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ABSTRACT: The electronic g-tensor calculations are performed for dangling bonds (DBs)
introduced into nanodiamonds (NDs) with four different functional groups on their surfaces. For
hydrogenated and fluorinated NDs, it is found that g-shifts of the latter vary in a much wider
range, and the same is also true for the total energy differences between the highest and the
lowest energy DBs. In addition, it is shown that the shape of NDs significantly impacts the
energetics and g-shifts of DBs, whereas the influence of the size is much less pronounced, as is the
influence of the presence of one DB in the vicinity of the other, resulting in no substantial change
on their magnetic behavior. For hydroxylated and aminated NDs, it is demonstrated that the variation range of g-shifts is larger for
the former, whereas the opposite is seen regarding the total energy differences. On the whole, some of the positions of DBs can be
energetically very costly in these NDs; besides, the lowest energy DBs are irregular, that is, formed by OH- and NH2-bonded C
atoms, contrasting with hydrogenated and fluorinated NDs, for which irregular DBs are the most energetically unfavorable.

■ INTRODUCTION

Nanodiamonds (NDs), being well suited to act as theranostic
platforms,1−3 deserve special attention among the members of
the vast family of biotechnologically attractive nanoparticles.4

In recent years, biomedical applications of NDs have become
even more promising due to the experimental findings that,
along with luminescence-based techniques, NDs can also be
directly5 or indirectly6 detected using magnetic resonance
imaging (MRI)the gold standard for non-invasive high-
contrast visualization. Within the MRI framework, the direct
detection of ND is performed via its 13C nuclei, while the
imaging of 1H nuclei surrounding the ND is required for its
indirect detection. However, neither of these MRI scans for
NDs would be successful without the presence of paramagnetic
centers, the suitable reservoir of which is necessary for the
transfer of spin polarization from their electrons to the
aforementioned carbon and hydrogen nuclei. Luckily, electron
paramagnetic resonance (EPR) measurements have shown1,5,6

that commercially available high-pressure high-temperature
NDs provide such a reservoir, most likely in the form of surface
dangling bonds (DBs) and other paramagnetic impurities. As
carbon DBs of sp3-type are considered one of the most
abundant paramagnetic defects in NDs,7,8 they have become
the focus of our research.
Unlike other spectroscopic and analytical methods, EPR is

able to offer important information about the structure and
dynamics of a system, including the chemical and physical
processes occurring therein.8 Since electronic g-tensor,
describing the magnetic moments of the unpaired electrons
under the influence of their local environment,9 is one of the
key parameters of this powerful tool, its careful analysis is
crucial for the proper interpretation of the measured EPR

spectra. Therefore, we have carried out g-tensor calculations
for DBs introduced into NDs with experimentally realized or
even commercially available surfaces consisting of such
groups10 as H, F, OH, and NH2similarly as in the study
on magnetical and optical properties of nitrogen vacancy
centers.11 Concerning hydrogenated NDs, we have expanded
our previous work12 by including octahedrally shaped C165H100

among the modeled systems, while for fluorinated NDs,
octahedral C84F64 and C165F100, as well as cubic C54F48 and
tetrahedral C51F52, were newly added. Hydroxylated and
aminated NDs were fully investigated for the first time, but
due to the substantially increased amount of calculations, we
have confined ourselves to the smallest models C35(OH)36 and
C35(NH2)36 of the most common octahedral shape.13 In
addition, the simultaneous presence of several DBs in
hydrogenated and fluorinated NDs was analyzed and a
comparison of the obtained results to the available
experimental data was presented. Overall, this type of
investigation not only allowed us to produce new information
on the g-tensor values but also provided interesting insights
into the formation of DBs from the energetic point of view and
their identification in EPR spectra.
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■ COMPUTATIONAL DETAILS

All results presented in this study were obtained using the
ORCA (version 4.2.1) quantum chemistry package.14,15 For
the geometry optimization, a low-cost PBEh-3c method,16

applied in our recent work on the hydrophilic and hydrophobic
NDs interacting with water,17 was chosen, while for the g-
tensor calculations, a combination of hybrid B3LYP func-
tional18,19 and 6-311G(2d,2p) basis set,20,21 tested in our
previous investigation on the magnetic properties of NDs,22

was utilized.
The default values were selected for most of the technical

setup; however, DFT integration grid for the self-consistent
field (SCF) procedure was increased (keyword GRID7),
whereas grid for the final energy evaluation was turned off.
Additionally, tight convergence criteria were set for geometry
optimization and SCF procedure in the case of PBEh-3c
calculations and very tight convergence criteria were chosen for
SCF procedure in the case of B3LYP/6-311G(2d,2p)
calculations. For the latter combination, modified resolution
of the identity (RI)23 and chain of sphere (COS)24 techniques,
commonly known as RIJCOSX approximation, were corre-
spondingly adopted for the Coulomb and Hartree−Fock (HF)
exchange interactions. An auxiliary Coulomb-fitting basis set
was generated automatically.25 For the sake of greater accuracy
while exploiting the gauge-including atomic orbitals within the
effective nuclear charge framework,26−28 default COS grid was
strongly tightened (keywords GRIDX9), with the final one
being turned off. On the other hand, only RI technique with an

auxiliary def2/J basis set29 was applied for the PBEh-3c
method, as HF exchange interaction was treated in full.
Moreover, the basis set superposition error and long-range
London dispersion effects were taken into account through
atom-pairwise geometrical counter-poise30 and D3 dispersion
(with Becke−Johnson damping)31,32 correction schemes,
respectively. In order to evaluate some additional hyperfine
coupling constants, we have utilized the same parameters as in
the case of g-tensor calculations, except for the basis set, which
was changed to EPR-II,33 since it enables a better description
of the spin density near nuclei.
DBs were introduced into NDs by removing appropriate H,

