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Possibilities of semiempirical AM1 method in descripting the nanodiamond spectral
properties are investigated with the stress on the relevant functionalized systems contain-
ing nitrogen-vacancy color centers. We studied two types of functionalization — hydroxy-
lation and fluorination of the nanodiamond surface. It is shown that only slight spectral
shifts occur (batochromic shifts in case of the hydroxylation, and hypsochromic ones in
case of the fluorination). The semiempirical approach demonstrates the ability to easily
and simply handle nanoclusters with hundreds carbon atoms.
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HccinenoBanbl BOBMOXKHOCTH IIOJysMupudyeckoro meromza AMI1 nis BbIUMCIECHUN CIIEKTPAJb-
HBIX CBOMCTBE HAHOAJIMA30B C AKIEHTOM HA IOAXOAAINNe (PYHKINOHAIUSMPOBAHHBIE CHUCTEMBI,
coZiepsKalliie as30T-BAKAHCHOHHBIE IIEHTPhI OKpacKu. MsydueHo mBa Tumna (GPyHKIMOHAJIUSALHU
HOBEPXHOCTY HAHOAJIMAS0B — TI'MIPOKCHJIMPOBAHIE IIOBEPXHOCTH M ee (rropuposanue. Iloxasa-
HO, YTO MMEIOT MECTO TOJBKO cJiabble CIEKTPAJIbHBIE CABUIM — GATOXPOMHBIEC IIPY I'MIPOKCUJIM-
POBAHMM ¥ TI'HUIICOXPOMHBIE HPU (PTOPUPOBAHUU MOBEPXHOCTHU. IloNysMIHMpUUYECKUI IIOAXOH Ie-
MOHCTPHPYET CIIOCOOHOCTH JIEI'KO HCCJENOBATH HAHOKJIACTEPHI ¢ COTHAMM YIVIEPOIHBIX ATOMOB.

Hanisemnipuune onucysannsa ¢dynknionanisosannx HanoaamasziB 3 NV -menTpamu 3a-
o6apsuaennna. A BJlyszanos, OAMuron, I.B.Omeavuenro. AIl.Hizoeues, C.A.Rinin, AJI.ITyw-
rapuyr, BA.IIywkrapuyk.

Hocaimxeno MmoskauBOCcTi HaniBemnipuuHoro Mmerony AMI1 11010 po3paxyHKY CIEKTPaJb-
HUX BJACTHBOCTE HaHoaJIMasiB 3 aKIleHTOM Ha BigmosimHi ¢pyHKIioHasmisoBaHi cucremu, IL0
MicTATH HiTporeH-BakaHcilini menTpu 3abappieHHsA. BuBueHo mgea Tunu QyHKI[ioHamizarii —
rirpoxkcunoBanHA Ta (QIyopyBaHHS IIOBepXHiI HaHoaiamasiB. Buasieno, mjo BigbOyBaiorbes
TiabKM caabKi cmexkTpanbHi 3cyBum — 0aTOXPOMHI 3a riIpOKCHUIIOBAaHHSA IIOBEPXHI Ta rimco-
xpomHi 3a ii ¢payopysauuda. Hanisemmipumunmii migxixg geMoHCTpPyE 3AATHICTH J€IKO TPAKTY-
BaTH HAHOKJACTEPH 13 COTHAMMU BYIJIEIEBHUX ATOMIiB.

1. Introduction a wide range of applications [1-4]. One of
In many respects, nanodiamonds are very the potential applications of nanodiamonds

attractive materials which can be employed in is their usage in advanced quantum informa-
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tion processing [3]. In this field, the photo-
stable diamond nitrogen-vacancy color cen-
ter (NV™ center) is considered as a promis-
ing candidate for a quantum bit (qubit).
This and other challengs will likely require
a variety of modified and functionalized
nanodiamonds [5—8]. A lot of theoretical
works deals with functionalization of nano-
diamond surface, but only few are related
to the functionalized diamondoids with NV~
defects [9—12]. The aim of this contribution
is to explore the ability of some typical
semiempirical models for predicting spectral
effects of surface functionalization in nano-
diamonds with the color centers.

