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ABSTRACT: Defects within nanodiamonds have enabled a
variety of quantum sensors based on optical properties that are
sensitive to pressure, optical/electric fields, and the configuration
of both electronic and nuclear of spins. The presence of dopants
can introduce midgap states influencing their optical properties.
Complex defects based on nitrogen aggregates have been shown to
form in nitrogen-containing diamonds; as such, it is important to
differentiate these systems from pure diamond and single nitrogen
vacancy (NV) systems. Here we report the effect of N,V, B- and
H,-aggregate defects on the infrared vibrational, optical, and X-ray
absorption spectroscopies of nanodiamonds. It is found that the
presence of these polyatomic nitrogen-aggregate defects introduces
unique vibrational responses, as well as electronic levels giving rise
to unique optical and X-ray absorption features.

B INTRODUCTION

Nanodiamonds have promise for use in applications ranging
from bioimaging to spin qubits.' > While pure diamond gives
rise to a large bulk optical band gap (~5.5 €V),'* the addition
of defects can be used to introduce discrete electronic levels
within the gap. By controlling the size of the nanodiamond to
the nanoregime (~5 nm in diameter) quantum confinement
effects widen the band gap, and as such enable the tunability of
the transitions.”'>'® This combined with the rigidity of the
diamond lattice which inhibits defect diffusion and phase
transitions at high temperatures and pressures make diamond a
compelling material for study.””'’ Nitrogen is a ubiquitous
impurity in natural and synthetic nanodiamonds as it is difficult
to fully isolate the systems from the environment. Single
nitrogen-vacancy (NV) centers have been reported to have
either a reduced-triplet or a neutral-doublet ground state, with
the triplet state being the more stable ground-state
configuration.'”"”~*° The electronic structures, quantum
confinement, and spectroscopic signatures of single NV centers
have been thoroughly investigated previously,'”'’~** with the
diamonds containing these NV centers labeled as type Ia
diamonds. Depending on the structure and arrangement of the
nitrogen atoms in the diamonds, as well as the conditions
where the diamonds were formed, aggregate systems, known as
either “A” centers or “B” centers, can form, classifying the
diamonds as type [aB.** These aggregate systems are classified
by the number of nitrogens and vacancies contained within the
defect. While significant work has gone into studying the A
centers within diamonds,*>™*’ less has been done for the B
centers, the dominant form in type IaB diamonds.”**® The
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form of the B center consists of four nitrogen atoms
surrounding a single vacancy,”* and more work is needed to
identify the spectroscopic signatures of these B-center systems.
The nitrogen-aggregates of central interest in this study are the
N,V (B-aggregate)- and N,V, (H,-aggregate)-doped systems
as named in ref 29. They are identified theoretically through
the complete neglect of differential overlap (CNDO)
molecular-orbital semiempirical method™ to be the more stable
of the aggregate configurations. These aggregate systems
typically first exist as A aggregates (pairs of nitrogen atoms)
where then, with enough time and pressure, two A centers can
trap a vacancy forming the B-aggregate, the structure of which
is shown in Figure 1, consisting of four nitrogen atoms
surrounding a vacancy. If the B-aggregate acquires an
additional vacancy and is able to undergo a slight structural
rearrangement, the H,-aggregate system is formed (Figure
1).”” The presence of these dopants can affect the selection
rules for both the vibrational Raman and infrared absorption
spectra, as well as introduce midgap states that give rise to
unique UV—visible (vis) as well as X-ray absorption spectral
features. In addition, nanodiamonds have a pre-edge feature in
the carbon K-edge energy region which has been suspected of
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Figure 1. Doped 12 nm C;(N,H,y, (as B aggregate, left) and
Cy15NyH o, (H, aggregate, right) ball and stick representations of the
replaced atoms in the pure diamond matrix (this last represented as
wireframe), nitrogen in blue and vacancy(s) in pink. The labeled Z
axis is along the crystallographic (1, 1, 1) axis.

arising2 from either sp> carbon arising from surface rearrange-
ment ~ or as a result of the presence of midgap states arising
from the presence of dopants."’