F, OH, or NH2 atoms. Thus, notation DB(X) indicates that
atom(s) X (their position can be found in figures) were
removed from the system. All figures were produced using the
visualization program VESTA34 with the isovalues of the spin
density isosurfaces set to 0.0075 e/a0

3 (see Figures 3 and 4).
The results of the g-tensor calculations were mainly presented
in the form of g-shifts Δgii (i = x, y, z), which were obtained by
subtracting the free electron g-factor (ge = 2.0023193) from the
positive square roots of the eigenvalues of gT·g, with g denoting
the g-tensor. Moreover, the g-shifts were given in such an order
that Δgxx < Δgyy < Δgzz. Their isotropic values Δg̅ were taken
as an arithmetic average of Δgii.
In our previous paper on g-tensor dependence on the size,

shape, and surface functionalization of NDs,12 geometry
optimization and g-tensor calculations were carried out using
the same B3LYP/cc-pVTZ framework. Here, some of the

Figure 1. Visual representation of hydrogenated NDs: octahedrally shaped (a) C35H36, (b) C84H64, and (c) C165H100, as well as (d) cubic C54H48
and (e) tetrahedral C51H52. Gray and pink balls stand for carbon and hydrogen atoms, respectively. The numbered hydrogen atoms, colored in
yellow, were used for modeling DBs.
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calculations were intentionally repeated in order to assess the
performance of a combined PBEh-3c and B3LYP/6-311G-
(2d,2p) scheme. A comparison between the average values of
Δg̅ for C35H36, C84H64, C54H48, C51H52, and C35F36 shows that
the difference between previous and current results does not
correspondingly exceed 5, 5, 7, 4, and 24 parts per million
(ppm). Having in mind that the experimental precision of
recent EPR measurements for NDs can be limited to 200
ppm,7 such a good agreement clearly indicates that our current
results are of the same quality as the ones obtained employing
full triple-ζ basis set with d polarization function for H and f
polarization function for the rest of the atoms. However, the
obvious advantage of PBEh-3c and B3LYP/6-311G(2d,2p)
combination is a significantly reduced computational cost,
which becomes particularly important when a number of
calculations increases and/or systems under consideration get
larger.

■ RESULTS AND DISCUSSION

Hydrogenated and Fluorinated NDs. In order to reduce
the effort to obtain a set of g-tensors that would fully describe
this type of magnetic behavior in hydrogenated and fluorinated
NDs with introduced DBs, it is highly beneficial to exploit the
symmetry they possess. As we have already discussed
previously,12,22 the existence of geometrically and, therefore,
energetically equivalent positions of H and F atoms allows one
to consider only four DBs in tetrahedral, six DBs in cubic, and
from three to seven DBs in octahedral NDs. The H and F

atoms that were used for modeling DBs are visualized in
Figures 1 and 2, respectively. The corresponding results of g-
tensor calculations together with total energy differences are
provided in Tables 1 and 2.
Regarding hydrogenated NDs of octahedral shape, it can be

noted that despite various sizes, the isotropic values of g-shifts
fall in an almost identical range: from 326 to 436 ppm for
C35H36, from 323 to 460 ppm for C84H64, and from 324 to 466
ppm for C165H100. Such a close resemblance suggests that a
further increase in size most probably will give similar results.
However, it is interesting to observe that for all octahedral
NDs, the lowest Δg̅ values are shown by H-bonded dangling C
atoms, that is, DBs formed by removing one of two H atoms
attached to a single C atom. To be concrete, these are
DB(H33), DB(H22), and DB(H7) for C35H36, C84H64, and
C165H100, respectively. It is also worth mentioning that these
DBs are obviously the least energetically favorable in
comparison to regular DBs possessing no H atoms.
The situation is slightly different for tetrahedral ND.

Although the lowest Δg̅ values of 301 and 303 ppm still
belong to H-bonded dangling C atoms [DB(H1) and
DB(H8)], their energies are similar to that of a regular DB
[DB(H3)], and they all are above the lowest energy DB
[DB(H6)] by ∼1 kcal/mol. Interestingly, the situation is even
more different for cubic ND since not only its H-bonded
dangling C atom [DB(H9)] has the energy that is very close to
that of the lowest energy DB [DB(H8)] but also the isotropic
value of g-shifts (454 ppm) is also higher than those of other

Figure 2. Visual representation of fluorinated NDs: octahedrally shaped (a) C35F36, (b) C84F64, and (c) C165F100 as well as (d) cubic C54F48 and (e)
tetrahedral C51F52. Gray and blue balls stand for carbon and fluorine atoms, respectively. The numbered fluorine atoms, colored in yellow, were
used for modeling DBs.
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Table 1. g-Shifts Δgii and Their Isotropic Values Δg̅ (in ppm) Calculated for DBs Introduced into Hydrogenated NDs of
Different Sizes and Shapesa

hydrogenated ND DB position N Δgxx Δgyy Δgzz Δg̅ ΔE
octahedral C35H36 H33 12 40 143 795 326 0.70

