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Abstract
The calculations of electronic g-tensors, one of themost important parameters in electron
paramagnetic resonance spectroscopy, are carried out for dangling bonds (DBs) introduced into
hydroxylated and aminated diamond nanoparticles, or nanodiamonds (NDs), of different shapes and
sizes. Regarding the shapes ofNDs, octahedral, cubic, and tetrahedralmodel systems are used, while
the impact of the change in size is inspected by increasing octahedral ND fromC35 toC84. The results
for singleDBs reveal that tetrahedral NDs exhibit thewidest variation range of the isotropic g-shift
values for both surface functionalization schemes, whereas the isotropic g-shifts of octahedral and
cubicNDs tend to strongly overlap. On the other hand, if one treatsNDs as an ensemble of
nanoparticles constituting a sample, the isotropic g-shifts arithmetically averaged over all available
DBs show that tetrahedral NDwith hydroxylated surface possesses a significantly higher value than
the rest of the considered systems.However, applying the Boltzmann distribution results in a
substantially lower value for cubicND. In contrast, aminatedNDs do not demonstrate average values
that stand out from the others, irrespective of the analysismethod employed.Overall, in addition to
the comprehensivemagnetic properties, the obtained data also provide interesting details on the
formation ofDBs in hydroxylated and aminatedNDs.

1. Introduction

Among a large variety of nanoparticles potentially attractive for the nanomedicine applications [1–3], carbon-
based nanodiamonds (NDs), in addition to the other beneficial properties [4], are able to offer low toxicity [5],
good biocompatibility [6], and high photostability [7]. These features are particularly desirable for the effective
non-invasive bioimagingwhich, in turn, is essential in enhancing the pre-clinical diagnosis and therapy [8],
especially in the field of cancer [9]. It should be noted that, besides the techniques that rely onfluorescence
microscopy [10] or soft x-ray tomography [11], NDs can also be visualized usingmagnetic resonance imaging
(MRI)—a tool which is highly valued for its excellent spatial resolution and lack of ionizing radiation [12].
However, neither direct [13]nor indirect [14] detection ofNDs viaMRIwould be possible without the presence
of a suitable paramagnetic reservoir necessary for the electron spin polarization transfer to the appropriate
nuclei. Having inmind that carbon dangling bonds (DBs) are one of themost abundant paramagnetic defects in
NDs [15–17], it is very likely that they have a huge impact on the ability to visualizeNDs in theMRI scans
[13, 14]. Therefore, wefind it important to conduct the research on these unpaired carbon electrons located at
the surface ofNDs.

In our previous paper dedicated forDBs inNDs [18], a focuswas put on hydrogenated and fluorinatedNDs
of different shapes and sizes, while for hydroxylated and aminatedNDs only the smallestmodel (C35) of themost
commonoctahedral shape [19]was applied. In this work, wewould like to expand the aforementioned
investigation onDBs by encompassingmoremodel systems for hydroxylated and aminatedNDs. It is
worthwhilementioning that hydroxylation and amination are commercially available surface functionalization
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schemes [20], besides, hydroxyl group dominates the surface of the high-pressure high-temperatureNDs [21]
and hydroxylatedNDs themselves can enable a broad variety of useful subsequent functionalizations like
silylation or acylation [22]. AminatedNDs, on the other hand, are of high interest for the theranostic
applications due to the possibility to conjugate various functional biomolecules via amide chemistry,
nucleophilic substitution, or condensation reactions [22]. In general, the shape, size, and surface
functionalization of nanoparticles have a profound impact on their transport, adhesion, and biodistritubion
[23]—critical properties in the area of nanomedicine. The study of differently shaped and sizedNDswith
hydroxylated and aminated surfaces contributes to the efforts to get awider picture of the behaviour inherent
forNDs.