In this work, we carry out a systematic spectroscopic study
using density functional theory (DFT) and time-dependent
DFT (TDDFT) combined with a cluster approach for
modeling the nanodiamonds. DFT/TDDFT, combined with
the cluster approach, has been able to provide needed insight
for the characterization of excited states in doped semi-
conductor quantum dots and molecules,””*"** as well as shed
insight into the vibrational properties of molecules and
semiconductor quantum dot systems.''~'**® This work
focuses on the effect of the presence of the N,V -aggregates
on the vibrational, UV/vis, and X-ray spectral properties of
nanodiamond systems.

B METHODOLOGY

Nanodiamonds were constructed to be nearly spherical with a
bulk fcc lattice parameter of a = 0.357 nm'* according to the
procedure presented in ref 10. Hydrogen atoms were used to
passivate the surface carbon dangling bonds. Although other
moieties are generally present on the surface, chemical
treatments of the surface can provide a more uniform
passivation.”***> A C,;H,o, (diameter ~ 1.2 nm) cluster
was used as the starting model for the nitrogen-aggregate-
doped systems previously shown to be of an appropriate size to
accurately capture optical and vibrational transitions due to the
presence of both defects and surface reorganization.''™"’
Figure 1 shows the structures of the as-prepared aggregate-
containing nanodiamond systems.

The N,V center was created by replacing five carbon atoms
near the center of the pure nanodiamond constructed from
bulk parameters along the (1, 1, 1) axis of the model with four
nitrogen atoms and positioning the vacancy at the center,
assuming the so-called B aggregate configuration (Figure 1).
This defect has a local symmetry of T within the C;, diamond
host lattice. The N,V,-doped system was obtained by further
replacing a carbon atom along the (1, 1, 1) axis with a vacancy
and replacing one of the neighboring carbons with a nitrogen
resulting in a C; symmetry. The pure diamond, B-aggregate,
and Hj-aggregate systems were then independently fully
optimized, and harmonic vibrational analysis was performed
to verify the obtained geometries were true minima. Geo-
metries were considered optimized when both the forces
[maximum and root-mean-square (rms) of the force 0.000450
and 0.000300 hartree/bohr, respectively] and displacement
[maximum and rms displacement 0.00018 and 0.0012 bohr,
respectively] values were below the threshold criteria. The

systems are similar to, but slightly smaller than, commercially
available nanodiamonds from laser-heated diamond anvil cell
or detonation synthesis.”***” Although the size of the systems
in this study might show enhanced quantum confinement
effects with respect to the commercially available systems, the
interplay between optical signatures due to the presence of the
defects and the nano size are well represented and can be used
to provide theoretical grounds for understanding larger, though
still quantum confined, systems. Given that the Bohr exciton
radius for diamond is ~1.6 nm,*® the electronic properties of
these diamond clusters are expected to exhibit quantum
confinement effects.'’

Calculations were preformed using the Gaussian®” electronic
structure software package. The ground-state electronic
structures were obtained by solving the Kohn—Sham equation
using the hybrid Becke, three-parameter, Lee—Yang—Parr
functional with the Coulomb-attenuating approach (CAM-
B3LYP)*™" with a 6-31++G(d,2p) basis. A basis set with a
large spatial extent (i.e., diffuse funtions) has been utilized as it
has been previously demonstrated to be important for
describing low-energy Rydberg-like states created by C—H
bonds (in this case the surface of the nanodiamonds).***
These states may also play an important role for shallow-
implanted centers in diamond.”> On the other hand diffuse
functions have been previously shown to be less important for
localized defects located far from the surface.**”** Given the
sensitivity of CAM-B3LYP to the treatment of exact exchange,
it is able to outperform other canonical hybrid (i.e., B3LYP,
PBEO, and so on) functionals for the description of the
Rydberg-like and charge-transfer states.*’ ™' Because these
Rydberg-like states may influence the defect energy levels
within the diamonds and the quantum confinement effect of
these dots,'' CAM-B3LYP/6-31++G(d,2p) was used for this
investigation. The electronic structures of excited states were
calculated using time-dependent density functional theo
within the linear response framework (LR-TDDFT)*»*"** and
its energy specific implementation for computing X-ray near-
edge absorption spectra (XANES).””** Given that XANES
spectra probe the transitions from atomic 1s to valence
transitions, the energy range for the energy window in ES-
TDDEFT was selected as the difference between the carbon or
nitrogen, respectively, 1s orbital(s) and the lowest unoccupied
orbitals with an additional ~10 eV shift to ensure that all roots
were accounted for (~250 eV and ~350 eV for carbon and
nitrogen, respectively).

