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1 | INTRODUCTION

| Xiangfei Wang®© | Annika Bande*

Abstract

Nanodiamonds (NDs) are unique carbonaceous materials with exceptionally high
stability, hardness, and notable electronic properties. Their applications in photocata-
lysis, biomedicine, and energy materials are usually carried out in agueous environ-
ments, where they interact with aqueous adsorbates. Especially, electron density
may rearrange from the diamond material toward oxidative adsorbates such as oxy-
gen, which is known as charge transfer doping. In this article, we quantify the charge
transfer doping for NDs with inhomogeneous surface coverings (hydroxyl, fluorine,
and amorphous carbon), as well as NDs doped with heteroatoms (B, Si, N) using
hybrid density functional theory (DFT) calculations. The transfer doping magnitude is
largely determined by the NDs' highest occupied molecular orbital energies, which
can in turn be modified by the surface covering and doping. However, local modifica-
tions of the ND structures do not have any local effects on the magnitude of the
charge transfer. We furthermore analyze the impact of aqueous adsorbates on the
excited states of an agueous ND in the context of photocatalysis via time-dependent
DFT. Here, we find that the excited electrons are biased to move in the direction of
the respective oxidative adsorbate. Surprisingly, we find that also unreactive species
such as nitrous oxide may attract the excited electrons, which is probably due to the

positive partial charge that is induced by the local N,O solvation geometry.

KEYWORDS
DFT, excited states, molecular modeling, nanodiamonds, transfer doping

in aqueous dispersion: Upon photoexcitation of the ND, the
excited electron is emitted and transferred into the water bulk to

In recent years, nanodiamonds (NDs) have found applications in a
wide range of fields due to their extraordinary properties such as
hardness, inertness, biocomplatibility, and outstanding electronic
properties.® They are used as drug transport vehicles and imaging
agents in biomedicine,>"* and have found further use as sensors,>¢

78 and energy materials.” In particular, the negative

lubricants,
electron affinity of hydrogen- and amine-terminated NDs has

enabled their use as catalysts for high-energy reduction reactions

form a solvated electron. This highly reactive species may then ini-
tiate reactions such as water splitting or the reduction of CO, to
CO.10713

In a majority of applications the NDs are in direct contact with an
aqueous environment. Therefore, the interactions of NDs with water
and its dissolved species have been extensively studied in the recent
years.}*"22 Especially, the interaction with aqueous oxidative adsor-
bates (mostly O, and H3O%) is of high relevance for the NDs'
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optoelectronic properties. Specifically, if the lowest unoccupied
energy level of a molecular adsorbate is lower in energy than the high-
est occupied energy level of the ND, electrons are transferred from
the ND toward the adsorbate.?® This effect is known as charge trans-
fer doping (or surface transfer doping). The electrons that are trans-
ferred from the diamond material leave positively charged “holes” on
the surface, resulting, that is, in a strongly increased surface
conductivity.24"2% This effect has been investigated for a range of
diamond-based systems in both experimental and theoretical

14,23,27-34

studies and was even extended toward small, high-curvature

NDs, for which surface effects are believed to even more drastically
influence the material's optical and electronic properties.t>1¢:18:21.22

Aranifard and Shojaei investigated the interaction of neutral and
charged water clusters with the ND Cgs.2! They reported a strong
interaction between bare C35 and OH~, which form a covalent bond
when placed in close vicinity, and a significant rearrangement of elec-
tron density when charged water clusters are in contact with the
unsaturated ND C3s with dangling surface carbon bonds.

In our previous work, we systematically quantified and explained
the charge transfer between NDs and aqueous oxidative adsorbates
for different ND sizes (35-147 carbon atoms), ND surface termina-
tions (H, F, OH) and adsorbates (H,O-H,0, H30"-H,0O, O,-H,0O and
03-H,0).22 We found that the charge transfer correlates with the
adsorbates' chemical potentials and with the HOMO energy of
the ND. By shifting the ND HOMOs to lower energies, for example,
by fluorinating the ND surface, the charge transfer towards the adsor-
bate can be strongly reduced.??

