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The geometric configuration of dangling bonds (DBs) - one of the most abundant paramagnetic defects
in nanodiamonds (NDs) - is investigated by applying the global optimization algorithm (GOAT). A total of
more than five million geometry optimization runs are carried out to search for the lowest-energy conform-
ers of DBs introduced into hydroxylated and aminated NDs. An analysis of over 3,000 electronic g-tensor
calculations performed for the obtained structures shows that only three unique DB types are present in
octahedrally shaped C,.,(OH),, and C,.(NH,),, nanoparticles, enabling future studies on similar NDs with
fully functionalized surfaces to consider a relatively small number of DBs and thereby save computational
time and resources. It is also revealed that the arithmetically averaged isotropic g-shifts from the geometries
of the standard optimization agree well with the GOAT results, although the behaviour of individual DBs

is not properly captured.
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1. Introduction

An impressive mixture of beneficial properties that
nanodiamonds (NDs) possess [EI] makes them at-
tractive candidates in various fields of nanomedi-
cine, including bioimaging, drug delivery, and bone
tissue engineering [P]]. Non-invasive bioimaging,
for example, is crucial for improving pre-clinical
diagnosis and therapy [H], as it allows the monitor-
ing of drug distribution in the body, the tracking of
treatment response, and the evaluation of drug de-
livery system effectiveness [H]. Although NDs can
in principle be visualized by magnetic resonance
imaging [E, E] - a highly valued non-invasive mo-
dality, — the presence of paramagnetic impurities in
NDs is an essential factor that enables the applica-
tion of this technology. Given that dangling bonds
(DBs) are among the most abundant paramagnetic
defects in NDs [ﬁ], and hydroxylation as well as

amination are among the most popular surface
functionalizations exploited [H], DBs introduced
into hydroxylated and aminated NDs have become
the focus of our research.

In our previous work [E], NDs with hydroxylat-
ed and aminated surfaces were studied with respect
to the magnetic properties, namely, the electronic
g-tensor of their DBs. As one of the most important
parameters of electron paramagnetic resonance
(EPR), the g-tensor contains a wealth of informa-
tion about the electronic and geometric structure
of the investigated open-shell systems [], while
EPR itself is an invaluable tool to directly observe
paramagnetic defects []. Needless to say, the g-
tensor calculations were carried out after the ge-
ometry optimization of DBs [E]. However, due to
the surface complexity of hydroxylated and ami-
nated NDs, the standard optimization procedure
does not necessarily guarantee the convergence to
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their lowest-energy structures, which may affect
the properties of interest. Luckily, the new release
of the ORCA software [@] introduces the global
optimization algorithm (GOAT) for molecules and
atomic clusters []. In short, GOAT operates by
performing cycles of uphill moves on the potential
energy surface to cross energy barriers, followed
by downhill optimizations to locate new minima.
It uses a simulated annealing-like approach with
a self-regulating fictitious temperature to deter-
mine the acceptance of new conformers. This tool
finds global energy minima and relevant conform-
ers without relying on molecular dynamics, mak-
ing it computationally efficient and applicable to
any regular quantum chemistry method. Com-
bined with the ultrafast approximations such as
GFN2-xTB [], GOAT provides a solid platform
for exploring the vast conformational space that
the flexible surfaces of hydroxylated and aminated
NDs possess. That being said, we decided to assess
the reliability of our previous results [E] by employ-
ing the geometries of DBs obtained from the GOAT
optimization. It should be emphasized that al-
though the utilization of GOAT plays a central role
in this study, our primary interest lies not in the ge-
ometries per se, but in how they affect the g-tensor
values. On the one hand, a side-by-side comparison
of distinct conformers is rather complicated, while
on the other hand, the g-tensor is highly sensitive
to the local environment and therefore perfectly
reflects geometric differences. The GOAT optimi-
zation and subsequent g-tensor calculations were
done for DBs introduced into octahedrally shaped
C,.(OH),, and C,(NH,), nanoparticles. An addi-
tional investigation also involved a slightly larger
hydroxylated ND, C, (OH),,, of tetrahedral shape.