H28 12 −90 661 676 416 0.43
H23 12 −100 617 791 436

octahedral C84H64 H22 12 45 128 796 323 0.82
H13 24 −78 618 738 426 0.34
H14 4 −59 681 682 435 0.33
H17 12 −99 610 799 436 0.17
H12 12 −66 702 743 460

octahedral C165H100 H7 12 48 124 799 324 0.73
H5 24 −77 612 752 429 0.27
H1 12 −99 608 805 438 0.09
H27 12 −59 675 703 440 0.35
H20 4 −55 699 699 448 0.29
H2 24 −65 704 756 465
H26 12 −66 722 742 466 0.08

cubic C54H48 H1 8 −156 395 686 308 6.47
H5 4 −90 285 755 317 3.11
H9 16 49 388 924 454 0.18
H6 8 −104 749 877 507 0.73
H8 8 −110 796 868 518
H7 4 −79 722 987 543 0.31

tetrahedral C51H52 H1 24 −24 186 741 301 1.14
H8 12 31 157 722 303 0.96
H3 12 −52 664 687 433 0.99
H6 4 −119 834 834 517

aThe number of geometrically equivalent DBs in a given ND is denoted by N, while ΔE represents the total energy difference (in kcal/mol) of DBs
with respect to the lowest energy DB.

Table 2. g-Shifts Δgii and Their Isotropic Values Δg̅ (in ppm) Calculated for DBs Introduced into Fluorinated NDs of
Different Sizes and Shapesa

fluorinated ND DB position N Δgxx Δgyy Δgzz Δg̅ ΔE
octahedral C35F36 F23 12 −477 97 518 46 3.17

F28 12 −160 602 838 427
F33 12 −363 2356 3026 1673 4.45

octahedral C84F64 F17 12 −386 272 669 185 4.51
F12 12 −214 302 858 316 2.49
F13 24 −108 573 1126 530 1.66
F14 4 −6 888 888 590
F22 12 −338 2404 3001 1689 6.08

octahedral C165F100 F1 12 −373 304 693 208 4.99
F2 24 −134 388 1029 428 2.58
F26 12 −77 468 1102 498 2.10
F5 24 −90 590 1206 569 2.14
F20 4 34 1017 1017 689 0.38
F27 12 59 1058 1069 729
F7 12 −330 2418 2994 1694 6.62

cubic C54F48 F6 8 −504 −70 465 −36 8.56
F5 4 −346 234 271 53
F1 8 −311 241 421 117 15.09
F7 4 −264 166 640 181 2.79
F8 8 −172 117 670 205 0.11
F9 16 −230 2268 2883 1640 9.09

tetrahedral C51F52 F6 4 −395 −380 −380 −385 8.95
F3 12 195 894 1361 817
F1 24 −144 2639 3151 1882 6.19
F8 12 −90 2850 3134 1965 4.64

aThe number of geometrically equivalent DBs in a given ND is denoted by N, while ΔE represents the total energy difference (in kcal/mol) of DBs
with respect to the lowest energy DB.
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regular DBs, that is, DB(H1) with 308 ppm and DB(H8) with
317 ppm. Concerning the latter DBs, they are definitely the
most energetically unfavorable, as their total energy differences
correspondingly reach 6.47 and 3.11 kcal/mol. These numbers
are far above the ones demonstrated by octahedral (0.82 kcal/
mol of C84H64) and tetrahedral (1.14 kcal/mol) NDs, pointing
to the fact that the shape plays an important role on the
energetics of DBs embedded into NDs.
In contrast to hydrogenated NDs for which Δg̅ values vary in

a quite narrow range of 242 ppm (from 301 to 543 ppm),
fluorinated NDs exhibit a significantly larger variation of 2350
ppm (from −385 to 1965 ppm), seen in Table 2. The same
tendency can also be noticed for the total energy differences,
indicating that the local environment created by F atoms has a
much more pronounced impact on the energetics as well as
magnetic properties of the investigated systems. Speaking
about octahedral NDs, the ranges of their isotropic g-shifts are
not too different from one another: from 46 to 1673 ppm for
C35F36, from 185 to 1689 ppm for C84F64, and from 208 to
1694 ppm for C165F100. This observation is in agreement with
the trend inherent for hydrogenated NDs, as is the fact that F-
bonded dangling C atomsDB(F33), DB(F22), and DB-
(F7)are the least energetically favorable among all DBs
available in a particular ND. However, now their Δg̅ values are
not the lowest but the highest ones. In addition, unlike in
hydrogenated NDs, this tendency also holds for the rest of
NDs since DB(F1) and DB(F8) of tetrahedral ND and
DB(F9) of cubic ND have Δg̅ of 1882, 1965, and 1640 ppm,
respectively. On the other hand, the energies of these DBs are
neither the highest nor the lowest ones, similarly as in
hydrogenated NDs. On the whole, F-bonded dangling C atoms
appear to be truly special regarding Δg̅ values, as they are at
least ∼1000 ppm larger compared to those of regular DBs,
irrespective of the shape and size of NDs. Concerning