B RESULTS AND DISCUSSION

Charge and Spin States. The charge and multiplicity for
the B- and H,-aggregate systems have not been well studied
previously. As a result, several different possibilities for both
defect structures were tested herein. A range of charges and
multiplicities of the aggregate systems were examined by
comparing their formation energies (eq 1) and the difference
between their highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). The results
are tabulated in Table 1.

Given that the defects have different numbers of electrons
among the various spin states, their total energies cannot be
directly compared. Thus, the formation energy of a point
defect in the nanodiamond was calculated using eq 1.

AEdefect(q) = Esupercell - Epure + Zini”i + /’% (1)
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Table 1. LUMO—HOMO Energy Difference, A€ in eV, for
the Examined Potential Electronic States (Charge and
Multiplicity) for the H,- and B-Aggregate-Doped 1.2 nm
Nanodiamond Systems Optimized at the CAM-B3LYP/6-
31++G(d,2p) Level of theory”

B-aggregate H,-aggregate

charge multiplicity A€ (eV) AEggq (eV) A€ (V)  AEiuq (V)

-2 triplet 1.11 8.34 1.05 10.82
-2 Singlet 0.81 8.71 0.77 11.90
-1 doublet 0.87 4.79 2.56 6.95
0 triplet 1.08 12.96 5.23 11.97
0 singlet 5.79 3.69 5.60 7.00
1 doublet 3.84 15.53 5.40 17.84
2 triplet 0.04 32.61 3.68 34.74

singlet 2.39 34.00 2.94 34.63

“At this level of theory, the ~1.2 nm diameter pure diamond has a
LUMO-HOMO difference of 7.17 eV.

where E e and Ej, are the total energies for the defect-
containing and pure systems, respectively. Equation 1 accounts
for the removal and addition of different atoms in the system
(represented as the chemical potentials, felt by the chemical
system, introduced by atoms removed from or added to the
system, +u or —u) as well as the difference between the charge
of the systems, g, and the effect of the charge on the host
crystal given by the y, term. Chemical potentials used for the
calculation of formation energy were taken from DFT results,
detailed in the Supporting Information.

The experimentally determined zero-phonon line for bulk
diamonds containing B-aggregates has been previously
identified at 5.26 eV, which is comparable with the neutral-
singlet LUMO—HOMO difference of 5.79 ev, > suggesting
that the neutral singlet is the most likely state. It is important
to note that these band gaps are only examined through the
difference between HOMO and LUMO, and the optical
features may be of a slightly lower energy in the linear-response
TDDFT framework when the electron—hole interaction is
considered. In addition, this neutral, singlet state is associated
with the lowest formation energy indicating that the neutral-
singlet B-aggregate is most likely to form.

In the case of the H,-aggregate system, the experimentally
measured 6photoluminescent (PL) feature for the H, defect is
2.50 eV.”® There are several states (the negative doublet,
neutral singlet and triplet, and the positive triplet and singlet)
that have the HOMO/LUMO gap close to this energy.
Through examination of the formation energies for the H,-
aggregate, the negative-doublet and the neutral-singlet states of
the H, defect are most likely to form. Optical spectra (see
Figure S1 in the Supporting Information) computed using
linear-response TDDFT show that the first excitation for the
negative doublet lies at 1.33 eV and the neutral-singlet state
has the first feature at 3.35 eV. As such the neutral-singlet state
was chosen for further investigation, noting that the quantum
confinement effect will influence the absorption spectra for
these systems, causing them to be higher than experiment.