In the present work, we extend our investigations of ND charge
transfer doping toward heterogeneous ND structures. In particular,
we focus on H-terminated NDs that are partially covered by either
flourine, hydroxyl, or amorphous carbon atoms and quantify the
charge transfer at different positions of the adsorbate O,-H,O. Fur-
thermore, we study the influence of ND doping with either boron, sili-
con or nitrogen on the transfer doping. In the second part of this
article, we investigate the impact of aqueous adsorbates on the NDs'
excited states in the context of photocatalysis.

2 | METHODOLOGY

The structures of adsorbates at NDs were DFT-optimized using the
PBE functional,®®> Ahlrich's def2-SVP basis set,**~8 and Grimme's D3
dispersion correction.®’ Subsequent single-point calculations were
carried out using the TPSSH hybrid meta-GGA functional,*°~4? the
def2-TZVP triple zeta basis set and D3 dispersion correction. We
employed the conductor-like polarizable continuum implicit solvent
model*® to mimic the effects of an extended aqueous environment,
and we used the fractional occupation number weighted electron
density method to allow for fractional occupation numbers of molecu-
lar orbitals at finite temperatures.** Charge transfer was quantified
using Hirshfeld population analysis*® (the same qualitative results
were obtained with Loewdin analysis). The TPSSH functional is known
to yield accurate results both for calculations of general main group
chemistry®® and in particular for the electronic properties of
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diamondoids.*” The same method has already been employed suc-
cessfully in our previous work to calculate electron transfer from NDs
toward aqueous oxidative adsorbates.??

For the investigations of excited states, we place an explicit water
layer around the hydrogenated ND C3sH3s and add the respective
adsorbates to the water shell. This system acts as a model for the
hydrated nanodiamond in bulk water, but the finite size of the system
can be expected to impact the results of the calculations. When an
excess electron is injected into bulk water, it will initially occupy a dif-
fuse state delocalized across several water molecules.*®*° In contrast,
if an excess electron is added to a finite water cluster, it will preferably
locate at the dangling hydrogen bonds of the respective cluster sur-
face.’>>! Here, the hydrogens' positive partial charges induce minima
on the potential energy surfaces in which the electrons are trapped.
Equivalent results can be expected upon electronic excitation of an
aqueous nanodiamond in a finite water cluster, as investigated here,
independent of the cluster size. In the present study, the water layer
is large enough to encapsulate respective molecular adsorbates to
avoid artifacts in the respective solvation structures, therefore, we are
confident that the qualitative results obtained here can be extended
to bulk systems as well.

Each whole system was optimized using the def2-SVP basis set
and D3 dispersion correction with the revised PBE functional
revPBE>2 which is known to yield reasonable water structures.>® The
optimizations were run with loose convergence criteria due to
the shallow potential energy surfaces of the systems. Excited states
were calculated by linear-response time-dependent DFT using the dif-
fuse def2-SVPD basis set, D3 dispersion correction, and the long-
range corrected CAM-B3LYP hybrid functional.>* The diffuse
def2-SVPD basis set set is chosen to accurately describe the diffuse
character of the nanodiamond frontier orbitals involved in the excita-
tion.>® The range-separated hybrid functional CAM-B3LYP has previ-
ously been employed successfully for the calculation of excited states
of similar systems as studied here.>¢~>8

All DFT calculations were carried out within the ORCA suite of pro-
grams.>® Natural transition orbitals were calculated using Multiwfn.°

3 | RESULTS AND DISCUSSION

3.1 | Charge transfer doping at
inhomogeneous NDs

The base structure used for our investigations of charge transfer dop-
ing is the ND Cg4Hg4. This ND has an octahedral shape with eight
facets of (111) surfaces, which is the crystallographically most impor-
tant surface.®*"¢® The same ND was already used as the base struc-
ture in our previous investigations, where we quantified the charge
transfer doping for homogeneous NDs toward various adsorbates.??
In the present article, we will extend our investigations toward NDs
with inhomogeneous surface coverings (H/F, H/OH, and amorphous
carbon) and NDs that contain a dopant atom (B, Si, N). We focus on
the electron transfer toward oxygen (O,-H,0), which the most com-

14,64

mon oxidative adsorbate, using Hirshfeld population analysis. The
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trends found here are assumed to equally hold for other adsorbates as
well (H;0%, O3, etc.).??