tetrahedral NDs, the variation range of its Δg̅ values (2350
ppm) is substantially larger than the corresponding variation
ranges of octahedral (1627 ppm of C35F36) and cubic (1676
ppm) NDs, allowing to state that the shape is an important
factor not only for the energetics but also for the g-shifts in
such systems.
One of the most interesting observations that can be made

while examining the results of hydrogenated and fluorinated
NDs is related with the lowest energy DBs, which, surprisingly
enough, does not coincide. To be precise, not a single
geometric position of the lowest energy DB in hydrogenated
ND matches the same geometric position of the lowest energy
DB in fluorinated NDs, indicating that how differently these
geometrically identical systems behave. Just to confirm this
diversity, it can be noted that for tetrahedral NDs, a geometric
position of the lowest energy DB in C51H52 [DB(H6)] turns
out to be a geometric position of the highest energy DB in
C51F52 [DB(F6)]. However, on the other hand, there are some
nice coincidences in the case of the highest energy DBs. In
addition to the aforementioned octahedral NDs, the energetic
behavior of the highest energy DBs in cubic systems is very
similar too, as DB(H1) and DB(F1) are clearly the most
energetically unfavorable DBs among all.

Hydroxylated and Aminated NDs. From a geometric
point of view, the situation with hydroxylated and aminated
NDs is quite different in comparison to hydrogenated and
fluorinated NDs. The reason for this is that these systems
possess more degrees of freedom due to the presence of
spatially more complicated surface structure. It basically
indicates that in order to obtain a set of g-tensors that would
provide a full view of this type of magnetic behavior, one
should perform calculations for all possible DBs since, strictly
speaking, geometrically equivalent DBs no longer exist. Having
that in mind, we have confined ourselves to the smallest

Figure 3. Visual representation of octahedrally shaped (a) hydroxylated and (b) aminated NDs of C35(OH)36 and C35(NH2)36 size, respectively.
Gray, pink, red, and azure balls correspondingly stand for carbon, hydrogen, oxygen, and nitrogen atoms.
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models of octahedral shape, that is, C35(OH)36 and
C35(NH2)36, to make the investigation feasible with computa-
tional resources available to us. The visual representation of
C35(OH)36 and C35(NH2)36 can be found in Figure 3, whereas
the results of g-tensor calculations together with total energy
differences are given in Tables 3 and 4, respectively.

By comparing the numbers listed in Tables 3 and 4, it might
be noticed that the lowest isotropic g-shifts for hydroxylated
(88 ppm) and aminated (215 ppm) NDs are not too distinct,
but the highest ones1113 and 582 ppm, respectivelydiffer
much more significantly. As a consequence, their correspond-
ing Δg̅ variation ranges of 1025 and 367 ppm are not similar
and, interestingly, fall in between the results of C35H36 (110
ppm) and C35F36 (1627 ppm). The total energy differences, on
the other hand, are not similar either, as the highest ΔE value
for hydroxylated ND is 17.2 kcal/mol [DB(O23−H23)], while
the analogous value for aminated ND is almost twice as
large33.8 kcal/mol [DB(H39−N20−H40)]. In addition,

these numbers are vastly higher than those seen for C35F36
(4.45 kcal/mol), not to mention C35H36 (0.7 kcal/mol),
demonstrating that some positions of DBs can be energetically
very costly in C35(OH)36 and C35(NH2)36. Regarding the
lowest energy DBs, it can be noted that in both cases, they are
irregular DBs, that is, OH- and NH2-bonded C atoms, namely,
DB(O35−H35) and DB(H67−N34−H68). This trend is in
contrast with the one exhibited by C35H36 and C35F36 since for
these systems, irregular DBs are the most energetically
unfavorable. A closer look at the geometric positions of the
highest energy DBs in C35(OH)36 [DB(O23−H23)] and
C35(NH2)36 [DB(H39−N20−H40)] reveals that, with respect
to the structure of pure C35, they are located on the
geometrically equivalent C atoms. In addition, even more
might be said at this point: on the basis of their geometric
positions, DBs in hydroxylated and aminated NDs can be
divided into the same three groups consisting of twelve DBs as
in the case of hydrogenated and fluorinated NDs. However,
the apparent difference is that the energies and g-shifts of DBs

Table 3. g-Shifts Δgii and Their Isotropic Values Δg̅ (in
ppm) Calculated for DBs Introduced into Hydroxylated
Octahedral NDs of C35(OH)36 Size

