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Hypothetical qubit system designed for quantum information processing based on spatially ordered organic radicals (S =
1/2) in self-assembled monolayer is described and application of quantum chemistry methods in search of suitable radicals is
outlined. Exemplifying calculation of relevant magnetic properties of diketo type neutral radicals is presented and suitability of
these compounds for building blocks of quantum computing device based on self-assembled monolayer of radicals is assessed.
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1. Introduction

It was recently suggested that self-assembling mono-
layer (SAM) systems could be used to create a macro-
scopic ensemble of quantum entangled spin groups, as
a first step toward parallel quantum information pro-
cessing [1]. The unpaired electron spin of each rad-
ical (radicals are in doublet ground states S = 1/2)
acts as qubit in spin group and a gradient of static ex-
ternal magnetic field is applied to a spatially ordered
SAM of radicals in order to separate the energy levels
of qubits via Zeeman effect. The nonlinear interaction
between qubits, required for achieving entanglement in
spin group, in such a system is provided by classical
dipole—dipole interaction between spins of radicals or
alternatively by exchange interaction. In this choice
there are involved several criteria for the chemical struc-
ture of these molecules: (i) an unpaired electronic spin
representing an elementary qubit, (ii) a specific group to
provide an attachment of the molecule to a substrate in
SAM, (iii) a specific group or structural elements to pro-
vide self-organization characteristics, (iv) a large sep-
aration of an energy level of qubit via Zeeman effect
to lower the decoherence, (v) an entanglement in spin
group.

Modern quantum chemical methods provide pow-
erful tools for theoretical modelling and analysis of
molecular electronic structure and may be used to guide
the synthetic effort [2,3]. In particular, the small
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carbon-centred [-radical molecules (8—14 atoms) pos-
sessing a (-diketo structure have been investigated in
the scope of unrestricted Hartree—-Fock (UHF) and un-
restricted density functional theory (UDFT) methods
[4]. In [4] the hyperfine interactions in small molecules
are presented without addressing their suitability for
quantum information processing and no claims are
made towards using the system for quantum computa-
tion, while our aim is to demonstrate that a 5-diketo
structure could be used in quantum computation.

Here we report the results of quantum chemical in-
vestigations of an organic radical moiety. These simu-
lations show that the suggested neutral radicals satisfy
all the constraints listed above and may serve as proto-
types for designing molecules to be used in experiments
targeting quantum computation with SAM structures.

2. Computational methodology

The quantum chemical ab initio density functional
theory (DFT) investigations were applied with the
Berny geometry optimization to gain chemical shift in-
formation on an isolated molecule [4,5]. Currently,
the UB3LYP model is considered to be the most ap-
propriate model to take into consideration electron cor-
relations in large open-shell neutral radical molecules
[4,5]. To obtain accurate optimal molecular geome-
tries, we use the 6-311G** basis set which includes
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(5D, 7F') polarized atomic orbitals (the standard ta-
bles [6] give the appropriate basis set description).
To analyse the spatial electronic spin localization and
stability at a relaxed molecule geometry, we subse-
quently use extended EPR-II basis set (also tabulated
in Ref. [6]). The EPR-II basis set includes the re-
optimized Huzinaga—Dunning double-zeta [7, 8] basis
sets, augmented with additional polarization functions
and uncontracted in outer core—inner valence region,
and provides a good accuracy for modelling various
molecular properties in organic radicals as shown by
Barone [9]. To investigate the —(CHs),,— tail chain
influence to the unpaired spin localization and hyper-
fine splitting, the investigation of the above molecule
with 12 and 19 elements long tail chain was per-
formed applying UB3LYP/EPR-II approach. Obtained
results indicated no influence of the —(CHy),,— tail
chain to the unpaired spin localization and hyperfine
coupling. Additionally, in [10] it is exhibited that
adding a —(CHs),, — tail chain does not influence signif-
icantly the radical electron g-factor. On the other hand,
the largest isotropic Fermi contact couplings are at an
atom in the region where non-compensated electron is
present [11]. So, the —(CHy),,— tail chain cutting has
not changed significantly the above-mentioned param-
eter. Thus, the —(CHs),,— tail chain is shorter, with
only three elements, and the additional investigations
have been performed using the restricted Kohn—Sham
formalism for first order properties applying restricted—
unrestricted (R-U) approach.

The full geometry optimization in the ground state
of the shorter molecule was performed using DFT
in the framework of Becke’s three parameter hybrid
method and LYP gradient-corrected correlation func-
tional (B3LYP) model in the 6-311G** basis sets using
Gaussian 03 software package [6, 7]. Then, the radical
electron g-factor is investigated applying the approach
presented in [12]. Results of the isotropic hyperfine
coupling constant using the R—U approach at the DFT
level are also presented. In these cases the BP86 func-
tional with Huz-II basis with uncontracted s-functions
and additional two tight s-function set is applied.

3. Analysis of electronic structure in neutral
radical molecules

A view of a short neutral radical molecule with a
[-diketone structure is present in Fig. 1.

Firstly, it is necessary to mention that the —COOH
group in the lower terminus of this molecule can pro-
vide the necessary attachment to the substrate for cases

Table 1. The obtained isotropic hyperfine coupling. The
values are obtained by approach presented in [12].

