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Introduction

Heteroatom-vacancy centres in molecular
nanodiamonds: a computational study of organic
molecules possessing triplet ground states
through ¢-overlapt

Colette Maya Macarios, (22 Jii Pittner, € ® Viki Kumar Prasad (2 ® and Ulrich Fekl () *2
Small molecules possessing a triplet ground state are fundamentally intriguing but also in high demand
for applications such as quantum sensing and quantum computing. Such molecules are rare, and most
examples involve extended m-systems. Topology and shape of the spin density will be very different for
molecules where the triplet state arises from o-overlap. Drawing inspiration from NV~ (anionic nitrogen-
vacancy) centres in a diamond crystal, which possess triplet ground states that are robust due to the
distortion-preventing crystal lattice, we investigate hetero-atom substituted diamondoids (molecular
nanodiamonds) as molecular mimics for NV~ centres. It is found that even in these small systems,
distortions that stabilize singlet states are energetically costly, and the triplet states are more stable than
the singlets. The stabilization of the triplet over the singlet is 13, 16, and 18 kcal mol™?, in anionic
Cs3y-Csz3HzgN™ and in the charge-neutral molecules Cs,-C3zzH360 and Cs,-Cs3HszeS, respectively, using
CAM-B3LYP-D3(BJ)/Def2-QZVPP. Comparable numbers are obtained with other density functional
theory (DFT) methods, including double-hybrids. Wavefunction-based approaches on the other hand
disagree in their predictions: While the MP2 method applied with the DLPNO approximation predicts a
preference for the singlet, density matrix renormalization group (DMRG) calculations qualitatively agree
with DFT in their prediction of a triplet ground state, although by a small margin, for Cs,-C33sHzsN~ and
C3y-C33H360, but not for Cs,-Cs3Hz6S. Weighing the evidence, we conclude, with reasonable
confidence for Cs,-C33zHz¢N™ and Cs,-C33H360 and lesser confidence for Cs,-C33Hz6S, that the ground
state for the molecular nanodiamonds studied is a triplet state.

triplet state arises from c-overlap.’ Here we study computa-
tionally organic molecular systems that lack n-bonds yet are

Organic molecular systems that possess a triplet ground state
are very rare. However, such systems are in high demand due to
their applications in organic magnets, memory devices, spin-
tronics, and many other emerging technologies like quantum
sensing and quantum computing." Generally, n-conjugated
systems are used to create a triplet ground state, and most
research has focused on such systems.? Topology and shape of
the spin density will be very different for molecules where the
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ground-state triplets, by taking inspiration from defect centres
in diamond.

The NV~ (anionic nitrogen-vacancy) centre in a diamond
crystal lattice has a triplet ground state.” NV~ centres are
produced from the perfect crystal lattice by nitrogen doping/
irradiation and suitable annealing. The NV~ centre can be
understood if its formation is formally broken down into three
steps (Fig. 1). An arbitrary carbon atom is removed from its
Tq-symmetric environment inside the diamond crystal lattice,
thereby generating a hole surrounded by four “dangling
bonds”. Fig. 1a depicts a molecular orbital (MO) scheme for
the vacancy centre thus formed. This analysis is closely based
on the classic work by Loubser and van Wyk.” Four valence
electrons and four basis functions are in a T4 arrangement,
resulting in one A; MO plus a T, set. Replacement of one of the
four carbon atoms adjacent to the hole by nitrogen (Fig. 1b)
lowers the symmetry from T4 to Cs, (T, — E + A,) and creates a
charge-neutral NV centre (NV°).® Since N has one additional
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Fig. 1 Generation of an NV~ centre through a formal stepwise process:
(a) carbon removal, (b) nitrogen substitution, (c) reduction.