3.1.1 | Nanodiamonds with mixed surface
termination

We start by investigating the charge transfer doping at NDs which
have one site densely covered by either hydroxyl moieties, fluorine
atoms, or an amorphous carbon shell and are otherwise covered by
hydrogen (see Figure 1). For the case of a ND that is partially covered
by amorphous carbon, we revert to two smaller NDs, CssHq4 and
Ca7H05.5>%¢ Here, the amorphous carbon shell introduces new occu-
pied and unoccupied orbitals into the ND band gap,®® which may con-
tribute to the transfer doping and increase the charge transfer toward
the adsorbate. For the hydroxylated ND, the rather bulky OH groups
might shield the ND core from the adsorbate and therefore reduce
the charge transfer doping. For densely fluorinated NDs it is known
that the degree of fluorination strongly impacts the shapes of the
frontier molecular orbitals.” In all cases, we anticipate a variation of
the charge transfer doping properties based on the change of the local
surface chemistry that is induced by the respective species.

As is shown for the CgqHs4F10 in Figure 1, the adsorbate is
located either (a) at the X-terminated part of the ND (X = OH, F,
amorphous C), (b) at the edge of the X-terminated surface patch, or
(c) at the H-terminated part of the ND. The charge transfer for each
ND with the adsorbate located at each single position is summarized
in Table 1, and the NDs' structures and their (degenerate) HOMOs
are depicted in Figures 2 and 3 for the NDs CgqHs4X19 (X=0OH, F),
and CssH14 and Cy7Hog, respectively.

We first discuss the electron transfer from the ND CgsHs4X10,
where X is either OH or F, toward the adsorbate O,-H,O. At the fully
H-terminated, undoped ND Cg4Hg4 the Hirshfeld charge transfer to
this adsorbate is approximately 0.44 e.?? At the systems studied here,
we observe a reduced charge transfer of 0.34-0.43 e, which can be
ascribed to a lowering of the NDs' HOMO energies by OH/F surface

c27 H28

C55Hl¢l

modification. This is in line with our previous results: The electron
transfer from the ND can be either reduced by OH-termination, or
even annulled by complete F-termination, because the NDs' HOMOs
are shifted to considerably lower energies.?? Here, the partial cover-
age of the ND also lowers the NDs' HOMO energies, resulting in a
decreased charge transfer toward the adsorbates.

However, neither the OH nor the F moieties are able to locally
shield the ND from the adsorbate and thereby reduce the trans-
fer doping. Instead, very similar magnitudes of electron transfer
are found for the adsorbate located at the X- or H-terminated
surface (£ <0.06 e). Apparently, the reversed surface dipoles and the

TABLE 1 Charge transfer doping of a partially hydroxylated
(Cg4Hs54(OH)10) or fluorinated (Cg4Hs4F10) nanodiamond (ND) with
dense surface functionalization (see Figure 2), and two NDs partially
covered with amorphous carbon (CssHq4 and Cy7Hog) (see Figure 3).