The suitability of paramagnetic impurities for the visualization ofNDs employingMRI can be checked by
the electron paramagnetic resonance (EPR)measurements [13, 14, 24]. EPR is considered as a primary tool to
directly observe paramagnetic defects [17] and electronic g-tensor is one of its key parameters containing a
wealth of information about the electronic and geometrical structure of the investigated systems [25–27].
Needless to say, the accurate determination of g-tensor values—both experimentally and computationally—is
essential for the precise interpretation of EPR spectra and the proper identification of distinct paramagnetic
species present inNDs. SinceNDsmight be produced in various shapes, not tomention sizes [28], we have
evaluated the g-tensor dependence on the shape as well as size for hydroxylated and aminatedNDswith
introducedDBs. To be concrete, the g-tensor calculations were performed for octahedral, cubic, and tetrahedral
NDs, whereas the impact of the change in sizewas tested by increasing octahedrally-shapedND fromC35

(∼0.9 nm) to C84 (∼1.2 nm). Given that high qualityNDs as small as 1.1 nmwere successfully produced in the
laboratory [29], our research is not only theoretically significant—it actually broadens the knowledge about the
magnetic properties ofDBs in experimentally realizableNDs. In addition, it also reveals interesting details on
their formation hardly visible to the experiment. On thewhole, small size of NDsmight be advantageous in
nanomedicine applications since it facilitatesNDpenetration through narrow pores in biological structures like
nucleolemma and kidneyfiltration system [30], or blood-brain barrier [31]. But with the smaller size the reliable
characterization becomes rather problematic because the properties of suchNDs deviate from the known
properties and characteristics of bulk diamond and even largerNDs,making correct assignment of the analytical
signals complicated [32].We believe that the obtained theoretical data and its interpretationwill be useful in
analyzing, identifying, and explaining the results of EPRmeasurements onNDs.

2. Computational details

The geometry optimizationwas carried out with the ultrafast GFN2-xTBmethod [33] via xtb (version 6.4.1)
programpackage [34] exploiting it as an externalORCA (version 4.2.1) program systemmodule [35, 36]. GFN2-
xTB relies strictly on element-specific (not element pair-specific) and global parameters that were fitted to yield
reasonable structures, vibrational frequencies, and non-covalent interactions formolecules across the periodic
table. Themain focus of thismethod are organic, organometallic, and biochemical systems, with sizes
potentially exceeding a few thousand atoms [33]. Our previous investigation [37], partly dedicated for theDBs in
hydroxylated and aminatedNDs, has revealed that despite its semiempirical tight-binding natureGFN2-xTB
was able to provide results perfectly comparable to those of themuchmore robust hybrid density functional
theory (DFT) based scheme like PBE0/def2-TZVP [38, 39]. This finding allowed us to save a huge amount of
computational time and resources while optimizing geometry in the current study. Tomaintain the high level of
precision, the convergence criteria for the single-point calculations aswell as geometry relaxation procedures
were tightened as it was done previously [18, 37, 40–42]. To be concrete, the geometry optimizationwas
considered complete when five parameters satisfied the determined thresholds (in atomic units): the change in
energy (1 · 10−6), the root-mean-square values of gradients (3 · 10−5) and displacements (6 · 10−4), the largest
values of gradients (1 · 10−4) and displacements (1 · 10−3). In addition, the optimizationwas performed in
redundant internal coordinates using a quasi-Newton algorithmof BFGS type [43]. Concerning the accuracy
thresholds of the single-point calculations, theywere respectively set to 32, 2 · 10−9, 2 · 10−7, and 2 · 10−5 for the
parameters defining integral cutoff, integral neglect, self-consistent charge convergence, andwavefunction
convergence. DBswere introduced into geometrically optimizedNDs by removing appropriateOHorNH2

groups—single at a time—and then reoptimizing geometry of the resulting systems. All drawings were produced
with the visualization programVESTA [44].

The energetic analysis and electronic g-tensor calculations were conducted using the thoroughly tested [40]
combination of B3LYP/6-311G(2d,2p) [45–48]. Although the default values were selected formost of the
technical ORCA setup, DFT integration grid for the tightened self-consistent field (SCF) procedure was
increased (keywordGRID7), whereas grid for thefinal energy evaluationwas turned off. To reduce the
computational timewith theminimal loss of precision,modified resolution of the identity (RI) [49] and chain of
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spheres (COS) [50] techniques, commonly known as RIJCOSX approximation, were applied for theCoulomb
andHartree–Fock exchange interactions, respectively. An auxiliary Coulomb-fitting basis set was generated
automatically [51]. For the sake of greater accuracywhile utilizing the gauge-including atomic orbitals within the
effective nuclear charge framework [52–54], default COS gridwas substantially expanded (keywordGRIDX9)
and thefinal onewaswithdrawn.