2. Computational details

All geometry optimizations were performed with
the ultrafast semiempirical tight-binding GFN2-
xTB method [|14] via the xtb program package (ver-
sion 6.7.1) [[15] exploiting it as an external module
for the ORCA quantum chemistry program suite
(version 6.0.1) [@, E, @]. In order to mimic
the water environment potentially important for
the applications of NDs, the analytical linearized
Poisson-Boltzmann solvation model [] was
used during those runs. Concerning the GOAT al-
gorithm [], the search for the global minimum

was guided by the convergence of energy as well as
the maximization of conformational entropy. For
each GOAT step, the number of conducted geom-
etry optimizations varied from 6,032 for C,,(OH),,
to 9,288 for C(NH,), and 10,608 for C, (OH),..
Since between three and 11 GOAT steps were re-
quired for each considered DB, more than five mil-
lion geometry optimization runs were carried out
in total.

The electronic g-tensor calculations - more
than 3,000 in total — were done using the thor-
oughly tested [19] combination of B3LYP/6-
311G(2d,2p) [] within the effective nuclear
charge framework [] that also incorporat-
ed the gauge-including atomic orbitals. In order
to significantly reduce the computational time,
the modified resolution of the identity [@] and
chain of spheres [@] techniques were applied for
the Coulomb and Hartree-Fock exchange inter-
actions, respectively. def2/] [@] was chosen as an
auxiliary Coulomb-fitting basis set. The isotropic
g-shift values (or simply the isotropic g-shifts) Ag
were computed by subtracting the free electron
g-factor (g = 2.0023193) from the isotropic g-ten-
sor values g and expressing the difference in parts
per million (ppm). & was taken as an arithmetic
average of the principal components g, (i = x, y, z)
of the g-tensor which, in turn, was obtained as
the positive square roots of the eigenvalues of g™-g.

In order to maintain the high level of precision,
the convergence criteria for the single-point calcu-
lations as well as geometry relaxation procedures
were tightened as it was done previously [E, @
30-33]. Carbon DBs of a doublet electronic state
were introduced into NDs by selectively removing
OH or NH, groups, one at a time. All drawings pre-
sented in the study were produced with the visuali-
zation program VESTA [@].

3. Results and discussion

A visual representation of hydroxylated and ami-
nated NDs is shown in Fig. m The results of the elec-
tronic g-tensor calculations for DBs introduced into
C,,(OH), and C,,(NH,), are provided in Figs. @ and

, respectively. In Fig. [}, one may observe that stand-
ard geometry optimization yields DB structures with
a large variation in the isotropic g-shift values (red
squares), which appear to be distributed in a quasi-
uniform manner. The application of GOAT (blue
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(a)

(c)

(b)

Fig. 1. Visualization of NDs: octahedral (a) C,.(OH),, and (b) C,.(NH,),_ as
well as (c) tetrahedral C, (OH).,,. Grey, red, azure and pink balls correspond
to the carbon, oxygen, nitrogen and hydrogen atoms, respectively. Carbon
atoms that represent the positions of unique DBs are labelled and for a better

contrast marked in green.

circles), on the other hand, drastically changes
the picture, as the lowest-energy structures found
via this algorithm demonstrate three clearly sepa-
rated regions of g-shifts. The first region comprises
Ag values ranging from 221 to 267 ppm, the sec-
ond from 464 to 559 ppm, and the third from 976
to 1005 ppm. However, the most important find-
ing is that DBs belonging to the same region are of
the same type. To be precise, DBs, the g-shift val-
ues of which fall in the first region, are of C2-type,
as marked in Fig. (a), whereas the second region
contains C3-type DBs and the third region consists
of Cl-type DBs. Generally speaking, C,.(OH),_ is
functionalized with 36 hydroxyl groups, and the re-
moval of each will result in 36 individual DBs. For
a system with a simpler surface functionalization,
such as C,_H,,, it is easy to prove that only three
of the 36 available DBs are unique by comparing
their g-shifts after the standard geometry optimiza-
I

tion [|19] (a comparison of energies alone is not re-

liable since very similar energies can correspond to
quite different geometries). Unfortunately, thisis not
the case concerning hydroxylated or aminated NDs
due to their more complex surface composition. In
our previous studies B}, ] based on the standard
geometry optimization, we raised an assumption
that hydroxylated and aminated NDs might not
possess geometrically equivalent DBs, but they
do possess geometrically similar ones. The GOAT
data given in Fig. @ indicate that, rather than be-
ing merely geometrically similar, DBs in these sys-
tems appear to be geometrically equivalent. How-
ever, a rigorous proof of their equivalence - by
demonstrating identical Ag values in the selected
region — is complicated because of the vast con-
formational space that must be explored. Never-
theless, something can still be done to improve
the situation. In order to fully exploit the confor-
mational diversity unravelled by GOAT, we extend-
ed our analysis by performing g-tensor calculations
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Ag (ppm)