2. Crude estimations by
perturbative one-electron method

We first use a very simple model tradi-
tionally named the extended Huckel theory
(EHT). It is based on the tight-binding ap-
proximation for all wvalence electrons (see
the pivotal paper [13] and further develop-
ments in [14-17]). In this approach one
deals with one-electron molecular orbitals
(MOs) constructed from valence atomic orbi-
tals (AOs). The latter are characterized by
effective ionization potentials (IPs), and for
the atoms of the second period elements,
these are 2s and 2p ionization energies Wy,
and W,,. Furthermore, the Slater AO over-
lap integrals are additionally invoked when
computing the effective EHT Hamiltonian
matrix. Solving a generalized eigenvalue
problem for this matrix routinely produces
a set of orbital energies, € and correspond-

ing MOs @;. Most important are the so-
called frontier orbitals, HOMO (highest oc-
cupied) and LUMO (lowest unoccupied) mo-
lecular one-electron energy levels. They
determine the lowest excitation energy,
chemical reactivity, and plenty of other
properties.

In the case of open-shell molecular
states, not all the electrons are paired in
the occupied MOs, and moreover MOs can be
different for spin-up and spin-down elec-
trons. However, there is no difference be-
tween the spin-up and spin-down EHT orbi-
tals; only occupation numbers for these MOs
vary in dependence of the total spin of the
state in study. For instance, consider the
triplet state of a 2n-electron system (n is an
integer). In the conventional one-electron
description, the singlet ground state is con-
structed by pairwise filling the first (lowest
in the energy 8]-) n single-particle levels as
follows: |[@; @1 ... ¢, ¢, ). Here a bar above
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9; signifies the spin-down state of the corre-
sponding electron, and the lack of the bar
indicates that ?; is the spin-up state. In this
notation, the lowest EHT triplet state gets
the form:

|(P161"'(pn—16n—1(pn(pn+1>' (1)

In particular, orbital construction (1)
provides a good model of the ground triplet
state in the non-symmerical nanodiamonds
with negatively charged NV~ centers. As a
possible excited triplet state, we consider

01 @1 - @pg @n @y @47 Which corresponds
to one-electron transition ¢, ; — ¢,.
The associated transition energy is

A=¢,—¢, 1. (2)

This type of excitation occurs in particu-
lar in nanodiamonds with the defects which
we study in the paper. Evidently, ¢, is the
energy of HOMO ¢,, and g, ; is energy of

the second-highest occupied MO ¢,,_;, named
usually HOMO-1. Notice that adopting this
notation we implicitly consider all MOs in
respect to the "ground” singlet state even in
the case when this state lies above the low-
est triplet state (as in our objects, NV~ -cen-
ters).

Now we can discuss how to approxi-
mately estimate the electron effects pro-
duced by local change in the atomic struc-
ture of surface. We assume that in terms of
the EHT Hamiltonian the above change
makes IP of the modified surface atom
other than that in the initial (unperturbed)
system. With this, we imply that the IP
alteration is quite small, so we can apply a
counterpart of the Coulson-Longuet-Higgins
perturbation method (MO reactivity indices
[18-20]). More specifically, let W, be the
IP of an atom A in the studied system, and
let the atom A be perturbed so that W, +
dW, is the new IP of the atom, where the
added magnitude dW, is suggested to be
relatively small. Then the appropriate dif-
ference in any electronic quantity Z is ap-
proximately given by 0Z = dW 4(dZ/0W 4),
where the derivative 0Z/0W, is computed
either analytically by the ordinary perturba-
tion method, or simply by numerical differ-
entiation. In particular, the expression

can be used for a crude estimate of the
spectral shift 0A in the perturbed system.