a

DB position Δgxx Δgyy Δgzz Δg̅ ΔE
O2−H2 −360 163 461 88 13.2
O18−H18 −370 211 530 124 16.5
O16−H16 −275 211 449 128 14.5
O3−H3 −315 198 524 135 12.2
O11−H11 −303 105 636 146 14.9
O7−H7 −298 224 577 168 12.4
O36−H36 −316 161 666 170 15.5
O21−H21 −329 290 553 171 12.0
O23−H23 −325 280 559 171 17.2
O14−H14 −269 240 588 186 13.8
O9−H9 −291 276 599 195 12.3
O1−H1 −267 285 688 236 12.5
O26−H26 −213 446 819 351 12.5
O4−H4 −103 520 768 395 7.0
O22−H22 −124 535 779 397 9.4
O20−H20 −143 475 894 409 5.0
O5−H5 −159 524 880 415 8.0
O25−H25 −119 456 922 420 4.0
O15−H15 −123 546 845 423 8.2
O17−H17 −111 561 858 436 8.9
O8−H8 −115 477 947 436 7.2
O24−H24 −88 537 924 458 10.4
O12−H12 −86 576 917 469 6.9
O10−H10 −68 575 954 487 10.9
O34−H34 −177 1023 1143 663 13.0
O33−H33 −232 1074 1981 941 6.0
O28−H28 −294 1125 2011 948 10.1
O6−H6 −280 1176 2148 1015 5.0
O29−H29 −246 1155 2142 1017 6.0
O32−H32 −238 1225 2085 1024 2.7
O31−H31 −245 1180 2160 1032 1.1
O13−H13 −234 1183 2183 1044 1.6
O30−H30 −254 1223 2164 1044 1.8
O35−H35 −234 1258 2121 1048
O27−H27 −227 1348 2191 1104 6.4
O19−H19 −231 1304 2265 1113 3.2

aΔE represents the total energy difference (in kcal/mol) of DBs with
respect to the lowest energy DB.

Table 4. g-Shifts Δgii and Their Isotropic Values Δg ̅ (in
ppm) Calculated for DBs Introduced into Aminated
Octahedral NDs of C35(NH2)36 Size

a

DB position Δgxx Δgyy Δgzz Δg̅ ΔE
H3−N2−H4 −188 299 533 215 31.7
H53−N27−H54 −145 342 542 246 28.8
H31−N16−H32 −143 331 572 253 30.9
H49−N25−H50 −164 356 591 261 26.2
H19−N10−H20 −196 335 686 275 27.7
H1−N1−H2 −177 419 632 291 31.3
H39−N20−H40 −137 410 665 313 33.8
H23−N12−H24 −113 426 658 324 26.8
H25−N13−H26 −131 480 693 347 17.7
H33−N17−H34 −117 529 676 363 18.7
H35−N18−H36 −89 436 747 364 28.4
H57−N29−H58 −111 516 736 380 14.7
H5−N3−H6 −52 499 723 390 28.5
H15−N8−H16 −129 501 813 395 30.9
H45−N23−H46 −105 478 858 410 29.6
H7−N4−H8 −95 562 776 414 16.6
H47−N24−H48 −44 512 789 419 18.2
H55−N28−H56 −52 520 843 437 16.3
H13−N7−H14 −86 516 927 452 7.9
H11−N6−H12 −86 516 929 453 7.9
H63−N32−H64 −128 637 918 476 6.0
H59−N30−H60 −55 650 853 483 11.2
H67−N34−H68 −135 759 833 486
H43−N22−H44 −115 700 887 491 2.7
H41−N21−H42 −83 707 852 492 3.7
H71−N36−H72 −63 651 921 503 3.9
H21−N11−H22 −52 694 890 511 16.9
H69−N35−H70 −100 779 861 513 4.2
H17−N9−H18 −38 654 927 514 17.5
H37−N19−H38 −51 636 962 516 19.1
H65−N33−H66 −116 812 852 516 1.2
H29−N15−H30 −133 758 957 528 3.4
H51−N26−H52 −13 680 956 541 16.7
H61−N31−H62 −130 812 950 544 5.9
H9−N5−H10 7 670 970 549 15.4
H27−N14−H28 −127 803 1070 582 4.0

aΔE represents the total energy difference (in kcal/mol) of DBs with
respect to the lowest energy DB.
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belonging to the same group are not identicalthey vary
within some range. In other words, although geometrically
equivalent DBs do not exist in C35(OH)36 and C35(NH2)36,
geometrically similar DBs certainly do. To convincingly
illustrate this from the energetic point of view, let us have a
look at Table 4. Here, one may find that for some twelve DBs
in C35(NH2)36 (including the lowest energy DB), the total
energy differences do not exceed 7.9 kcal/mol; for another
twelve DBs, the range of ΔE is 11.2−19.1 kcal/mol, and for the
last twelve DBs, the ΔE values fall within 26.2−33.8 kcal/mol.
The most important part of this observation is that every DB in
a particular group is located on the geometrically equivalent C
atom of C35, indicating that the first, second, and third groups,
respectively, correspond to DB(H33/F33), DB(H28/F28),
and DB(H23/F23) type of DBs met while investigating C35H36
and C35F36. The average values of Δg̅ for these three groups are
correspondingly equal to 503, 456, and 311 ppm. Although not
so clearly expressed, the same is also true for the energetics of
C35(OH)36. However, for this ND, due to a substantially larger
variation range of the isotropic values of g-shifts, analogous Δg̅
numbers for the aforementioned types of DBs are more
distinct, as they reach 999, 425, and 160 ppm, respectively.
One more aspect that stands out when analyzing the

obtained results is rather extended variation range of Δg̅ for
DB(H33/F33) type of DBs in the case of hydroxylated ND
from 663 ppm [DB(O34−H34)] to 1113 ppm [DB(O19−
H19)]. Compared to DB(H23/F23) and DB(H28/F28) type
of DBs, it is 3 times larger since the Δg̅ variation range for the
former group of DBs is from 88 ppm [DB(O2−H2)] to 236
ppm [DB(O1−H1)], whereas for the latterfrom 351 ppm
[DB(O26−H26)] to 487 ppm [DB(O10−H10)]. At the first
glance, it seems that the lower bound of 663 ppm distinguishes
from the rest of the numbers produced by the DB(H33/F33)
type of DBs, as the next lowest value of 941 ppm [DB(O33−
H33)] is only 172 ppm below the upper bound of 1113 ppm.
Indeed, Figure 4 reveals that the spin density distribution of