DBs introduced into hydroxylated ND

Fig. 2. Isotropic g-shifts Ag calculated for all possible DB positions in C,,(OH),,
after standard and GOAT optimizations. Black symbols represent DBs that pos-
sess the lowest energy among all considered DBs. For clarity, green boxes indi-
cate GOAT (Boltzmann) data points associated with the same DB type.

for the 30 energetically lowest structures of each
DB. The contribution of the considered conform-
ers was evaluated by applying the Boltzmann dis-
tribution at a temperature of 300 K, meaning that
every new GOAT data point (green triangles) ac-
tually represents the Boltzmann-weighted average
of the isotropic g-shifts for the 30 lowest-energy
conformers of a particular DB. On the one hand,
such treatment provides a better approximation
of real-world conditions, which naturally account
for thermal effects, while on the other, it leads to
a narrower distribution of the g-shift values. To be
concrete, the variation range of Ag decreases from
46 to 15 ppm for C2-type DBs (the first region),
from 95 to 30 ppm for C3-type DBs (the second
region), and from 29 to 18 ppm for Cl-type DBs
(the third region). Given that 30 ppm corresponds
to the error margin of a high-precision EPR experi-
ment, it is clear that the Boltzmann-weighted aver-
ages exhibit minimal deviations, which, in princi-
ple, confirms the idea that only three unique DB
types comprising 12 geometrically equivalent DBs
each exist in C,,(OH),.. The physical origin of their
uniqueness is determined by the local surface en-
vironment in ND: Cl-type DBs are positioned at

the vertices, while C2-type and C3-type DBs are
located at the edges of ND. The distinction between
C2-type and C3-type DBs is that the former ones
are situated in the vicinity of the vertices, where-
as the latter ones are not, with a non-OH-bonded
carbon atom neighbouring them. One more thing
to note regarding the analysis of data is that both
the standard and GOAT optimizations identify
the lowest-energy DBs (black symbols) as C1-type
or irregular (i.e. formed of the OH-bonded dan-
gling C atom).

The data for C,,(NH,),,, presented in Fig. E, are
rather different from what was seen in the case of
hydroxylated ND. Although the g-shifts obtained
after the standard geometry optimization (red
squares) are also distributed in a quasi-uniform
manner, the span of their values is much narrower
now, reaching only 314 ppm (277 to 591 ppm) com-
pared to 967 ppm (142 to 1109 ppm) for C,.,(OH),_.
Such a narrow range naturally makes it more chal-
lenging to distinguish regions of the geometrically
equivalent DBs. And indeed, an employment of
GOAT with Boltzmann-weighted averaging for
the 30 lowest-energy conformers of each DB (blue
circles) results in one apparently separated region
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Ag (ppm)

DBs introduced into aminated ND

Fig. 3. Isotropic g-shifts Ag calculated for all possible DB positions in C,,(NH,)

36

after standard and GOAT optimizations. Black symbols represent DBs that pos-
sess the lowest energy among all considered DBs. For clarity, green boxes indi-
cate double GOAT (Boltzmann) data points associated with the same DB type.

of Ag (353 to 453 ppm), belonging to the C2-type
DBs. Visually, the remaining part appears as a co-
hesive whole, and a detailed analysis reveals that
the g-shift values of C3-type DBs (520 to 568 ppm)
and C1-type DBs (535 to 607 ppm) somewhat over-
lap. In order to get a clearer picture, GOAT opti-
mization was carried out again, since each GOAT
run for such a complex system as C,,(NH,),  tends
to converge to slightly distinct lowest-energy struc-
tures of DBs. The obtained conformers were com-
bined with those from the previous GOAT run,
and the Boltzmann-weighting procedure, along
with g-tensor calculations, was repeated for the 30
lowest-energy samples out of the new combina-
tions. The results (green triangles) from this double
GOAT optimization, hereafter referred as double
GOAT results, show that for C2-type DBs the vari-
ation range of Ag gets significantly reduced from
100 to 47 ppm. On the other hand, no evident gap
is still observed between the g-shifts of C3-type and
Cl-type DBs. However, their values do not over-
lap anymore, falling in separate ranges from 531 to
567 ppm for the former and from 573 to 610 ppm for
the latter. This also means that the variation range
of Ag decreases from 48 to 36 ppm for C3-type DBs