269



AV.Luzanov et al. /| A semiempirical description of ...

After this preliminary, we can apply the
above MO perturbation approach, which is
more or less familiar, to the NV -containing
nanodiamond cluster previously treated in
[21]. Specifically, we take the finite-size
structure of composition CggH7oN™ (see the
image in Table 8 in loc. cit.) and make a
small perturbation 8Wj, in W, for a sue-
cessive set of the carbon atoms. We start
from the nearest neighbor of the nitrogen
atom (inside the cluster) and move towards
surface atoms. The results for the lowest
energy excitation A, Eq. (2), and orbital lo-
calizations are given in Table 1. We see that
all the quantities, while oscillating, rapidly
decline with the distance between the nitro-
gen and perturbed carbon atoms. Thus, the
surface modification will make only little
influence upon excitation energy (2) as well
as on other electronic properties of NV~
centers. The result is in concordance with
the fact that the low-lying electron transi-
tion (i.e., HOMO-1 - HOMO at the EHT
level) is strongly localized in a vicinity of
the NV~ center as clearly demonstrated in
[22]. Thus, based on the simple one-electron
all-valence scheme we can expect insignifi-
cant electronic effects of the surface func-
tionalization of nanodiamonds with NV~ de-
fects.

3. Semiempirical estimations by
AM1 method

The above crude analysis can be refined
by supplementing it with a more consistent
semiempirical approach. More precisely, we
employed the standard AM1 semiempirical
method to obtain the electronic spectra of
the three NV -containing nanodiamond
structures (CggH/oN~=, CyggHq1gN~, and
C4o8H1oN7) and their surface-functionalized
species. Note that all the constructed clus-
ters have idealized geometry built as a part
of thoe bulk diamond structure (d(C-C) =
1.54 A) by removing a carbon atom and
changing a neighbor of the atom to nitrogen
atom. The configuration interaction singles
(CIS) calculations at the UHF (unrestricted
Hartree-Fock) level for AM1 hamiltonian
was performed with the GO09 package [23].
The functionalization of the clusters was
made in two ways: 1) surface hydroxylation
(replacing all CH groups by COH groups);
and 2) surface fluorination (replacing all
CH groups by CF groups). The results are
given in Table 2. In this Table we present
also spin densities for the triplet ground
state of the NV~ color centers. As in studies
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Table 1. Distance dependence of excitation
energy derivative (dA/0W,),, and unpertur-
bed HOMO and HOMO-1 localizations (the
squared expansion coefficients) on the per-
turbed carbon atoms. In abscissa, R is the
distance (in A) between the nitrogen atom
and the corresponding perturbed atom of
cluster CggH,,N™

048}
(QA1OW ),
HOMOLL 0.0215
localization
15 36 5063 N
0.0099
HOMO
localization
0.0035
15 36 5063 R

[24—-26] and in our previous work [21], the
predominant contribution to the overall
spin distribution is made by the three va-
lence-unsaturated atoms in vicinity of the
vacancy (referred to as atoms C,, Cg and
CY in Table 2). Notice that for the finite-
size clusters considered here, the quaside-
generate excited state energies (A; =Xy
agree with the empirical estimation [27] A =
2.2 eV at least semiquantitatively. Despite
using unrestricted open-shell MOs, a spin
purity of all the states considered is quite
good. A typical average value of the
squared spin operator <S2> is 2.02 for the
ground state, and 2.04 for the excited
states. It clearly ascribes a triplet nature to
the states. As to the functionalization effect
proper, we can state that indeed even the
significant perturbation of the cluster sur-
face (e.g., the hydroxylation of all CH
groups) can produce only small spectral ef-
fects. It is in concordance with the qualita-
tive estimations of the previous section.
This important feature of surface function-
alization allows to design new materials
with better solubility and other useful prop-
erties without damaging valuable optical
characteristics of color centers inside the
nanodiamond bulk. From Table 2 we can
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Table 2. The energy gap Ag, the lowest triplet-triplet excitation energies A; and A, (all in eV),
oscillator strengths (in parentheses), and the ground-state spin-density distribution near the close