From the experimental perspective, EPRmeasurements are interpreted by adopting the spinHamiltonian
(SH) concept [55]which allows to summarize the observed spectra into a set of phenomenological parameters.
In otherwords, EPR spectroscopists are able to perform analysis by applying the least-squaresfitting of SH
parameters to experimental data and thereby extract the SH values of interest [56]. Being one of the central SH
parameters, g-tensor describes the Zeeman interaction between an externalmagnetic field B


and an effective

spin S


of the system [57]:

ˆ · · ˆ ( )H gB S , 1SH Bm=
 

whereμB and g correspondingly denote the Bohrmagneton and g-tensor. From a theoretical point of view, this
quantity can be derived from the quantum chemistry calculations utilizing a variety of techniques [58–62]. In
this work, a coupled-perturbed SCF treatment was employed allowing the usage of hybridDFT functionals [59].
As for the calculations, the isotropic g-shift values (or simply the isotropic g-shifts) g were computed by
subtracting the free electron g-factor (ge= 2.0023193) from the isotropic g-tensor values g and expressing the
difference in parts permillion (ppm). g were taken as an arithmetic average of the principal components
gii (i= x, y, z)which, in turn, were obtained as the positive square roots of the eigenvalues of gT · g.

3. Results and discussion

The visual representation of hydroxylated and aminatedNDs can be found infigures 1 and 2, respectively. The
results of the electronic g-tensor calculations for theirDBs are correspondingly provided infigures 3 and 4.We
would like to emphasize that, in contrast to hydrogenated orfluorinatedNDs, the g-tensor needs to be evaluated
for all possibleDBpositions in hydroxylated and aminatedNDs, since in such systems due to their spatiallymore
complex surface structure no geometrically equivalent DBsmight exist. Trying to estimate only a few g-tensor
values for the randomly selected set ofDBswill not give a complete picture of this type ofmagnetic behaviour.
Therefore, we have performed 36 (C35), 64 (C84), 52 (C51), and 48 (C54) g-tensor calculations for each of the
investigated surface functionalization scheme thereby taking into consideration all possibleDBs.

Now let us take a closer look atfigure 3with the results of hydroxylatedNDs. Probably the first thing that
catches the eye is the distribution of the isotropic g-shifts for tetrahedral C51(OH)52, as one can easily distinguish
three groups ofDBs having similar g values. From the geometrical point of view, the first group (−135 to−96
ppm) consists ofDBs located at the vertices ofND, the second group (702 to 800 ppm) ismade ofDBs situated at
the facets ofND,whereasDBs from the third group (955 to 1208 ppm) are positioned at the edges ofND. This
finding actually confirms our previous observation on the octahedrally-shapedNDs [18] according towhich
hydroxylated and aminated systems do not possess geometrically equivalentDBs but, despite that, they do
possess geometrically similar ones. It basicallymeans that although the energies of theseDBsmay be very
dissimilar, the geometric similarity in some cases can be clearly reflected by their isotropic g-shifts fallingwithin
certain ranges of values. Concerning thewhole variation range of g , its span of 1343ppm (-135 to 1208 ppm) is
thewidest among all considered nanoparticles in the current work and somewhat reminds that offluorinated
NDs [18]. After stating this, it goes without saying that octahedral C35(OH)36 andC84(OH)64 show a lower
variation range of g : 967 ppm (142 to 1109 ppm) is demonstrated by the former and 790 ppm (285 to 1075
ppm) is exhibited by the latter. These numbers also indicate that an increase in octahedral NDs size resulted in a
slight decrease in their g range. In addition, neither C35(OH)36 norC84(OH)64 displays g values which are
below the lower bound (−135 ppm) or above the upper bound (1208 ppm) given by tetrahedral ND. The same is
true talking about cubic C54(OH)48, since its lowest (29 ppm) aswell as highest (1103 ppm) isotropic g-shifts also
fall within the range defined by the lower and upper bounds of C51(OH)52. But to be precise, its variation range
of g (1074 ppm) is a bit wider than that of C35(OH)36, not tomentionC84(OH)64. Taking all these observations
into account, it is obvious that the results of octahedral and cubicNDs are strongly overlapped almost
throughout thewhole range of their isotropic g-shifts. Starting from ∼700 ppm,DBs introduced into
tetrahedral NDproduce a large amount of overlapping g values too.However, themost intriguing thing that
should be pointed out is the isotropic g-shifts of the lowest energyDBs (represented by the black-colored
symbols). One can note that these g values for smaller octahedral (1066 ppm), larger octahedral (1040 ppm),
and tetrahedral (1203 ppm)NDs are not too distinct but the corresponding value for cubicND (327 ppm)
definitely stands out. From the geometrical perspective (see figure 1), the lowest energyDBs in tetrahedral as well
as both octahedral systems are irregular, that is, formed of theOH-bonded (orNH2-bonded for aminated
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surfaces) danglingC atom, and this apparently contrasts with cubicNDwhere the lowest energyDB is regular,
that is, composed of a danglingC atombonded by no other atoms thanC. Such finding reveals that the lowest
energyDBs in hydroxylated diamond nanoparticles are not necessarily of an irregular type, as would be
suggested by an analysis of our results for octahedral and/or tetrahedral NDs only. It is interesting to notice
though that irregularDBs in hydrogenated and fluorinatedNDs of octahedral shapewere found to be themost
energetically unfavorable among all available DBs [18], indicating howdiversely different surface
functionalization schemesmay behave.