valence electron compared to carbon, the centre will now
contain five valence electrons. The low-lying A; MO would be,
due to the higher electronegativity of nitrogen compared to
carbon, best described as a localized lone pair at nitrogen.
Opposite to N resides a system of three carbon-based atomic
orbitals directed toward a common point (the central vacancy)
in C3, symmetry, which contains the remaining three electrons.
Thus, the simple scheme predicts for the NV° centre that three
electrons are delocalized in a three-carbon ring, in a C-based A,
orbital (the higher one of the two A; MOs) and a C-based E set
(Fig. 1b). Not strictly in a geometrical sense but in a topological
(Htickel) sense, the situation is analogous to three hydrogen
s-orbitals in a ring or to the cyclopropenyl n-system. While NV°
is a radical (spin doublet), NV" is a closed-shell singlet” (just as
the c-aromatic H;" or the aromatic cyclopropenium cation).
Reduction of NV° to NV~ is possible in the solid state, and the
ground state of NV, where the E set of orbitals is occupied by
two electrons, will be a triplet (Fig. 1c). The triplet nature
follows from orbital degeneracy, due to the threefold symmetry.
Significant distortions destroying the threefold symmetry could
lift the degeneracy of the E set to the extent that a distorted
singlet state could become more stable - but this is prevented
by the rigidity of the diamond lattice.

The NV~ centre in crystalline diamond is a localized defect
in a periodic diamond lattice.* ® The question arises of whether
such a spin triplet-bearing centre could be incorporated into a
small molecule and whether it still would be stable against
distortion and singlet state formation.” A molecular nano-
diamond (diamondoid) could host such a centre. To mimic
diamond, the molecule should have one central carbon that is
surrounded by four tertiary carbon atoms in initial T4 symme-
try. The smallest diamondoid with this property is
Tq-decamantane or (“superadamantane”).*®
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Fig. 2 General structure of the decamantane heteroatom-vacancy sys-
tems (NV~, OV, SV) studied in this work. The central cavity (decamantane
would have a central carbon atom at this position) is surrounded by one
heteroatom and, in a three-fold symmetric fashion (in the absence of
distortion), by three tertiary carbon atoms labelled here as ‘a’, 'b’, and 'c’.

If the central carbon atom is removed, one of the four
tertiary carbon atoms is replaced by a nitrogen atom, and the
molecule is reduced by an extra electron, a molecular anion is
obtained that should be the smallest possible diamondoid that
can realistically model a diamond NV~ centre: Cj,-C33H3¢N .
This molecule will here be referred to as NV~ (in bold). Since a
charge-neutral oxygen or sulfur atom has the same number of
valence electrons as N, charge-neutral OV (Cs,-C33H360) and
SV (C3,-C33H36S) will also be considered as alternative molecu-
lar candidates. Here we investigate and report the singlet-
triplet energy gaps and possible distortions for NV, OV, and
SV (Fig. 2).

Computational methods

The molecules NV, OV, and SV were computationally opti-
mized as both spin singlet and spin triplet. Starting geometries
were constructed manually using the Avogadro™ program.
Symmetry was not used as a constraint but was rather the
result of an unconstrained geometry optimization (Cj, resulted
for all triplet structures, Cy for all singlet structures). The
starting geometries were subjected to geometry optimization,
to the next local minimum, using the Gaussian'’ software
package. These computations were run using 32 processors
(2x Intel E5-2683 v4 Broadwell @ 2.1GHz CPU) on the Graham
high-performance computing cluster of the Digital Resource
Alliance of Canada. In order to not miss a low-lying local
minimum, starting geometries were distorted in both an
acute and an obtuse fashion (see Fig. 3) and allowed to
relax from each. The quantum-chemical method used was the
CAM-B3LYP"® density functional with Def2-QZVPP basis set'*
and the D3" dispersion correction scheme using Becke-John-
son'® (BJ) damping, i.e., CAM-B3LYP-D3(BJ)/Def2-QZVPP level
of theory. CAM-B3LYP is a range-separated functional that
minimizes the delocalization error and expected to predict
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Fig. 3 Possible Jahn—-Teller distortions for the singlet states of NV~, OV,
SV. View of the molecule is along the three-fold axis, through the cavity,
with the heteroatom at the back of the molecule. The tertiary carbons a, b,
and c (compare Fig. 2 for an alternative view) are involved in the distortion.
The unique angle « (angle at unique tertiary carbon a) provides a measure
of the distortion, and so does the difference between the C-C distances
C-Clbc) and C-Clab).