ND Adsorbate position Hirshfeld CT (e)
CgaHea H surface 0.44%2
Co7Hog (a) C shell 0.33
(b) boundary 0.35
(c) H surface 0.37
CssH1a (a) C shell 0.41
(b) boundary 0.37
(c) H surface 0.36
CgaHs4(OH)10 (a) OH surface 0.37
(b) boundary 0.43
(c) H surface 0.38
CgqHs4F10 (a) F surface 0.35
(b) boundary 0.37
(c) H surface 0.34

Notes: The adsorbate is located either (a) at the functionalized surface, (b)
at the boundary of the functionalized surface, or (c) at the H-terminated
part of the ND (cf. Figure 1). The charge transfer toward the unmodified
ND Cg4Hg4 is shown for comparison. Hirshfeld charge transfer (CT)
toward the adsorbate O, -H,O in units of elementary charge e.

c84HS4(0H)10 c84H54F10

FIGURE 1

Structures of the nanodiamonds C,7Hog, Cs5H14, Cg4Hs4(OH)10, CaaHs4F10, and positions of the adsorbate O, - H, O (illustrated

for Cg4Hs4F10): (A) at the fluorinated surface, (B) at the interface between the H- and F-terminated parts of the structure, (C) at the hydrogenated

surface. Atom colors: C (black), O (red), F (blue), H (grey).
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FIGURE 2  Structure and the
threefold/twofold degenerate
HOMO of the nanodiamonds
(NDs) (A) CgaHga, (B) CaaHss
(OH)10, and (C) CgaHs4F10.
Contour plots of isovalue £0.01.

Structure

FIGURE 3 Structure and the
three highest occupied molecular
orbitals of the nanodiamonds
(NDs) partially covered with
amorphous carbon (A) CssH14
and (B) C,7H2g. Contour plots of
isovalue +0.01.

Structure

different distance of the adsorbate to the carbon core have no marked
effects on the local charge transfer doping magnitudes at the NDs.

A ND that is partially covered by amorphous carbon (CssH14 and
Cy7Hog) shows a very similar picture. At the different adsorbate posi-
tions, the transferred Hirshfeld charge varies non-systematically by up
to 0.05 e: At the first ND, the charge transfer increases at the amor-
phous carbon shell, while at the latter ND it is highest at the
H-terminated diamond surface. As shown in Figure 3 and in a previ-
ous study by some of us,®® the addition of amorphous carbon intro-
duces new occupied MOs in the range of the optical gap, rendering a
complex electronic structure. This will lead to small fluctuations of
charge transfer doping magnitudes around the ND, depending on the
respective ND's electronic structure.

Next, we quantify the charge transfer for a set of NDs
CgaHga_nX, (X = OH, F) which have n = 8 or 10 moieties of either

CHEMISTRY
HOMO-1

HOMO HOMO-1 HOMO-2

OH or F randomly dispersed (instead of clustered) on their otherwise
H-terminated surfaces. The adsorbates are placed at three random
positions around each ND, and the resulting charge transfer is summa-
rized in Table S1. Also for these systems, we find that the magnitude
of charge transfer doping is approximately independent from the posi-
tion of the adsorbate (deviations <0.03 e).

3.1.2 | Doped NDs

We finally investigate the influence of lattice dopants on the magni-
tude of the surface transfer doping. Therefore, we introduce one dop-
ant atom (B, Si, or N) into the outer carbon layer of the ND at two
different positions, as illustrated in Figure 4. For each ND, we calcu-

late the charge transfer for three adsorbate positions (a, b, c), where
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FIGURE 4

lllustration of the dopant positions 1 and 2 at the
doped nanodiamond (ND) Cg3YHg3 (Y = B, SiH, N; here with B
dopant). Atom colors: B (rose), C (black), H (grey).

the distance of the adsorbate to the dopant increases from a to c. The
aim is to find whether the local disruption of the electronic structure
that is induced by the dopant atom has any effects on the charge
transfer doping. The magnitude of charge transfer is listed in Table 2.

As in the case of inhomogeneous surface termination, there are
no general trends that can be deduced from the dopant-adsorbate dis-
tance with respect to the amount of charge transfer doping. Evidently,
the presence of a single dopant atom does not have any local effects
on the charge transfer doping. However, we again find a correlation
between the ND HOMO energy and the amount of charge transfer
doping.