DB(O34−H34) is different from that of other DBs in the same
group, represented by DB(O28−H28) since, instead of being
solely on the O atom of −OH attached to C34, a part of spin
density is also located on the H atom. Having in mind that
DB(O34−H34) and DB(O28−H28) were introduced by
removing appropriate −OH grafted to the same C atom (see
Figure 3), the obvious differences in their g-shift values points
to the uniqueness of all DBs present in such NDs, testifying
about the need to perform calculations for every single DB
these NDs possess.

Several DBs Simultaneously Present in NDs. As we
have already seen, the shape of ND is an important factor that
influences the g-shifts of the system. However, it is evident that
shape is just one factor among many others. The question that
we raise in this part of the work is related with magnetic
behavior of several DBs simultaneously present in NDs. To be
precise, what happens when one DB appears in the vicinity of
the other?
To find this out, at first, let us take three sufficiently distant

single DBs introduced into C84H64, for example, DB(H3),
DB(H22), and DB(H63), as visualized in Figure 5(a)−(c),
respectively. The corresponding isotropic values of their g-
shifts426, 323, and 460 ppmare given in Table 5. In
addition to these numbers, we have also provided the results
calculated for several combinations of DBs simultaneously
present in C84H64the so-called multicomponent DBs. They
are DB(H3 + H22), DB(H3 + H63), DB(H22 + H63), and
DB(H3 + H22 + H63). Spin density visualization of the latter
multicomponent DB, shown in Figure 5(d), allows us to make
an assumption that the Δg̅ value of this system might be taken
as an arithmetic average of its components since spin density
distributions of separate DBs, demonstrated in Figure 5(a)−
(c), remain unaltered. In other words, the arithmetic average of
Δg̅ values for DB(H3), DB(H22), and DB(H63) should be
approximately equal to the Δg̅ value for DB(H3 + H22 +
H63). We have denoted the absolute difference between these

Figure 4. Spin density distribution of (a) DB(O34−H34) and (b) DB(O28−H28) introduced into C35(OH)36.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c06253
J. Phys. Chem. A XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jpca.1c06253?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06253?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06253?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06253?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c06253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


two values as δg̅ and included in Table 5. Now, one can make
sure that for sufficiently distant DBs, the assumption we made
is valid, as δg̅ for all considered multicomponent DBs is
practically negligible. The analogous procedure was repeated
for fluorinated NDs of the same shape and size, as visualized in
Figure 6. Some of the obtained δg̅ values, listed in Table 5, are
slightly larger but nevertheless still very small, indicating that
introduced DBs do not have any noticeable impact on each
other in the case of fluorination as well. On the other hand, the

situation with hydroxylated and aminated NDs would be
different because geometric rearrangements on one side of
such NDs can easily affect the geometry on the other,
disturbing the local environments of spin densities. Therefore,
only hydrogenated and fluorinated NDs are suitable for this
type of investigation.
The absolute difference between Δg̅ of multicomponent DB

and arithmetically averaged Δg̅Av. of its components, already
denoted as δg̅, can be used as a tool to approximately assess the

Figure 5. Spin density distribution of DBs introduced into C84H64: (a) DB(H3), (b) DB(H22), (c) DB(H63), and (d) DB(H3 + H22 + H63).
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extent to which Δg̅ of the system is affected by the presence of
one DB near the other. In order to establish trends inherent for
hydrogenated and fluorinated NDs, we have taken C35H36 and
C35F36, introduced previously investigated DBs from Tables 1
and 2, and then additionally grafted some single DBs within a
distance of 3 Å, where the interaction between DBs is expected
to be significant. The obtained results of g-tensor calculations
for the examined DBs are presented in Tables 6 and 7. Here, it
may be noticed that δg̅ values for C35F36 are larger than those
for C35H36, but overall, they are quite low, with the highest
ones reaching 77 and 11 ppm, respectively. Thus, it can in
principle be stated that the presence of one DB in the vicinity
of the other has no substantial effect on the magnetic behavior,
irrespective of the surface functionalization. In other words, the
electronic structure of DBs is mostly governed by the
immediate local environment in ND, and the interaction
between DBs is minimal, indicating small delocalization of spin
densities within ND.
Comparison to the Experiment. Unfortunately, a direct

comparison between the theoretical and experimental results is
not straightforward because of two essential reasons. First,
different production and purification procedures applied to
NDs result in differently functionalized surfaces,35 and, unless
explicitly stated as in the works of Yavkin et al.36 or Panich et
al.,37 it is hardly possible to trace the specific surface
functionalization that was present during the EPR experiment.
Second, experimental measurements provide an average value
of Δg̅ for an ensemble of NDs that constitute a sample,8 while
our data are obtained for single nanoparticles. However,
despite these issues, a few generalizations can still be made. A
typical value of Δg̅ for DBs of unspecified surface
functionalization is ∼480 ppm, with the experimental error
ranging from 1008 to 200 ppm.7 However, one can find more
precise measurements38 producing Δg̅ of ∼500 ± 30 ppm, and
we will try to compare our results to this value.
For the sake of simplicity, let us assume that the ensembles