Structures of B- and H,-Aggregates. As shown in Figure
1, the initial structure for the B-aggregate system has a local
tetrahedral T; symmetry in the C;, diamond lattice. The H,-
aggregate system, however, with its additional vacancy, does
not have a tetrahedral symmetry; instead it has an initial
symmetry of C. Figure 2 shows the local effects of the

geometry relaxation on the defects after the systems were fully

optimized.
Z T ‘W:\ Y
o 3 54’; q
L Téayz; L IY% yb-
g ‘L L oA L |
T T S T
g
ot
VA +10.52% +9.47% +9.22%
L o>oKo
+12.63% +8.31% +8.25%

Figure 2. Geometry relaxation near the B- and H,-aggregate centers
(C116N H o4 and C; N H o4 respectively) for the 1.2 nm diameter
nanodiamonds. Systems were optimized at the CAM-B3LYP/6-31+
+G(d,2p) level of theory. Left is the B-aggregate system with right
being the H,-aggregate system; top is the defect (nitrogen in blue,
vacancies in pink) with the rest of the diamond in wireframe; bottom
shows the expansion, in percent, from the original, crystallographic
bond length of 1.5446 A, with similar colors corresponding to equal
expansions.

Upon optimization, the aggregate-containing systems
expand out from the vacancies, compared to the initial
diamond-like structures. In the case of the B-aggregate, a
pseudotetrahedral local symmetry is mostly preserved with the
NV bond length increased by 10.5%—12.6% compared to the
crystallographic bulk diamond bond length of 1.5446 A. The
slight symmetry breaking is due to the C;, symmetry of the
host nanodiamond. In the case of the H,-aggregate system, in
addition to the increased NV bond lengths, nearest carbon-
vacancy bonds also increase by ~9%. This increase in bond
length has been noted before arising from the increased charge
density in the vacancy given by the nitrogen atoms.”

Vibrational Analysis. Structural analysis suggests that
vibrational spectroscopy can be used to differentiate between
the different aggregates. While the Raman spectra are known to
lack unique features that can be used to probe the nature of the
nitrogen aggregate defect (see Figure 3 for the pure diamond
and B-aggregate Raman comparison),”® the infrared (IR)
spectra for the aggregate systems show several spectroscopic
features different from both the pure nanodiamonds and the
nitrogen-vacancy-containing nanodiamonds.

Plotted in Figure 4 are the calculated IR spectra for the pure
diamond, nitrogen-aggregates, and NV~ systems. It can be
noted that each species contains the diamond band at ~1330

m .77 Please see ref 12 for a more detailed examination of
the pure diamond cluster vibrational properties. The area with
the largest, most notable, differences between the aggregate
and nonaggregated systems occurs in the ~800 to ~1200 cm ™'
range. Given that this region has significant overlap from
surface hydrogen—carbon—hydrogen bending modes, in an
effort to isolate the responses due to the carbon and nitrogen
vibrations, the mass of the surface hydrogen was artificially
increased for analysis as has been reported in various studies
examining nanodiamond vibrational spectroscopy.'”'>***" As
can be seen in Raman spectra (Figure 3), in the case of both

https://dx.doi.org/10.1021/acs.jpcc.0c03106
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Figure 3. CAM-B3LYP/6-31++G(d,2p) Raman spectra for the pure
~1.2 nm diamond (top) and the N,V-doped “B-aggregate” diamond
(bottom) with artificially heavy hydrogen mass. As can be noted, the
pure diamond peak at ~1300 cm™' is prominent, and there are not
significant differences between the spectrum with and without the
nitrogen aggregate.
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Figure 4. CAM-B3LYP/6-31++G(d,2p) IR spectra for, in descending
order, the ~1.2 nm diameter pure diamond, B-aggregate containing
diamond, the Hj-aggregate containing diamond, and the NV~
diamond with artificially large hydrogen mass. The IR spectra with
regularly massed hydrogen can be located in the Supporting
Information (Figure S4). IR activity has a 4 cm™" broadening applied
to generate the spectra for all four plots.