Interestingly, for the systems investigated so far, the charge
transfer towards the oxygen molecule correlates with the O=0 bond
distance: If more electron density is transferred to the oxygen LUMO,
the O, bond distance is systematically increased. The population of
the antibonding z* orbital results into a weakening of the O=0 bond,
which may also increase the reactivity of the adsorbed molecule.

Furthermore, we find that neither the degeneracy of the NDs'
HOMO orbitals nor the introduction of new orbitals in the optical gap
have an impact on the charge transfer doping magnitudes. Due to the
high symmetry, the HOMO of the ND CgqHgg4 is threefold degenerate,
but the degeneracy is reduced upon the introduction of local surface
species or dopant atoms (cf. Figure 2). When amorphous carbon is
introduced on the ND surfaces, new occupied and unoccupied orbitals
are introduced in their optical gaps (cf. Figure 3). However, these
effects do not markedly influence the amount of transfer doping that
is observed.

For all structures discussed so far in this manuscript, we plot the
HOMO energy versus the average charge transfer doping magnitude
in Figure 5. All structures, with the exception of the NDs with an

amorphous carbon shell (CssH14 and Cy7H2g), show a clear trend of
increasing charge transfer doping with increasing ND HOMO energy.
We find a Pearson correlation coefficient of r. = 0.92, and the linear
fit is indicated in Figure 5. This finding corroborates the previous find-
ing that the transfer doping is strongly influenced by the ND HOMO
energy.?2?* |n contrast, the additional orbitals that are introduced in
the band gap by the amorphous carbon shells lead to higher-energy
HOMOs that shift the datapoints away from the linear fit.

4 | CHARGE TRANSFER DOPING AND
EXCITED STATES

The charge transfer doping at NDs alters their electronic structure
which may have strong implications for several applications. We here
investigate the impact of ND charge transfer doping on photocataly-
sis, which crucially relies on the unique electronic properties of the
NDs. During the photocatalytic process, the NDs are excited by ultra-
violet light and the excited electrons are ejected into the surrounding
water where they drive high-energy reduction reactions.207136466 |
this section, we investigate how the presence of different adsorbates
influences the excited states of aqueous NDs. For this, we choose the
ND CzsH3¢ around which we place an explicit water layer of 93 water
molecules. We calculate the excited states for the structure with
either only the water, a molecule that does not show charge transfer
doping (N,O, CO,),%® an oxidative adsorbate (O3, O3) or one of two
sodium salts which have been employed as sacrificial oxidation agents
in photocatalysis experiments (NaySOgz, Na,SO4), respectively.'® The
analysis is based on natural transition orbital (NTO) calculations which
visualize the hole and electron that are created in each excited state.®
We only investigate the lowest-energy charge transfer excited state,
that is, the lowest state in which the NTO hole is located at the ND
(cf. Table 3). The analysis of a few randomly selected low-lying excited
states yielded the same qualitative results as obtained for the states
investigated here.

In ND photocatalysis, purging the aqueous ND dispersion with a
noninteracting gas (e.g., Ho or N) removes other dissolved gaseous
species and increases the lifetimes of the solvated electrons.®* Espe-
cially, the presence of air oxygen may have a direct influence on the
underlying solvation mechanism and/or the quenching of aqueous
free electrons. Carbon dioxide and nitrous oxide do not show any sur-
face transfer doping in the ground state, but N,O can be utilized to
scavenge solvated electrons by decomposition into nitrogen gas and
hydroxyl anions.2®¢?7° For oxygen and ozone, significant charge
transfer doping was observed.'*22 The sodium sulfite/sulfate couple
is used in experiments to replenish the holes that are created in the
NDs upon photoexcitation in order to prevent their oxidation and
degradation.*® For these species, the charge transfer doping has not
been quantified. Most likely, some electron density would transfer to
the Na;q, but no transfer doping is expected toward the negatively
charged ions SOz 2~ and SO, 2-.