of diamond nanoparticles are formed by NDs of the same
shape and size. In addition, let us make another assumption
that formation of DBs occurs in a random statistical manner,
which might be reasonable if one takes into account how NDs

are usually obtainedby applying milling, grinding, or
pulverizing techniques.8 That said, the Δg̅ values averaged
over all DBs available in a particular ND are equal to 393, 416,
433, 445, 349, 528, and 424 ppm for C35H36, C84H64, C165H100,
C54H48, C51H52, C35(OH)36, and C35(NH2)36, respectively.
Among these numbers, only 528 ppm of C35(OH)36 appears to
agree with the experimental value, while others are slightly too
low. However, it is interesting to observe that the average
values of Δg̅ are quite similar for all the three aforementioned
functionalization schemes, despite the fact that the hydroxy-
lated ND exhibits a much larger variation range of Δg̅.
Fluorinated NDs, intentionally not included in our previous

analysis, deserve exceptional attention, as one may find EPR
experiment dedicated for this type of surface functionaliza-
tion.37 The measured Δg̅ value for DBs is ∼380 ± 200 ppm,
and it turns out to be lower than the average Δg̅ we have
evaluated for C35F36, C84F64, C165F100, C54F48, and C51F52: 715,
646, 642, 614, and 1481 ppm, correspondingly. Among these
values, 614 ppm of cubic ND shows the closest resemblance to
the upper bound of experimental result (∼580 ppm), whereas
octahedral NDs get closer to this bound with an increase in
their size. Tetrahedral ND, on the other hand, demonstrates a
huge discrepancy, with its average Δg̅ value of 1481 ppm more
than twice overestimating the experimental findings. Although
the shape of NDs might be quite irregular,7 tetrahedral
approximation seems to be definitely unfavorable, at least for
the selected size of NDs with fluorinated surface.
It should be noted, though, that our assumption on

formation of DBs in a random statistical manner does not
take into account the differences of total energies between
distinct DBs. In order to find out the influence of this factor,
we have evaluated formation probabilities of DBs via
Boltzmann distribution at a temperature of 300 K and applied
them while estimating the average value of Δg̅ for a particular
ND. Hence, the resulting Boltzmann-weighted average values
of isotropic g-shifts are equal to 412, 431, 444, 488, 397, 1045,
and 490 ppm for C35H36, C84H64, C165H100, C54H48, C51H52,
C35(OH)36, and C35(NH2)36, respectively. Compared to the
previous analysis, hydrogenated NDs demonstrate very similar
numbers, and it should not be particularly surprising, as the Δg̅
values of their DBs fall in a rather narrow range and the
formation probabilities are quite evenly distributed. However,
the situation is totally different regarding aminated and
hydroxylated NDs, although it is not apparently reflected in
the average isotropic g-shift of the former (one may notice only
a slight increase from 424 to 490 ppm). The point is that for
C35(NH2)36 and C35(OH)36, the dominant contribution to the
average Δg̅ value is given by the lowest energy DB (87 and
77%, respectively), indicating that the hydroxylated ND now
exhibits a much higher number of 1045 ppm in comparison to
the previously obtained 528 ppm. In the context of typical
experimental findings (∼480 ± 200 ppm), this value definitely
stands out, raising an intriguing question what sort of results
one should expect if measurements were performed for NDs
solely functionalized with the OH group.
Speaking about fluorinated NDs, their situation remains that

of C35(NH2)36 and C35(OH)36 since one or at most two types
of DBs in principle determine the average value of Δg̅. The
numbers evaluated by applying Boltzmann distribution are
equal to 426, 565, 705, 148, and 816 ppm for C35F36, C84F64,
C165F100, C54F48, and C51F52, correspondingly. Here, one may
find an interesting trend that with an increase in their size,
octahedral NDs exhibit an increase in their average Δg̅ values,

Table 5. Isotropic Values Δg ̅ of g-Shifts (in ppm) Calculated
for DBs Introduced into C84H64 and C84F64

a

ND DB position Δg̅ Δg̅Av. δg̅

C84H64 H3 426
H22 323
H63 460
H3 + H22 377 375 2
H3 + H63 442 443 1
H22 + H63 391 392 1
H3 + H22 + H63 404 403 1

C84F64 F3 530
F22 1689
F63 316
F3 + F22 1104 1110 6
F3 + F63 423 423 0
F22 + F63 1003 1003 0
F3 + F22 + F63 842 845 3

aΔg̅Av. represents an arithmetic average of Δg̅ (in ppm) for separate
DBs constituting a multicomponent DB. An absolute difference
between Δg̅ and Δg̅Av. (in ppm) is denoted by δg̅ and is evaluated as
|Δg̅ − Δg̅Av.|.
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finally exceeding the upper bound of the experiment (∼580
ppm). This bound is also exceeded by tetrahedral NDs in
agreement with previous analysis. However, the result of cubic
ND is very close to the lower bound of the experiment (∼180
ppm), which appears to be the opposite to what we have
obtained before when Δg̅ was not too far from the upper
bound.
In order to facilitate the analysis and interpretation of

experimental spectra registered during, for example, the

electron-nuclear double-resonance measurements, we have
also computed 13C isotropic hyperfine coupling constants for
DBs in C35H36, C35F36, C35(OH)36, and C35(NH2)36. The
calculated constants vary in the ranges of 109−196 MHz for
hydrogenated NDs, 228−245 MHz for fluorinated NDs, 152−
206 MHz for hydroxylated NDs, and 90−187 MHz for
aminated NDs. The respective average values are 165, 235,
185, and 154 MHz if one makes an assumption that formation
of DBs occurs in a random statistical manner, while the