the pure and NV™-doped nanodiamonds the region of ~800—
1200 cm™" is mostly featureless. The addition of nitrogen-
aggregate systems slightly increases the IR activity in this
spectral region, and gives rise to one strong feature at 1116
cm™!, corresponding to an E vibration comprising mostly the
carbon lattice of the diamond (see Figure S2 in the Supporting
Information).

Examining the IR spectra in Figure 4, we identify that both
of the aggregate systems contain increased responses in the
~1095 cm™" energy region, when compared to both the pure
and NV~ systems. In the case of the B-aggregate system, this
vibration corresponds to an A, vibration primarily involving
the diamond lattice around the nitrogen defect. For the H,
defect, this is an A’ vibration which involves both the diamond
lattice as well as the nitrogen aggregate. Both of these
vibrations have their displacement vectors displayed in Figure
S3.

While IR spectroscopy is able to differentiate the nitrogen
aggregate systems from both pure diamond and NV~ -doped
diamonds with a fine enough resolution, the spectra for both of
the aggregate systems is very similar given their similar
geometries. There are two regions that show significant IR
activities between the H,- and the B-aggregate systems. At
1009 cm™' which corresponds to an A, vibration, plotted in
Figure S5, the B-aggregate system, compared to the H,-
aggregate, shows an increased IR activity. The 1009 cm™
vibration comprises mostly the diamond lattice around the
aggregate center similar to the ~1095 cm™ vibration. On the
other hand, responses with an increase in activity for the H,-
aggregate system, compared to the B-aggregate, can be seen at
942 and 1035 cm™. The 942 cm™ vibration has A’ character,
and mostly involves the “top” (as shown in Figure 1) nitrogen
and vacancy within the diamond lattice. The 1035 cm™
vibration has A” character and mostly involves the “bottom”,
as defined in Figure 1, three nitrogens and vacancy. Both of the
vibrations are plotted in Figures S6 and S7. These features can
be difficult to experimentally resolve; however, recent work has
been realized in aberration corrected, energy filtered low-loss
electron energy loss spectroscopy enabling resolution reaching
5 meV which has allowed for the measurement of isotopically
labeled bonds in molecular crystals.”” These developments in
combination with the photothermal heterodyne spectroscopic
techniques may enable the experimental measurement of point
defects in individual nanodiamonds.”’ As such the ab initio
insights provided are important for distinguishing these
nitrogen-containing systems. To be able to further separate
the two aggregate systems, the electronic structures have been
investigated.

Ground State Electronic Structures. The electronic
density-of-states (DOS) plots in Figure S show the presence of
defect-centered intraband states when the defects are present
in comparison to the pure diamond. The frontier molecular
orbitals for the B- and H,-defects are represented in Figure 6,
which appear as intraband states. In the case of the B-aggregate
system, given that the overall symmetry of the diamond has
relaxed from tetrahedral to C,,, the tetrahedral t, orbitals are
split into e and a, orbitals, shown in Figure 6. It is interesting
to note that the a, orbital of the B-aggregate is higher in energy
than e, and e, orbitals unlike what is seen for the NV~
system.10

The presence of the H,-aggregate causes the e, and e,
orbitals to further split into the a’ orbitals that can be seen in
Figure 6. These orbitals remain localized around the bottom
(Figure 1) nitrogen atoms and vacancy with a large nitrogen
contribution. The HOMO level for the H,-aggregate system is
localized on the top nitrogen and vacancy with a significant
carbon contribution. Not only does the N,-aggregate introduce
the intraband occupied orbitals it also contributes to the
unoccupied levels which lie near the valence band edge. The
difference in localization for these systems can be viewed in the

https://dx.doi.org/10.1021/acs.jpcc.0c03106
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Figure S. Density of states plots for the pure diamond (top), B-
aggregate (middle), and H,-aggregate (bottom) neutral, singlet
systems identified earlier to be most probable. Contributions to the
intraband states due to the defect are shown with nitrogen
contributions in blue and, in the case of the Hj-aggregate, the
carbons surrounding the “top” vacancy in red. The partial DOS
contributions by both carbon and nitrogen have been multiplied by a
factor of 2. The occupied orbitals are shown with a darker plot against
the unoccupied orbitals.