vicinity of color center

Spin density on
Cluster Ae
A A C,.C,.C,
2 92 2929995 CosH7N- 727 1.716 (0.071) | 1.852(0.060) | 0.682,0.720, 0.664
JJ‘,‘J 4,
CosHegNOg™ 7.22 1.699 (0.074) | 1.871(0.060) | 0.672,0.729, 0.665
CosH1p FeoN~ 7.40 1.720 (0.070) 1.913(0.54) | 0.685,0.742, 0.660
C1ssHy10N™ 725 1.748 (0.057) | 1.749(0.057) | 0.686, 0.686, 0.686
C18sH110NOos™ 6.78 1.725(0.063) | 1.771(0.063) | 0.698, 0.687, 0.676
CissHi FogN~ 7.40 1.755(0.056) | 1.755(0.056) | 0.688, 0.688, 0.688
CsHs1nN™ 6.97 1.719(0.074) | 1.761 (0.059) | 0.683, 0.696, 0.680
CpsH12NO 5~ 5.89 1.693 (0.082) | 1.779(0.059) | 0.671,0.706, 0.683
CpsHeoF1N- 725 1.723 (0.057) | 1.764 (0.074) | 0.694, 0.689, 0.677

also see that enlarging cluster size slightly
affect electronic transitions.

In this connection a few words should be
said about symmetry of the lowest triplet
states of the NV~ center. In the regular
diamond and nanodiamondoid lattices, NV~
point defects possess C3, symmetry [2]. The
ground state of these defects has 34, sym-
metry whereas the first excited state is the
two-fold degenerate 3E state. In low-symme-
try structures, this 3E term is split, which
is the case of the systems studied here.
Turning back to Table 2 we see that for the
first transition, the hydroxylation produces
a batochromic effect, becoming smaller with
increasing cluster size. The second transi-
tion, on the contrary, undergoes a hypso-
chromic shift. In average, the two quaside-
generate transitions undergo a small bato-
chromic shift (e. g., 0.003 eV for
C4o8Ho1oN7). Analogously, the fluorination
gives rise to a marked hypsochromic effect
(0.004 eV for C428H212N_). For the ground
state of the NV~ centers, we observe a small
redistribution in atomic spin densities in
the closest to the vacancy carbon atoms; the
overall spin density in this region remains
stable (close to 2.06).

The conventional orbital gap

(4)

A€ =€ruypo0 ~ EHOMO

Functional materials, 23, 2, 2016

Table 8. Description of the CggH,,O,N~
cluster face, the two lowest triplet-triplet
excitation energies A (in eV), oscillator
strengths f (in parentheses), and averaged
excitation energy A
ropic functionalization

mean

(in eV) for anisot-

i | d(N) o A (D Mmean

6 | 55 | 19.5 | 1.712 (0.071) | 1.786
1.859 (0.062)

6 | 6.1 | —19.5 | 1.703 (0.076) | 1.786
1.869 (0.059)

8 | 5.5 | 19.5 | 1.699 (0.072) | 1.785
1.871 (0.061)

8 | 6.1 | -19.5 | 1.745(0.071) | 1.794
1.843 (0.067)

8 | 3.5 | 19.5 | 1.675(0.077) | 1.789
1.903 (0.058)

8 | 4.0 | -19.5 | 1.684 (0.074) | 1.788
1.892 (0.061)

8 | 4.0 90 1.704 (0.071) | 1.787
1.870 (0.061)