The structures of all systems, along with the lowest-energy

charge transfer excited state NTOs are depicted in the supporting
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TABLE 2 Charge transfer doping at a

B-, Si- and N-doped nanodiamond (ND) ND

Cg3YHg3 (Y = B, SiH, N).
Cg3BHgs B1
Cg3BHg3 B2
Cg3SiHga Sil
Cg3SiHe4 Si2
Cg3NHg3 N1
ngNH63 N 2

Dopant
position

CHEMISTRY
Adsorbate CT
Adsorbate position (e)
0, -H,0 a (close) 0.43
b (distant) 0.39
c (afar) 0.44
0O2-H0 a (close) 0.44
b (distant) 043
c (afar) 0.38
0, -H,0 a (close) 0.42
b (distant) 0.44
c (afar) 043
0, -H,O a (close) 0.45
b (distant) 045
c (afar) 0.39
0, -H,O a (close) 0.43
b (distant) 0.44
c (afar) 0.46
0, -H,0 a (close) 0.50
b (distant) 0.47
c (afar) 0.44

Notes: The distance between dopant and adsorbate increases from position a to b to c. Charge transfer
(CT) toward the adsorbate O,-H,O in units of elementary charge e. The charge transfer at the undoped

ND is 0.44 e.?2

0.50
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FIGURE 5 Scatter plot of ND HOMO energies (in eV) with

Hirshfeld charge transfer doping towards O,-H,O (in e). The charge
transfer towards each ND is averaged over the different adsorbate
positions. The NDs partially covered with amorphous carbon CssH14
and C,7Hog are identified as a outliers (marked by orange arrows). The
linear fit without the outliers is indicated by the red line.

information, Figures S1 and S2. The structure and NTO plots of
CssH3e with a water layer and an oxygen adsorbate are depicted in
Figure 6. Table 3 summarizes the excited state Hirshfeld charge

transfer towards the respective adsorbate, the electron affinity of the
adsorbate in vacuum, and the electron affinity of the aqueous adsor-
bate (molecule - 3 H,0).

The structures of all systems, along with the lowest-energy
charge transfer excited state NTOs are depicted in the supporting
information, Figures S1 and S2. The structure and NTO plots of
Css5H3¢ with a water layer and an oxygen adsorbate are depicted in
Figure 6. Table 3 summarizes the excited state Hirshfeld charge trans-
fer towards the respective adsorbate, the electron affinity of the
adsorbate in vacuum, and the electron affinity of the aqueous adsor-
bate (molecule - 3 H,0).

Upon excitation without any adsorbate present, the electron den-
sity moves to the surface of the surrounding water. This is in close
agreement with previous calculations which showed that upon injec-
tion of an excess electron into an equilibrated water cluster, the elec-
tron will locate on the cluster surface. Here, it is stabilized by dangling
water hydrogens that are not involved in the formation of hydrogen
bonds.>®’%72 When a molecular adsorbate is present at the ND, the
NTO electron density shifts, usually in the direction of the respective
adsorbate.

Na;SO3 and Nay,SO4 have very different sizes and solvation
structures as compared to the small molecules, therefore, we cannot
directly compare the electron transfer among these two different
kinds of adsorbates. For both Na;SO3 and Na,SO4, some electronic
density is transferred to one of the two Na™ ions, respectively, but
the rest of the molecule does not attract any electron density upon

excitation. Overall, however, we find that the electron affinity of a
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Adsorbate State number EAMolecule EAMolecule-3H,0
CO, 1 —3.24 eV -0.87 eV
N,O 2 —1.89 eV —0.34 eV

0O, 2 2.03 eV 2.55eV

O3 3 276 eV 3.83eV
Na,SO3 3 0.36 eV 0.00 eV
NaySO4 2 0.39 eV 0.14 eV

TABLE 3 Charge-transfer excited

Hirshfeld CT (e) N
states of C3sH34 with a water monolayer
0.03 and various aqueous adsorbates: Excited
0.82 state number of the first charge transfer
0.86 state, electron affinity (EA) of the
adsorbate in vacuum and with three
5 water molecules, and Hirshfeld charge
0.17 transfer (CT) toward the adsorbate.
0.01