Supporting Information (Figures S8 and S10). The signifi-
cantly different localization schemes and symmetries of the
intraband molecular orbitals localized around the B- and H,-
aggregate defects suggest that the two systems will have unique
and distinct features in UV/vis spectra.

UV/Vis Spectra. The optical response of the nanodiamond
systems in the UV/vis region has been examined using the
linear response TDDFT formalism. Table 2 lists the first four
excitations for both aggregate systems, and the simulated
absorbance spectra can be viewed in Figure 7. For the size of
nanodiamond studied here, the band-to-band excitation (not
shown) appears at ~7 eV. The spectral features in Figure 7
arise from transitions between defect levels to the conduction
band edge of the nanodiamond. These transitions are red-
shifted from the pure diamond band—band transitions as they
originate from the orbitals introduced into the midgap by the

Table 2. CAM-B3LYP/6-31++G(d,2p) Linear Response
TDDFT Results for the Diamond Systems®

absorption oscillation contributing molecular
species (eV) strength orbitals
B-aggregate 4.47 0.0048 HOMO — LUMO
4.52 0.0581 HOMO(-1) - LUMO
452 0.0581 HOMO(=2) — LUMO
4.60 0.0064 HOMO — LUMO(+1)
absorption oscillation
species (eV) strength transition character
H,-aggregate 335 0.0020 a’ (HOMO) — a”
3.52 0.0316 ' (HOMO) — a”
415 0.0010 a’ (HOMO-2) — a”
416 0.0144 2’ (HOMO-2) —

“The corresponding orbitals are plotted within Figure 6.
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Figure 7. UV/vis spectra for the B-aggregate system (top panel) and
the H, aggregate system (bottom panel) at the LR-TDDFT CAM-
B3LYP/6-31++G(d,2p) level of theory. A Gaussian broadening term
has been applied to the transitions (represented as black sticks) of
0.12 eV. Inset are the natural transition orbitals (NTOs)® for the
hole (left) and electron (right) orbitals for the first transition in B-
aggregate and H,-aggregate, respectively.

aggregate as shown in Figure 6. The absorption spectra of the
B- and H,-aggregates differ significantly from that of the NV~-
containing nanodiamond, which has features starting at ~2 eV
enabling the differentiation between aggregate systems and
nitrogen vacancies."’

The first absorption response occurring at ~4.5 eV for the B-
aggregate is significantly red-shifted when compared to the

Figure 6. Molecular orbital diagrams for the neutral singlet, (a) B-aggregate and (b) H,-aggregate systems. Inset pictures are plots of the MOs
corresponding to the energy levels. Each surface has an isovalue of 0.03. The positioning of the MO levels is not drawn to scale.
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literature absorption of ~5.3 eV.** This can be attributed to
the formation of Rydberg-like unoccupied states, which are
visualized in Figure S9 for the ~1.2 nm nanodimaond. These
states have been observed previously with hydrogen-capped
ultrasmall diamond nanoparticles (adamantane, diamantane,
and so on) as the cause of experimental band gaps lower than
anticipated, which were able to be described through
TDDFT.* It can be seen in Figure 7 and Table 2 that there
are two degenerate responses with significant intensity
corresponding to transitions from the e, and e, MOs,
respectively, to the LUMO. As can be noted from the insets
in Figure 6, these orbitals have a larger spatial extent through
the diamond than the a; orbital. As a result, transitions from e,
and e, MOs are associated with a greater overlap with the
conduction band orbital and thus a significantly larger intensity
in the absorption spectrum.