reliable singlet-triplet energy gaps.’” A frequency calculation
was performed for each minimum to ensure that true minima
were found. In Gaussian, all calculations were performed in the
gas-phase and employed a self-consistent field (SCF) conver-
gence criterion of 10~% hartrees (default), ultrafine integration
grid, and tight optimization convergence criteria (maximum
force = 1.5 x 107> hartrees bohr™*, RMS force = 1 x 10"
hartrees bohr !, maximum displacement = 6 x 10~> bohr,
RMS displacement = 4 x 10> bohr). Spin contamination was
found to be negligible for all triplets (2.00 < ({5%)) < 2.03).
CAM-B3LYP-D3(B])/Def2-QZVPP optimized geometries were
then used for all other electronic structure computations
including single-point energy calculations with density func-
tionals (with dispersion correction wherever appropriate) such
as PBEPBE'®, BP86'°, M06-2X*°, LC-oPBE*!, ®B97xD.?* Further
single-point energy calculations for double-hybrid density func-
tionals with the DLPNO approximation i.e., DLPNO-B2PLYP**
and DLPNO-DSD-PBEP86>! were carried out with the Orca
program.”®> Spin density plots (Fig. 4) were created with the
visual molecular dynamics (VMD)*® software using an
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isosurface value of 0.005 a.u. The spin-flip TDDFT calcula-
tions and SCF orbital and MO integral calculations in the
Def2-QZVPP basis for DMRG have been performed using the
Orca program at the Czech National Supercomputer centre IT4I
in Ostrava. The DMRG calculations were performed using the
MOLMPS program®’ at the computer cluster of the Heyrovsky
Institute in Prague (32 nodes with Intel Xeon Gold 6226R nodes
running at 2.9 GHz).

Results and discussion

All spin triplet structures optimized, with CAM-B3LYP-D3(B])/
Def2-QZVPP, to be Cj,-symmetric, as expected from MO argu-
ments (Fig. 1). In contrast, spin singlet structures were found to
distort, which is also expected: any significant distortion
destroying the initially threefold symmetry will lift degeneracy
in the initially doubly degenerate (E) set of orbitals to an extent
that may be sufficient to stabilize a singlet state. This broadly
Jahn-Teller-like distortion is similar to symmetry lowering and
bond localization that stabilizes formally antiaromatic mole-
cules. There are two possible Jahn-Teller distortions in a
triangle: the equilateral triangle formed by the three quaternary
carbons C(a), C(b), and C(c) might become either acute or
obtuse (Fig. 3).

The undistorted structure, which we found for all spin
triplets, consists of all three carbons (a, b, c¢) forming an
equilateral triangle. In the distorted structures (all spin singlets
we found), the unique carbon will be labelled ‘a’, with the
corresponding angle denoted as ‘a’. Acute distortion is most
easily seen in an angle « that is smaller than 60°, while obtuse
distortion implies o > 60°. Alternatively, the C-C distances can
be used. The distance C-C(bc) will be smaller than C-C(ab) in
an acute triangle and larger in an obtuse triangle. For each of
the molecules NV, OV, and SV, we found indeed two spin
singlet structures, one distorted in an acute fashion, the other
one in an obtuse fashion. Energies, angles, and distances can
be found in Table 1. Although the distorted singlets are true
minima, they are energetically higher than the corresponding

Fig. 4 Spin density plots for the triplet states of NV, OV, and SV (using CAM-B3LYP-D3(BJ)/Def2-QZVPP). Each structure is viewed along the three-fold
axis with the heteroatom in the back, similar to the view in Fig. 3. Isosurface value is 0.005 a.u.
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Table1 Summary of computational results obtained with the CAM-B3LYP-D3(BJ) density functional. For each molecule, the energy of the most stable
spin state, triplet, is defined as zero, with values for the singlet spin states given relative to it. «, 5, y, C—C(bc), C-C(ab), C-C(ac) are defined as in Fig. 3

AEs 1° AEg 1 C-C(bc) (A) C-C(ab) (A) C—C(ac) (A)