and from 72 to 37 ppm for C1-type DBs. Although
these numbers are worse than the variation ranges
observed for C,(OH),, they are nevertheless below
a solid threshold of 50 ppm, indicating that the ge-
ometrically equivalent DBs in C,(NH,),, can be
grouped into three types as well. Another similar-
ity with hydroxylated ND is that the lowest-energy
DBs (black symbols) were identified as C1-type or
irregular (i.e. formed of the NH -bonded dangling
C atom) by both geometry optimization methods.
Concerning the energetics of DBs in C,,(OH),,
and C,(NH,),,, Figs. @ and E demonstrate the dis-
tribution of isotropic g-shifts as a function of rela-
tive DB energies. Here, a zero value of AE represents
the lowest-energy DBs, while others correspond to
the higher-energy structures. In Fig. @, the GOAT
data of C, (OH),, indicate that the span of AE values
for all three DB types does not exceed 1 kcal/mol,
but despite that, AE overlap between C1-type (0 to
0.5 kcal/mol) and C3-type (0.3 to 0.9 kcal/mol) DBs
exists, making identification of DBs based solely
on their energies from a single GOAT run rather
complicated. In contrast, the double GOAT data of
C,,(NH,),, in Fig. E reveals that AE values for C1-type
(0 to 4.9 kcal/mol), C2-type (20.1 to 23.2 kcal/mol)
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Ag (ppm)

AE (kcal/mol)

Fig. 4. Distribution of isotropic g-shifts Ag as a function of relative DB energies
AE in C(OH),.. A zero value of AE corresponds to the lowest-energy DBs.

For clarity, green boxes indicate GOAT (Boltzmann) data points associated with
the same DB type.

Ag (ppm)

AE (kcal/mol)

Fig. 5. Distribution of isotropic g-shifts Ag as a function of relative DB energies
AEin C,(NH,),,. A zero value of AE corresponds to the lowest-energy DBs. For

clarity, green boxes indicate double GOAT (Boltzmann) data points associated
with the same DB type.
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and C3-type (6.3 to 10.7 kcal/mol) DBs do not
overlap, although their spans are wider, varying
from 3.1 to 4.9 kcal/mol. Needless to say, the pres-
ence of three distinct energy regions in C,.,(NH,),
supports the conclusion about three unique DB
types derived from the previous analysis of AZ val-
ues. It should also be mentioned that for both NDs
standard optimization yields highly scattered data,
hindering a clear interpretation of DB behaviour.
The preceding analyses address the results
for individual NDs, whereas experimentally one
measures an average of Ag for the entire ensemble
of nanoparticles in a sample. In order to account
for the difference, we first introduce a simplifying
assumption that the ND ensembles consist of dia-
mond nanoparticles with identical shapes and siz-
es. This is not unreasonable, since centrifugation
may separate nanoparticles not only by size but,
possibly, by shape as well [@]. Considering that
fabrication of NDs often involves processes such
as crushing, grinding, or nanomilling [ﬁ], itis also
reasonable to assume that the formation of their
DBs occurs in a random manner. That being said,
we averaged the isotropic g-shift values over all
DBs introduced into a particular ND. In the case
of C(OH),,, the arithmetic average of Ag for
the standard geometry optimization is 554 ppm,
while the average for the GOAT optimization with
the Boltzmann distribution is 591 ppm. It is in-
teresting to note that the difference between these
numbers is only 37 ppm, despite the highly dis-
tinct Ag distribution manner of individual DBs.
For C,(NH,),,, the corresponding numbers for
the standard geometry optimization and the dou-
ble GOAT optimization are 462 and 512 ppm,
respectively, pointing to a very similar tendency
observed for hydroxylated ND. From a statistical
perspective, it seems that the standard geometry
optimization yields fairly reliable data. However,
in order to strengthen this assertion, we analyzed
an additional system - a tetrahedrally shaped ND
with a hydroxylated surface, C, (OH),, Based
on the knowledge gained from the investigation
of C,,(OH),, in the current study, we focused on
GOAT optimization for only four DBs that are
known to be unique in analogous hydrogenated
ND [@, ; see Fig. (c)]. Once again, the Boltz-
mann distribution at a temperature of 300 K
was applied for the 30 lowest-energy conform-
ers of each DB. The average value of the resulting

g-shifts was calculated by taking into account
an appropriate contribution of each DB type to
the total set of 52 DBs. Compared to the average of
Ag for the standard geometry optimization of all
52 DBs (922 ppm) [M], the obtained GOAT aver-
age (866 ppm) is slightly lower, but the difference
of 56 ppm is small enough to confirm our claim
regarding the statistical reliability of the standard
optimization data.