8 | 5.5 | —90 | 1.667 (0.074) | 1.788
1.908 (0.058)
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which is also displayed in Table 2, provides
an additional useful information. Taking
into account Egs. (1) and (2) which are valid
for the restricted open-shell Hartree-Fock
(ROHF) theory, we understand that within
UHF we must use in Eq. (4) the spin-down
HOMO and LUMO orbital energies. At the
same time, in framework of CIS and any
configuration-interaction approach, this gap
is no longer the lowest excitation energy (as
is wrongly thought sometimes, see discus-

sion in [28]). However, A¢ can be roughly
identified [29] with the chemical hardness
I-A (I is the ionization potential, and A the
electron affinity of the state considered).
Looking at Table 2, we see that the HOMO-
LUMO gap values are symbatic with excita-
tion energies. Then, in Pearson’s terms of
hardness and softness, this means that the
fluorination increases the electronic hard-
ness of the clusters whereas the hydroxyla-
tion increases their electronic softness.

The usual chemical functionalization of
the nanodiamond surface is expected to be
more or less isotropic. It means an approxi-
mately equal number of functional groups
over each nanoparticle face, with small
enough surface density of the groups. A
limiting anisotropic case, where a single
face is fully functionalized and others con-
tain no functional groups, should be consid-
ered as a model probably remaining within
the reach of the contemporary synthetic tech-
niques. On the other hand, the case is theo-
retically important due to an appreciable per-
turbation created by the functionalized face
in the vicinity of NV~ color center.

We study the case on the example of our
smallest cluster, CggH;oN~. The exhaustive
face functionalization means for the cluster
either 6 (on 2 faces) or 8 (on 6 faces) hy-
droxogroups. For characterizing the defect
position in respect to a face, two parameters
are required. The first one is the distance
from the nitrogen atom to the mean-square
plane of the oxygen atoms, d(N). The sec-
ond one is the angle o between the face and
the directed line nitrogen — vacancy, calcu-
lated as 90° minus angle value between the
line and the plane normal. The "+" sign for
the angle is choosen arbitrary when the line
exits from the face plane (vacancy is far-
ther from the plane than the nitrogen
atom), the "—" sign is choosen otherwise.

Table 8 contains the two lower excitation
energies for 8 different one-face functional-
ized clusters CggH;,O,N~. The average exci-
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tation energy for the two lowest quaside-
generated states remains the same within
0.01 eV. Thus, the functionalization anisot-
ropie does not have any systematical and
directed influence on the color center. The
splitting of the levels due to the symmetry
breaking may, however, be considerable
enough (within 0.25 eV). It is expectedly
larger when the NV~ center is closer to the
modified surface, see the line of the table
with d(N) = 3.5 A. The two last rows of the
table show clearly that the splitting is also
substantially larger when the vacancy is
closer to the modified surface (due to the
interatomic distance 1.54 A, the whole color
center is in these structures at the same
distance from the modified surface). How-
ever all these details lose their significance
with the cluster size increase, where the
local NV~ -center symmetry is barely dis-
torted by the surface modifications on the
cluster periphery.

4. Conclusion

In the present paper we studied the func-
tionalized nanodiamond models by semiem-
pirical methods. We found that the conven-
tional AM1 computations provide reason-
ably satisfactory results for nanodiamonds
with NV~ color centers. It gives us a hope
to obtain semiqualitative results for huge
nanodiamond structures which at present
cannot be handled with facility by more ad-
vanced quantum chemistry methods. The
semiempirical PM3 method (which is closely
related to AM1) may be also useful here, as
the results of several calculations (not re-
ported here) confirm this. At the same
time, other popular semiempirical tech-
niques, such as ZINDO/S, are unable to pro-
vide even qualitatively a meaningful de-
scription of the low-lying electronic transi-
tions in large NV -containing structures.
Thus, a certain caution should be taken in
applying even AM1 and PM3 for large-scale
systems and for non-idealized nanodiamond
geometry. More work is needed to under-
stand possible pitfalls that can catch the
researcher in this field. As usual, sample
testing by reliable ab initio methods is man-
datory for the problems of this type.
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