The results of g-tensor calculations forDBs in aminatedNDs, graphically summarized infigure 4, show that
tetrahedral C51(NH2)52 possesses thewidest span of g values (889 ppm), however, it is narrower compared to
that of tetrahedrally-shapedNDwith hydroxylated surface (1343 ppm).What ismore, the isotropic g-shifts for
DBs at the edges (424 to 671 ppm) and facets (626 to 909 ppm) ofND are hardly distinguishable and appear to be
reversed in terms of the order one could previously see for C51(OH)52 exhibiting lower values forDBs at the
facets (702 to 800 ppm) and higher values forDBs at the edges (955 to 1208 ppm). Despite these differences, g
forDBs at the vertices (20 to 43 ppm) remain clearly separated from the values forDBs at the edges and facets.

Figure 1.Visual representation of hydroxylatedNDs: octahedral (a)C35(OH)36 and (b)C84(OH)64 as well as (c) tetrahedral C51(OH)52
and (d) cubic C54(OH)48. Grey, red, and pink balls stand for carbon, oxygen, and hydrogen atoms, respectively. The labelled atoms are
the ones that should be removed to obtain the lowest energyDB.
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Needless to say, the variation ranges of g for octahedral C35(NH2)36 andC84(NH2)64 are lower in comparison
toC51(NH2)52: 314 ppm (277 to 591 ppm) can be noted for the former and 548 ppm (319 to 867 ppm) for the
latter. It is obvious aswell that none of these octahedral NDs demonstrate g values which are below the lower
bound (20 ppm) or above the upper bound (909 ppm) determined by tetrahedral ND. But an interesting thing
though is the trend related to the change in size which contrasts with the behaviour observed for the
hydroxylated surface, since an increase in octahedral NDs size now results in an increase, not a decrease, in the
variation range of their isotropic g-shifts. And g range for C84(NH2)64 is actually slightly wider than that for
cubic C54(NH2)48 (533 ppm), whose lowest (131 ppm) and highest (664 ppm) values also fall within the range
confined by the lower and upper bounds of tetrahedral ND.Concerning the tendency related to the overlap of
the results, it does not seem to be too different from the one seen for hydroxylated systems, except that the
heaviest overlap is present at somewhat lower g range from ∼400 to ∼600 ppm. The lowest energyDBs, on the
other hand, are all irregular, including even cubicND (see figure 2), and it is therefore not very surprising that
their isotropic g-shifts are quite similar—529 ppm for C35(NH2)36, 580 ppm for C54(NH2)48, 583 ppm for
C51(OH)52, and 608 ppm for C84(NH2)64. Nevertheless, wewould like to stress that in general one should not

Figure 2.Visual representation of aminatedNDs: octahedral (a)C35(NH2)36 and (b)C84(NH2)64 as well as (c) tetrahedral C51(NH2)52
and (d) cubic C54(NH2)48. Grey, azure, and pink balls stand for carbon, nitrogen, and hydrogen atoms, respectively. The labelled
atoms are the ones that should be removed to obtain the lowest energyDB.
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rule out the possibility to deal with the lowest energyDBs of a regular type, as they could be inherent for
aminatedNDs of other shapes and/or sizes whichwere not considered in the current study.