Molecule Distortion (kcal mol ™) (kcal mol~!)® o () () 7 (%) (base-base) (base-apex) (base-apex)
NV~ singlet Acute +12.8 +14.8 37.5 71.3 71.3 1.83 2.84 2.84
Obtuse +24.3 +24.2 69.8 55.1 55.1 2.98 2.60 2.60
NV triplet Undistorted 0.0 0.0 60.0 60.0 60.0 2.89 2.89 2.89
OV singlet Acute +15.6 +17.1 38.0 71.0 71.0 1.84 2.83 2.83
Obtuse +25.7 +25.5 70.2 54.9 54.9 2.97 2.59 2.59
OV triplet Undistorted 0.00 0.0 60.0 60.0 60.0 2.88 2.88 2.88
SV singlet Acute +17.8 +20.0 39.2 70.4 70.4 1.89 2.81 2.81
Obtuse +23.3 +23.6 66.5 56.8 56.8 3.01 2.74 2.74
SV triplet Undistorted 0.0 0.0 60.0 60.0 60.0 2.92 2.92 2.92

“ AEs_r is defined as the difference between the total energy obtained at CAM-B3LYP-D3(B])/Def2-QZVPP level of theory for singlet and triplet state.
> AE_; is defined as the difference between the sum of the total energy obtained at CAM-B3LYP-D3(B]J)/Def2-QZVPP level of theory and zero-point
energy correction obtained at CAM-B3LYP-D3(B])/Def2-TZVPP level of theory for singlet and triplet state.

symmetrical spin triplet. Thus, DFT predicts that all molecules
studied are true ground state triplets, enabled by the rigid
polycyclic structure that makes distortions energetically
costly. The singlet-triplet energy separation computes with
CAM-B3LYP-D3(BJ)/Def2-QZVPP (Table 1) to be 17.8 keal mol "
for SV and 15.6 and 12.8 kcal mol ' for OV and NV, respec-
tively, with the triplet most stable. Zero-point vibrational energy
corrections lead to only minor changes in the exact values and
do not change the relative ordering (Table 1). The predicted
energetic separation between singlet and triplet will be sensi-
tive to the specific density functional used. However, the
qualitative result, the triplet is more stable than the singlet
for all three species, is observed for all functionals we tried:
CAM-B3LYP, PBEPBE, BP86, M06-2X, LC-0PBE, ©B97XD,
DLPNO-B2PLYP-D3B], DLPNO-DSDPBEP86-D3BJ], see ESI,{
Table S2. It is particularly noteworthy that even the PBE
functional, which is known to over-stabilize the lower spin
state,”® predicts the triplet to be more stable in all cases. The
most stable singlets are predicted by PBEPBE to be higher
than the triplet by 8.44 kcal mol™* for SV and 12.62 and
11.35 kecal mol ™" for OV and NV, respectively. Because of the
known bias of PBEPBE, these numbers may serve as a lower
bound for the true energy gap, and the fact that even PBEPBE
(and also BP86) predicts a triplet ground state for all three
species is a strong indication that this qualitative ordering —
triplet more stable than singlet - is real. In addition to “energy-
difference” DFT calculations, we also performed spin-flip
TDDFT calculations, where the singlet state is computed by
the TDDFT method from a triplet reference. We employed the
CAM-B3LYP-D3(B]) in Def2-QZVPP basis (with Def2/] auxiliary
basis set) in the Orca program for these calculations. Except for
distorted OV, and acute SV, where we were not able to converge
the triplet KS DFT calculations for the distorted geometries, the
results were in agreement with previous DFT calculations,
confirming triplet ground states (ESI,i Table S2). For our
conclusion about the ground state, it is safe to ignore spin-
orbit coupling (SOC). We computed the SOC coupling vectors
between the lowest singlet and triplet states for the NV~ and SV
species at their acute geometries at the TDDFT/Def2-QZVPP
level using Orca. For the former, the magnitude of the SOC

This journal is © the Owner Societies 2024

vector was below 1 em™" (<0.003 keal mol™"), while for the
latter it was about 5 em™" (0.015 kcal mol™") and we thus
consider the effects of SOC on the singlet-triplet gap negligible.

