy range exist that do not incorporate the
solvation shell surface. Fig. 12(c) shows the particle and hole NTO
density of the 20th excited state. The particle NTO densities are
now inside the first solvation shell, while the hole NTO densities
on adamantane represent the excitation of adamantane as seen in
all previous cases. To compare the water structures near this inner

This journal is © the Owner Societies 2024

bound state, Fig. 12(d) shows the same zoom-in view of the water
structure near the particle NTO densities. The water structure here
has only a single water molecule with a dangling hydrogen bond.
Therefore, the inner bound state for the electron is shallow
compared to the surface. The broken hydrogen bond in the
hydrogen bond network agrees with the previous study on the
electron solvation dynamics, where a single broken hydrogen
bond in the hydrogen bond network forms the trap state for the
electron at the early solvation stage.*”
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Fig. 14 Structures and properties of different anionic water tetramers and pentamers with representation parameters as in Fig. 13.

V. Conclusion and outlook through photo-excitation. The lowest-energy charge-transfer
states have similar features across different conformations in
small water clusters. Their holes reflected by natural transition
sentative of larger-sized nanodiamonds — in water, including a  orbital densities are almost identical to the HOMOs of the
systematic exploration of water structures, provides theoretical isolated adamantane while the particle NTO densities strongly
insights into the process of generating solvated electrons resemble the LUMOs of the various isolated water clusters that

This study of excited-state properties of adamantane - a repre-
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Fig. 15 Structures and properties of different anionic and neutral water pentamers. 5Y32, 5Y41, and 5Ydd*? indicate dipole-bound states of anionic

pentamers. 5N is the optimized neutral water cluster. Representation parameters are chosen as in Fig. 13.

this study combines with adamantane. Furthermore, the
relative LUMO energies for different water clusters are unam-
biguous indicators for the trends in electron affinities
and maximum electrostatic potential values that both increase

This journal is © the Owner Societies 2024

with smaller LUMO energies. When the LUMO energy is
smaller than zero, the small water cluster forms a bound state
for the electron, facilitating the charge transfer from the
adamantane.
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We also investigated the charge transfer to a complete
hydration shell. For this larger number of water molecules,
the photo-excited electron prioritizes sites with dipole- or
cavity-bound state character as known in smaller clusters.
These sites include broken hydrogen bonds, a high maximal
electrostatic potential, and low LUMO energies of the water
alone. The information unavailable from our study is whether
the photo-excited electron, after leaving the nanodiamond, first
propagates along the hydrogen-bonded water network and then
gets trapped at one of the bound states with broken hydrogen
bonds or whether it immediately transfers to such sites. Hence,
future work could include the simulation of the actual solvation
process by electron dynamics methods. Ideally, this should
involve the translations and rotations of water molecules on
an expected only slightly longer time scale. Such a study would
require a multi-scale approach at a quantum-mechanical/mole-
cular mechanical (QM/MM) level of theory.
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