It is evident that the preceding data analysis focuses on the results for singleNDs, while experimentally an
average value of g for an ensemble of nanoparticles that constitute a sample is observed [63]. In order to take
this into account, let usmake a simplifying assumption that the ensembles ofNDs are formed by diamond
nanoparticles of the same shape and size. This does not sound unrealistic, given that the centrifugation process
may be shape-dependent, possibly separating nanoparticles not only of different sizes but also of different shapes
[64]. Having inmind that it is common to apply such processes as crushing, grinding, or nanomilling during the
fabrication procedure ofNDs [63], one couldmake another assumption that the formation of their DBsmight
occur in a random statisticalmanner. That being said, we have averaged isotropic g-shifts over all DBs available
in a particularND and the obtained results are listed in table 1.Here, it can be noted that the arithmetic averages
of g for smaller octahedral (554 ppm), larger octahedral (587 ppm), and cubic (479 ppm)NDswith
hydroxylated surfaces are rather similar but the respective arithmetic average for tetrahedral ND (922 ppm) is
considerably higher. On the other hand, the arithmetically averaged g for tetrahedralNDwith aminated
surface (557 ppm) does not stand out from the corresponding values demonstrated by smaller octahedral
(462 ppm), larger octahedral (580 ppm), and cubic (403 ppm)NDs. In general, one can state that the results of
hydroxylated nanoparticles appear to be higher than the respective results of aminatedNDs.

The assumption that the formationofDBsmight occur in a randomstatisticalmanner does not take into
consideration their total energy distribution or, simply speaking, the fact that total energies of someDBs are
noticeablyhigher compared to the others. In order to reveal the impact of this factor, wehave estimated the
formationprobabilities ofDBs via Boltzmanndistribution at a temperature of 300K and employed themwhile
calculating the average value of g for a particularND.Aswith the arithmetic averages, the evaluatedBoltzmann-
weighted averages can also be found in table 1. But before goingdeeper, wewould like to point out the influence the
lowest energyDBshave on the obtained results. Regarding thehydroxylated systems, the formation probability of
the lowest energyDB is 0.91 for smaller octahedral, 0.85 for larger octahedral, 0.44 for tetrahedral, and 0.99 for
cubicNDs,whereas in case of amination the corresponding values are 0.67, 0.36, 0.65, and 0.99.The given
numbers actually imply that the contribution of the lowest energyDBs to theBoltzmann-weighted average of
isotropic g-shifts is truly significant and for someNDs even absolutely dominant, and this is the reasonwhywe

Figure 3. Isotropic g-shifts g calculated for all possibleDBpositions in hydroxylatedNDs. Black-colored symbols represent the
lowest energyDBs.
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have highlighted theseDBs inour previous analysis ondata provided infigures 3 and 4.Now let us get back to
table 1.Concerning the hydroxylated nanoparticles, one canfind that the application ofBoltzmanndistribution
results in substantially increased averages for smaller octahedral (1060 ppm) aswell as larger octahedral (991 ppm)
NDs.A smaller increase is also observed for tetrahedralND (1180 ppm), however, a decrease compared to an
arithmetic average is demonstrated by cubicND (327 ppm), and this considerably lower numbermakes cubic
system stand out from the rest of the hydroxylatednanoparticles. But despite such trend, cubicNDwith aminated
surface does not distinguish fromother aminatedNDs, as its Boltzmann-weighted average of g (579 ppm) is very
similar to the respective values estimated for smaller octahedral (528 ppm), larger octahedral (586 ppm), and
tetrahedral (605 ppm)NDs. In addition, an employment ofBoltzmanndistribution tends to increase the averages
of isotropic g-shifts for all aminatedNDs,with cubicNDbeing affected themost.Onemay also notice that,
compared to the results of hydroxylated systems, the corresponding numbers of aminatednanoparticles seem to be
lower, except for the cubicND.On thewhole, wewould like to emphasize that the averages of g showanegligible
dependenceon the size of hydroxylatedNDs but the sensitivity to the change in shape is clearly pronounced,
regardless of the analysismethodused. AminatedNDs, on the other hand, behave quite differently, since their