One still may wish to confirm the prediction of a ground
state triplet using a post-Hartree-Fock wavefunction-based
method of suitable accuracy. However, the size of our mole-
cules precludes the use of many methods such as DLPNO-CCSD
and CCSD(T) which are not feasible. Given these severe limita-
tions imposed by the size of the system, we performed DLPNO-
MP2 energy calculations in the Def2-TZVPP basis set (RI with
Def2-TZVPP/C). Unlike the DFT results, DLPNO-MP2 favours
the singlet states (by 5.5 kcal mol™* for NV, 2.5 kcal mol ™ for
0V, 22.3 kcal mol ™" for SV, see ESI, T Table S2). These data do
not sway us to re-consider the predictions from DFT. A compu-
tational study on the ground state energetics, singlet or triplet,
of various carbenes has recently concluded that “MP2 methods
do not match the performance of double hybrid functionals,
and are surprisingly challenged even by a functional such as
BLYP”.*° In order to test whether our molecules have multi-
configurational character in the states of interest, we per-
formed DMRG computations in the (22,37) active space with
a modest bond dimension 512 and basis set Def2-QZVPP. This
active space should be large enough to include the important
orbitals around the “active site”. We found that the DMRG
energies strongly depend on the orbitals employed (ROHF
triplet or RHF singlet orbitals), since the active space is much
smaller than the orbital space and DMRG cannot compensate
orbital relaxation effects. Unfortunately, DMRG-SCF calcula-
tions were computationally too demanding. We found out that
the triplet state at the symmetric geometry is dominated by the
HF determinant in the ROHF orbitals, while it has modest
multireference character (the coefficient of the leading deter-
minant about 0.8) when the DMRG is based on RHF singlet
orbitals (orbital entropies confirming this conclusion). The
singlet states have a degenerate two-determinantal character
at the symmetric geometry, while at the distorted geometries
they were also dominated by a single determinant in DMRG
based on the RHF orbitals. One can thus conclude that at their
respective optimum geometries, both singlet and triplet states
do not exhibit strong static correlation and can be treated by a
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single-reference wavefunction method that capture the dyna-
mic correlation. One potential weakness of DFT, lack of static
correlation, is thus not a significant problem here. We decided
to compare the DMRG energies and took the ones based on
RHF singlet orbitals, with a bias favouring the singlet state. The
adiabatic singlet-triplet energy gap computes with this method
to be —3.37 kecal mol ™" for SV (singlet more stable) while it is
positive, 1.12 and 0.50 keal mol ™" for OV and NV, respectively
(triplet more stable). Weighing the evidence, our conclusion is
that the ground state for the molecular nanodiamonds studied
is a triplet, where our confidence is higher for OV and NV~ and
lesser for SV.

The shape of the spin density is also worth commenting on.
Most stable triplet molecules involve extended n-systems, but
spins in m-systems are easily perturbed by the environment,
such as solvent molecules interacting or other aromatics stack-
ing closely. In contrast, spin density plots (CAM-B3LYP-D3(BJ)/
Def2-QZVPP) for NV, OV, and SV (Fig. 4) show that the spin
density of the triplet spin state is mostly confined to the interior
of the molecule, quite in line with what is predicted from
simple MO arguments, with little extending to the surface
through spin polarization. The spin density is carbon-based
and is largely independent of the heteroatom used here (N~ or
O or S). Based on the localization of the spin density in the
interior, we would anticipate excellent chemical stability for
these molecules. If the small spin density at the exterior
hydrogens should become problematic, the hydrogen substitu-
ents could be replaced by alkyl substituents. The synthesis
of molecular NV, OV, and SV will be a challenging but
worthwhile goal.

Conclusions

The superadamantane heteroatom-vacancy system successfully
takes diamond heteroatom-vacancy centres into the molecular
realm. All three molecular systems studied (NV—, OV, and SV)
have a triplet ground state, as judged by DFT. We are reason-
ably confident in this prediction to be correct, at least for NV~
and OV, where DMRG computations also predict a triplet
ground state (a singlet ground state is predicted for SV). The
spin density is largely confined to the interior of the molecule
and is mostly carbon based. Both features may be useful for
creating very long-lived spin states in a molecular system - use
of *>C could eliminate interaction with nuclear spins. We
anticipate that these molecules are challenging but realistic
targets for synthesis.
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