Structure hole

electron

FIGURE 6 Structure and charge transfer excited state natural transition orbital densities (hole and electron) for C35H3¢ with an explicit water
layer and an oxygen adsorbate (highlighted by the red arrow). The blue arrow indicates the electron transfer from the natural transition orbital

(NTO) hole to the NTO electron upon excitation.

molecule (in vacuum or with three water molecules) is not a good indi-
cator for the electron transfer upon excitation. On the other
hand, the charge transfer correlates well with the standard reduc-
tion potential E° of the respective adsorbate, which is in agreement
with previous work on ground state surface transfer doping at (nano-)
diamond.'*?2 Below, we list the standard reaction potentials of some
relevant reactions in pH 7 water for the adsorbates under

investigation.”®

CO; + Hy0 + 2 e~ — HCOO™ + OH- E0=-07V
N,O + 5H,0 + 4 e — 2 NH,OH + 4 OH- E0=-11V
O, +4H+ +4e —2H,0 E° =08V
0, +2H,0+4e — 40H" E0 =04V
O3 +HyO+2e — 02+ 20H" B0 =12V
25032 +4e +3Hy0 — 5,032~ + 6 OH- EO=-06V
S04% +2e +HyO—S03% +20H" E0=-09V

The only marked exception that occurs in the observed trends is
a strong excited state charge transfer toward the nitrous oxide adsor-
bate. We found no charge transfer doping toward N,O in the ground
state, which is in agreement with previous work,?® and negative elec-
tron affinities for both the isolated and the aqueous species (see

Table 3). However, we find that in the water layer, the N,O molecule

is net positively charged (Hirshfeld: +0.07 e, Loewdin: +0.21 e), which
is much less the case for the carbon dioxide (Hirshfeld: +0.03 e,
Loewdin: £0.00 e). This positive charge apparently creates a minimum
in the potential energy surface of the system that acts as a trap for

the excited electron.

5 | CONCLUSIONS

In this article, we investigated the charge transfer doping at NDs
with inhomogeneous surface decorations and dopant atoms,
and the influence of molecular adsorbates on the excited states
of aqueous ND. The combined results clearly prove that the con-
cept of surface transfer doping remains valid for nano-sized
diamonds.

The magnitude of charge transfer doping is generally unaffected
by the local surface chemistry that is introduced by either a specific
surface species or a dopant atom. Instead, we find that the ND
HOMO energy suffices as a sole indicator of the transferred charge.
The presence of amorphous carbon on the NDs leads to slightly
increased charge transfer doping at smaller structures, and the linear
trend of increasing HOMO energy and charge transfer doping does
not hold for these structures. Generally, the local modification of an
ND is not effective in neither increasing nor decreasing the magnitude

of charge transfer doping.
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The NDs' excited states are strongly influenced by the presence
of aqueous adsorbates. The excited state charge transfer toward the
oxidative adsorbates is largely independent from their calculated elec-
tron affinities, but correlates with their standard reaction potentials.
These results show that the photocatalytic electron solvation mecha-
nism can be strongly affected by the presence of oxidative adsor-
bates. Both the oxidative adsorbates O, and O3 and the Na™ ions are
effective in capturing parts of the excited electronic charge, poten-
tially preventing it from travelling further into the solution and form-
ing a free solvated electron. On the other hand, the unreactive carbon
dioxide molecule does not induce such marked effects. This finding
confirms that replacing oxidative species with unreactive molecules
may increase the electron yield by removing disturbers from the reac-
tion. For nitrous oxide, we surprisingly find a strong excited state
charge transfer towards the adsorbate, which probably originates
from the positive charge at the adsorbate. This finding underpins the
strong ability of N,O to quench aqueous electrons despite its nega-
tive electron affinity and low electrostatic potential. These results pro-
vide a theoretical basis for previous experimental findings in ND
photocatalysis and should certainly be taken into account in future

investigations.
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