The H,-aggregate has several absorption features which
appear red-shifted compared to those in the B-aggregate, as the
H,-aggregate system introduces localized states both at the
valence band edge and conduction band edge (Figure 6). The
lowest energy spectral peak at ~3 eV consists of defect-
centered transitions mixed with conduction band characters.
This initial transition consisting of the a’ to a” orbitals (Table
2) is significantly red-shifted when compared to the B-
aggregate spectrum. Since the first transition for the H,-
aggregate center is defect-centered, the red-shift from the
presence of the Rydberg states is less than for the B-
aggregate.' While the B-aggregate excitation is largely size
invariant, the spectral features of H,-aggregate shows clear
signs of quantum confinement. As previously noted,”” and can
be visualized in the inset of Figure 7, the electron and hole
properties of the H,-aggregate are localized to the top nitrogen
and vacancy, but more delocalized compared to that of B-
aggregate. As a result, UV/vis spectral features of H,-aggregate
are more sensitive to the quantum confinement.

X-ray Absorption. XAS is sensitive to elemental
composition of the material being probed as well as changes
to the structure of the material. The XAS K-edge feature
specifically examines the transition from 1s core electrons to
virtual valence molecular orbitals. XAS thus can be used to
study local properties of the absorbing centers. In nano-
diamonds there has been previous success in characterizing
heteroatomic dopants and in the study of surface reconstruc-
tion using carbon K-edge spectral features.'”'>*~°® As has
been both experimentally and theoretically identified, the
surface reconstruction of the nanodiamonds causes a pre-edge
feature to appear in the carbon K-edge energy region of the
XAS, commonly attributed to the carbon 1s to carbon z*
orbitals lying on the surface of the diamond.'”**%” In a recent
work it was shown that silicon-vacancy defect was able to
introduce similar pre-edge features in nanodiamonds."'

In this section, carbon and nitrogen K-edge XAS are
examined for nanodiamonds containing different polyatomic
nitrogen defect configurations. Figure 8 and Table 3 compare
XAS carbon K-edge spectra in several different defect-
containing nanondiamond. The pure diamond has one major
peak appearing at ~289 eV corresponding to carbon 1s to o*
transitions. In the case of the B-aggregate system there is a lack
of a noticeable pre-edge feature. As can be determined from
Figure S, the B-aggregate does not introduce unoccupied
intraband orbitals. As a result, the carbon K-edge spectrum of
the B-aggregate is similar to that of pure diamonds.
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Figure 8. CAM-B3LYP/6-31++G(d,2p) carbon K-edge for the d =
~1.2 nm nanodiamond systems, uniformly shifted by 13 eV to better
align with experimental values. Plotted, in descending order, are the
spectra for the pure diamond, the B-aggregate system, the H,-
aggregate system, and the NV~ system. The first (shifted) excitations
are listed in Table 3, with the NTOs responsible for the bolded
excitations shown in the SI (Figures S12—S18).

Table 3. CAM-B3LYP/6-31++G(d,2p) TDDFT XAS Results
for the Carbon and Nitrogen K-Edge”

species o (eV)? transition characters
pure nanodiamond 288.85 carbon 1s — o*
288.95 carbon 1Is — o*
289.08 carbon 1s — o*
289.22 carbon 1Is — o*
B-aggregate 288.85 carbon 1Is = o*
288.94 carbon 1s — o*
289.09 carbon 1Is — o*
289.18 carbon 1s — o*
402.72 nitrogen 1s— o*
402.84 nitrogen 1s— o*
H,-aggregate 285.44 carbon 1s — a”
285.45 carbon 1Is — a”
288.57 carbon 1Is = a”
288.65 carbon 1Is — a”
402.10 nitrogen 1s— a”
402.10 nitrogen 1s— a”
402.15 nitrogen 1s— a”
NV~ 286.03 carbon 1s — ¢,
286.03 carbon Is — e,
286.03 carbon 1s — ¢,
402.06 nitrogen 1s — ¢*

“The NTOs for the bolded excitations are plotted in the SI (Figures
$12—S15). “Please note values are uniformly shifted by 13 eV to
better align theoretical results with experimental spectra."’