Atoms  Isotropic hyperfine coupling, MHz
H14 6.82
HI5 —6.57
Hi6 —6.57
H17 —7.83
HI8 —2.56
HI9 —2.56
H20 0.16
H21 0.16
H22 0.00
H23 0.43
H24 0.43
H25 —0.05
H26 —0.05

of a variety of inorganic oxide materials such as alu-
minum oxide (see [13, 14]). This implies that a spe-
cific group to provide an attachment of the molecule
to a substrate SAM is present, i.e. one of the criteria
to choose the structure for experimental implementa-
tion are satisfied. The radicals contain hydrophobic tail
that can be used for self-assembled monolayer forma-
tion [15]. The unpaired, spatially localized spin of 0.44
and 0.50 electron on O/0 and O/ ] atoms that could rep-
resent an elementary qubit is also present. The con-
clusion follows from analysis of spin density distribu-
tion. It is not exhibited that a self-organization of this
[-diketo structure is possible, but without any doubt the
criteria to choose the molecule for experimental imple-
mentation are satisfied. It is well known that the hy-
perfine structure of molecular spectra is an illuminating
tool for probing electronic structure. For radicals, this
hyperfine structure is typically dominated by magnetic
interactions between nuclei with nonzero spin and the
spin or orbital angular momentum of the unpaired elec-
trons [16]. Thus, the hyperfine coupling of the hydro-
gen atoms has been evaluated (Table 1) to confirm that
the unpaired, spatially localised electronic spin repre-
senting an elementary qubit is present at the O// and
012 atoms.

The data indicate very weak coupling for H22, H25,
H26 that are very far from the region where the un-
paired electron is localised. The large values of the
istropic hyperfine coupling of the H/7 atom and H/4,
H15, Hi6 indicate strong interactions between spins of
these atoms and spins of the unpaired electrons.

In order to obtain more results charaterizing the
above molecule as a promising candidate for quantum
computation, the electronic g-tensor, which accounts
for the influence of the local electronic environment



Z. Rinkevicius et al. / Lithuanian J. Phys. 46, 413-416 (2006) 415

g shift is of 8992ppm N

Fig. 1. Geometry of optimised neutral radical molecule with S-diketo structure. Placement of the molecule and g-tensor components on
x, Yy, z axes are indicated. The values of g-tensor components are also presented.

in the molecule on the unpaired electrons compared to
the free electron, will also be investigated. When both
the molecule and the created field g-tensors are known,
it is possible to choose the angle between the above
g-tensors in such a way that the spin—dipole interaction
is absent. Thus, the decoherence is lowered. The elec-
tronic g-tensor components of this molecule are equal
to —132 ppm (gzz), 5996 ppm (gyy), 8992 ppm (g:2).
So, selected radical has high electronic g-tensor with
large g.. and g,, components and only g, is small.
Thus the g, tensor component is close to the free elec-
tron g-factor. Such orientation of the g-tensor compo-
nents allows us to foresee that significant difficulties for
the quantum computation prospects like the necessity to
have well defined frequencies of the transitions should
be absent in this case, because fixed orientation of the
electronic g-tensor principal axes with respect to the
external magnetic field will take place. Moreover, the
gyy component of the g-tensor goes out of the molecule
plane (Fig. 1). So the quantum computation with spin
qubit could be performed without any difficulty.

4. Conclusions

Using quantum chemical methods based on the den-
sity functional theory we have studied the molecule
with Sg-diketo structure. Our analysis of the spatial lo-
calization of the electron spin density and the bond or-
ders shows that the neutral radicals satisfy the require-
ments formulated in our work. It implies that the spe-
cific group to provide an attachment of the molecule

to a substrate SAM is present and a self-assembled
monolayer formation should take place. The elemen-
tary qubit is represented by the unpaired electron spa-
tially localized on O/0 and O/ atoms. The isotropic
hyperfine coupling analysis confirms the presence of
unpaired electron spin on the above oxygen atoms.

The fixed orientation of the electronic g-tensor prin-
cipal axes with respect to the external magnetic field
supports the absence of significant difficulties for the
quantum computation prospects. It is not exhibited that
a self-organization of this -diketo structure is possi-
ble, but without any doubt the above criteria to choose
the molecule for experimental implementation are sat-
isfied. Hence the (3-diketo structure is a good candidate
to be used in quantum computation.
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Santrauka

Pateikti [3-diketoninés molekulés kvantinés chemijos tyrimai,
atlikti tankio funkcionalo metodu, naudojant (UB3LYP) 6-311G**
bazés artinj. Parodyta, kad nagrinéjama molekulé galéty buti pa-
naudota elektrony paramagnetinio rezonanso (EPR) kvantiniuose
kompiuteriuose su savisusirenkanciais neutraliy radikaly sluoks-
niais (Self-assembling monolayers, SAM), prijungtais prie padekly.

Gauti ir straipsnyje pateikti rezultatai parode¢, kad tos molekulés
cheminé sandara patenkina Siuos kriterijus:

1) Zinoma nesuporuoto elektrono, kuris gali bati panaudojamas
kaip q bitas, lokalizacijos vieta;

2) molekulés sudétyje yra —COOH grupé, kuri reikalinga radika-
lui pritvirtinti prie padéklo;

3) galima radikalo sluoksnio saviorganizacija, nes nagriné¢jamo
radikalo sudétyje yra —(CHz), — grupés;

4) nesuporuoto elektrono sukinio orientacija yra tokia, kad aplin-
kos jtaka yra maZiausia ir nebtity sudétinga Siuo sukiniu ope-
ruoti.

Sie kriterijai yra pirminiai, atliekant radikaly atranka eksperimen-
tiniams tyrimams. Tad, remiantis auk§¢iau minétais pastebéjimais,
padaryta iSvada, kad S-diketoniné¢ molekulé yra tinkama naudoti
SAM technologijos EPR kvantiniuose kompiuteriuose.