Figure 4. Isotropic g-shifts g calculated for all possibleDBpositions in aminatedNDs. Black-colored symbols represent the lowest
energyDBs.

Table 1. Isotropic g-shifts g (in ppm) averaged over all DBs introduced into a particular hydroxylated or
aminatedND.

Hydroxylated Aminated

NDs Arithmetic average Boltzmann average Arithmetic average Boltzmann average

Octahedral C35 554 1060 462 528

Octahedral C84 587 991 580 586

Tetrahedral C51 922 1180 557 605

Cubic C54 479 327 403 579
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averages of isotropic g-shifts donot exhibit such a clearly expressed dependence on the shapeofNDs,while
sensitivity to the change in size is notnegligible but still can be considered asweak.

From the experimental perspective, a typical g value associatedwithDBs inNDs (of an unspecified surface
functionalization, unfortunately) is ∼480± 200 ppm [16]. By comparing this number to the numbers presented
in table 1, one can note that the results of aminatedNDs fall within the range defined by the lower (∼280 ppm)
and upper (∼680 ppm) bounds of experimental estimates. But the same cannot be said about hydroxylated
nanoparticles, as only the values of cubic system fully agreewith the experimentalmeasurements, while
Boltzmann-weighted averages for the rest of NDs are too high. And the fact that an arithmetic average of
tetrahedral ND also exceeds the upper experimental limit raises an interesting questionwhether EPR
measurements conducted solely on hydroxylatedNDswould show g values different from the ones typically
associatedwithDBs inNDs. It seems that theremight be some potential for this to happen.

It is also interesting to take a look at values inherent forDBs inother systemswith chemically similar elements.
As an example, EPRmeasurements onDBs in the hydrogenated amorphous silicon show g of ∼3480±
200ppm [65], whileDBs located at the interface ofGe/GeO2possess g of ∼9350± 400ppm [66]. These
numbers clearly indicate that it is highly unlikely to confuseDBs inNDswithDBs in Si- orGe-basedmaterials.

4. Conclusions

In this paper, the electronic g-tensor calculations were performed forDBs introduced into hydroxylated and
aminatedNDs of different shapes and sizes. It is revealed that tetrahedrally-shapedNDs demonstrate thewidest
span of the isotropic g-shift values for both surface functionalization schemes, while isotropic g-shifts of
octahedral and cubicNDs strongly overlap.However, cubicNDwith hydroxylated surface possesses the lowest
energyDBof a regular type, contrastingwith other investigated systems forwhich the lowest energyDBs are
irregular. The difference in behaviour is also seen regarding the change in size, as an increase fromC35 toC84

decreases the variation range of the isotropic g-shift values for hydroxylatedNDs, but an increase is exhibited by
aminatedNDs. In caseNDs are treated as an ensemble of nanoparticles constituting a sample, the isotropic g-
shifts arithmetically averaged over all available DBs show that tetrahedral NDwith hydroxylated surface stands
out from the rest of the considered systems, as its result is higher compared to the experimental findings forDBs
inNDs of an unspecified surface functionalization. And if Boltzmann distribution is taken into account, in
addition to the aforementioned tetrahedral ND, octahedrally-shaped systemswith hydroxylated surface also
apparently exceed EPRmeasurements, while aminatedNDs agree with the experimental data within themargins
of error. The sensitivity to the change in size, on the other hand, can be considered as weak for both surface
functionalization schemes, irrespective of the analysismethod applied.

Data availability statement

The data cannot bemade publicly available upon publication because the cost of preparing, depositing and
hosting the datawould be prohibitive within the terms of this research project. The data that support the
findings of this study are available upon reasonable request from the authors.
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