Summing up, the surface complexity of hy-
droxylated and aminated NDs makes it difficult
for the standard geometry optimization procedure
to converge to the lowest-energy configurations of
DBs, whereas the application of GOAT enables
one to identify the energetically lowest struc-
tures. The observation that the averaged isotropic
g-shifts from the standard and GOAT optimiza-
tions coincide well for the investigated C,.(OH),,,
C,,(NH,),, and C, (OH),, nanoparticles suggests
that our previously obtained statistical data for
hydroxylated and aminated NDs of other shapes
and sizes [E] are also valid, despite the improp-
erly captured individual behaviour of DBs. In ad-
dition, herein we provide a strong evidence that
hydroxylated and aminated NDs do possess geo-
metrically equivalent DBs, thereby dispelling our
earlier doubts about their existence [E, E]. This is
very important for future studies on similar NDs
with fully functionalized surfaces because, in or-
der to obtain a complete picture of this type of
magnetic behaviour or other properties, it is no
longer necessary to consider all possible DBs in
the system, allowing a reliable analysis with much
less effort.

4. Conclusions

To conclude, the GOAT algorithm was used to
search for the lowest-energy structures of DBs in-
troduced into hydroxylated and aminated NDs. By
comparing the isotropic g-shifts of the obtained
conformers, it is revealed that only three unique
DBs out of 36 available ones exist in octahedrally
shaped C,(OH),, and C,(NH,),,, consistent with
the nature of analogous but structurallyless complex
systems like C,_.H, or C,F, . This finding facilitates
future studies on similar NDs with fully functional-
ized surfaces by allowing the investigation of their
DBs at a significantly reduced computational cost.
The g-tensor calculations based on the geometries
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from the standard optimization indicate that
the behaviour of individual DBs is not properly
captured using such an approach. However, the ar-
ithmetically averaged g-shifts, potentially reflecting
experimental conditions, demonstrate a fairly good
agreement with the GOAT results. This trend was
also confirmed by an additional investigation on
the hydroxylated ND of tetrahedral shape.
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Santrauka

Nanodeimantai (ND) yra deimanto nanodalelés,
kuriy dydis siekia nuo apytiksliai vieno iki keliolikos
desim¢iy nanometry. Jos pasizymi nanomedicinai itin
tinkamomis savybémis: isskirtiniu biosuderinamumu,
didele pernasos talpa bei nepaprastai gausia pavirSiaus
funkciniy grupiy jvairove. Ta¢iau vienas i§ ND panaudo-
jimo trakumy - sudétinga sekti jy lokalizacijg ir judéji-
ma in vivo, todél tai apriboja galimybe stebéti ilgalaikio
gydymo eiga. Vis délto tiek magnetinio rezonanso, tiek
fluorescencijos pagrindo ND vizualizacija yra jmanoma,
bet tam butini paramagnetiniai defektai. Kadangi ne-
kompensuotieji ry$iai (NR) yra vieni i§ dazniausiai ND
susidaranc¢iy paramagnetiniy defekty, $iame darbe tiria-

ma jy geometriné konfigaracija hidroksilo ir amino gru-
pémis funkcionalizuotuose ND. Atsizvelgus j tokiy ND
pavir$iaus geometrinj sudétingumga, tyrimams taikytas
globaliosios optimizacijos algoritmas, kuris, priesingai
nei standartiné geometrijos optimizacijos procediira, uz-
tikrina visuotinai Zemiausios sistemos biisenos paieska.
Optimizuotos NR struktiros buvo panaudotos jverti-
nant elektroninj g-tenzoriy - vieng svarbiausiy elektrony
paramagnetinio rezonanso parametry. Gauti rezultatai
rodo, kad oktaedrinés formos C, (OH), ir C,(NH,),
nanodalelése egzistuota tik trys unikaliis NR, o tai sutei-
kia vertingos informacijos ateities ND tyrimams ir lei-
dzia reik§émingai sutaupyti skaic¢iavimo laiko ir istekliy.
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