In contrast, unoccupied intraband levels in nanodiamonds
containing H, and NV~ defects give rise to a noticeable pre-
edge feature. This feature corresponds to transitions from the
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carbon 1s to the dopant-centered LUMO (a” for the H,-
aggregate and e, for the NV~ center). It is important to note
that both of these systems have very similar energetic values for
their pre-edge features. In the case of the H, system, the
unoccupied orbitals are localized on the top nitrogen and
vacancy pair and as such behave similarly to that of the NV~
system. The pre-edge feature in H,-aggregate and NV~ systems
is ~3 eV red-shifted in comparison to the pure diamond peak.
This is less than the ~5 eV shift which was previously reported
in the presence of silicon split-vacancy centers or of surface
reorganization in nanodiamonds,'”'” and as such may be
useful for distinguishing between the various systems.

In the case of the nitrogen K-edge, a pure diamond system
will not have responses due to the absence of nitrogens in the
system. As is reported in Table 3, the nitrogen K-edge of the
nitrogen-containing nanodiamonds are in the ~402 eV range.
This energetic range is similar to that for trivalent nitrogen in
non-aromatic organic molecules.”” It can be noted that the B-
aggregate is blue-shifted in comparison to the Hj-aggregate
and NV~ centers as is also seen for the carbon K-edge
responses. It should be noted that the response by the H,-
aggregate and NV~ center are similar since (as can be seen in
Figure S17) the leaving orbital for the response is the top
nitrogen, which, as referenced earlier, behaves similar to an
NV~ center. However, the Hj-aggregate center response is
slightly blue-shifted, indicating that the electron density for the
center is slightly less than that of the isolated NV~ center.
These responses can be beneficial for examining the nature of
the nitrogen doping within the nanodiamond and can be
experimentally realized through processes such as scanning
transmission X-ray absorption microscopy to compare with
theoretical predictions. Additionally, to further distinguish
between NV~ centers and the B-aggregate, it may be possible
to take advantage of polarized XAS as the NV~ centers, due to
the non-centrosymmetric one-dimensional C;, rotation axis,
will have polarization-dependent spectra while the B-aggregate,
due to the centrosymmetric T,; symmetry, will not. This can be
seen by examining the electronic transition dipoles for the
nitrogen K-edge transitions where in the case of the NV~
center the only strength lies along the (1, 1, 1) axis which the
NV~ center is aligned with, while in the case of the B-aggregate
there is dipole strength along both the (1, 1, 1) as well as the
(1,1,0) axis. One potential issue with this is that the NV center
has four potential arrangements; however, work has been done
previously to constrain the NV orientation during synthesis.”

B CONCLUSION

In this work spectroscopic features arising from introducing
nitrogen aggregates into a nanodiamond lattice were
investigated. It was determined that the presence of nitrogen
aggregates introduced features unique from either NV~
systems or pure nanodiamonds into their vibrational spectra.
Unfortunately the infrared spectroscopic responses for both
aggregate systems were very similar in the ~800 to ~1200
cm™' range which sets them apart from either NV~ or pure
diamond systems. It was shown that optical absorption
spectroscopy can differentiate between the two investigated
aggregate systems with the B-aggregate system introducing
transitions at ~4.5 eV and the H,-aggregate system introducing
responses at ~3.3 eV. It was also shown that these aggregate
systems affect the pre-edge region (~285 eV) of carbon’s K-
edge XAS. This information can be used to differentiate further
between the aggregate systems and possibly other doped
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diamond species. In this study, though the predicted responses
in the XAS can be difficult to detect due to surface defects'* or
other dopant species,'’ chemical treatments of the nano-
diamond system can help reveal these features.”*"** In
addition we were able to identify vibrational and optical
fingerprints of the N,V,-aggregate systems aiding in the future
detection and characterization of these defect systems.
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