Figure 6. Spin density distribution of DBs introduced into C84F64: (a) DB(F3), (b) DB(F22), (c) DB(F63), and (d) DB(F3 + F22 + F63).
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application of Boltzmann distribution results in 178, 232, 167,
and 116 MHz, correspondingly. It should also be mentioned
that the provided isotropic hyperfine coupling constants are for
those 13C atoms that possess the dominant part of spin density,
as the calculated values for the neighboring 13C atoms are
much lower.

■ CONCLUSIONS
In this work, the electronic g-tensor calculations were carried
out for DBs introduced into NDs that underwent four different
surface functionalizationshydrogenation, fluorination, hy-
droxylation, and amination. For hydrogenated and fluorinated
NDs, it is shown that the variation range of g-shifts is much
larger for the latter, as are the total energy differences between
the highest and the lowest energy DBs within the same ND.
Such findings indicate that, compared to the local environment
created by H atoms, the local environment created by F atoms
has a much more pronounced influence on the magnetic
behavior as well as energetics of the investigated systems.
Moreover, the distinction between these two geometrically
identical functionalization schemes manifests in such a way
that geometric positions of the lowest energy DBs in
hydrogenated NDs do not match the geometric positions of
the lowest energy DBs in fluorinated NDs. On the other hand,
for octahedral NDs, the highest energy DBs coincide, and it is
interesting to note that these DBs are irregular, that is, formed
by H- and F-bonded dangling C atoms. On the whole, it is
found that the shapetested by octahedral, cubic, and
tetrahedral NDsis an important factor significantly affecting
the energetics and g-shifts of DBs, while the impact of the

sizetested by octahedral C35-, C84-, and C165-sized systems
is much less expressed.
Regarding hydroxylated and aminated NDs, it is revealed

that although geometrically identical DBs do not exist in either
C35(OH)36 or C35(NH2)36, geometrically similar DBs do, and
they can be divided into the same groups as in the case of
C35H36 or C35F36. However, the apparent difference is that the
energies and g-shifts of DBs belonging to the same group are
no longer identicalthey exhibit a variation of some range.
Another feature that stands out is the lowest energy DBs,
which are irregular, that is, formed by OH- and NH2-bonded C
atoms. It contrasts with hydrogenated and fluorinated NDs of
the same octahedral shape, where irregular DBs are the least
energetically favorable. The variation range of g-shifts is larger
for hydroxylated than for aminated ND, whereas the opposite
is seen for the total energy differences. Overall, the latter
numbers are rather high, demonstrating that some positions of
DBs can be energetically very costly in C35(OH)36 and
C35(NH2)36.
Additionally, the simultaneous presence of several DBs in

hydrogenated and fluorinated NDs was analyzed, which
allowed us to conclude that the presence of one DB in the
vicinity of the other has no substantial effect on the magnetic
behavior, irrespective of the surface functionalization. Con-
cerning a comparison to the typical EPR experiment performed
for NDs of unspecified surface functionalization, it is shown
that the average values of isotropic g-shifts evaluated for
hydrogenated and aminated NDs agree with the experimental
data within the margins of error. However, the situation is
quite different for hydroxylated NDs since the average
isotropic g-shift obtained by applying Boltzmann distribution
clearly disagrees with the experiment. The same is also true for
tetrahedral ND in the case of fluorination, as its average
isotropic g-shift is significantly higher than experimental
findings.
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Table 6. Isotropic Values Δg ̅ of g-Shifts (in ppm) Calculated
for DBs Introduced into C35H36

a

DB position Δg̅ Δg̅Av. δg̅

H23 + H25 442 436 6
H23 + H29 423 426 3
H28 + H8 423 426 3
H28 + H29 420 416 4
H28 + H31 381 371 10
H28 + H32 379 371 8
H33 + H24 382 371 11
H33 + H28 379 371 8

aΔg̅Av. represents an arithmetic average of Δg̅ (in ppm) for separate
DBs constituting a multicomponent DB. An absolute difference
between Δg̅ and Δg̅Av. (in ppm) is denoted by δg̅ and is evaluated as
|Δg̅ − Δg̅Av.|.

Table 7. Isotropic Values Δg ̅ of g-Shifts (in ppm) Calculated
for DBs Introduced into C35F36

a

DB position Δg̅ Δg̅Av. δg̅

F23 + F25 26 46 20
F23 + F29 302 236 66
F28 + F8 302 236 66
F28 + F29 374 427 53
F28 + F31 973 1050 77
F28 + F32 983 1050 67
F33 + F24 973 1050 77
F33 + F28 984 1050 66

aΔg̅Av. represents an arithmetic average of Δg̅ (in ppm) for separate
DBs constituting a multicomponent DB. An absolute difference
between Δg̅ and Δg̅Av. (in ppm) is denoted by δg̅ and is evaluated as
|Δg̅ − Δg̅Av.|.
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