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Abstract: Neutral radical molecules as qubit systems for quantum information processing are described and the application
of quantum chemistry methods in search of suitable radicals is outlined. An exemplifying calculation of the relevant magnetic
properties of neutral radicals is presented and the suitability of these compounds as building blocks for a quantum computing
device based on self-assembled monolayer of radicals is assessed.
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1. Intr oduction

Quantum computation and quantum information
principles are developedto accomplishthe informa-
tion processingtask using quantummechanicalsys-
tems. The main challengeon the way to a universal
quantumcomputeris to achieve control over a single
quantummechanicaltwo-statesystemwhile preserv-
ing long decoherencetimes[1]. Electronandnuclear
spinshave beenidenti�ed aspromisingcandidatesfor
qubitsbecausethey arenaturaltwo-statesystemsand
the decoherencetimesfor the spin degreeof freedom
areunusuallylarge. The moleculeswith their widely
varyingpropertiesoffer abright interesting�eld for the
investigationsconcerningelementsof quantumcompu-
tation [2,3]. Among the other systemsproposedso
far, the molecularnanodevices shouldbe one of the
mostpromisingcandidates,becauseof the possibility
to isolatethem from the environmentand their good
controllability with the well-establishedtechniqueof
electronspin resonance(ESR).Scientistsat MIT and
LosAlamosNationalLaboratorycreatedaseven-qubit
quantumcomputerwithin asingledropof liquid [4,5].
In [6] Bandyopadhyay reviews the useof singleelec-
tron spinsfor computationandprovidesa broadper-
spective pertainingto the useof singleelectronspins
for logic.

Synthesisandinvestigationsof novel stableorganic
radicals are important for the developmentof spin

chemistryunderlyingmolecular-basedmagneticmate-
rials [7]. Hyper�ne splittingswereobtaineddueto pro-
tons of radicalsby solution ESR/ ENDOR (electron
nucleardoubleresonance),andthey indicatedunpaired
electrondelocalization.Thus,the radicalsseemto be
good candidatesto generatequbits becausethe four
requirementsfor quantumcomputationare in many
casessatis�ed: (i) representationof quantuminfor-
mation; (ii) performanceof a universalfamily of uni-
tary transformations;(iii) preparationof �ducial ini-
tial states;(iv) measurementof output results. Re-
cently, it hasbeenshown that self-assembledmono-
layer(SAM) molecularsystemwith unpairedspincan
be usedin quantumlogic devices [8]. There it has
beenshown that a sequenceof threeresonantpulses
candrive theSAM molecularsysteminto anentangled
stateandthesestatesaremeasuredusingthe oscillat-
ing cantileverdrivenadiabaticreversal(OSCAR)tech-
nique.It is emphasizedthatthemagnetic�eld gradient
allows one to selectively excite any spin in a group.
RoughlyspeakingtheSAM molecularsystemconsist-
ing of neutralradicalsis animportantsteptowardsthe
applicationof longchainsof electronspinsin quantum
computationandquantuminformationprocessing.

Theabove-mentionedpropersequenceof resonance
electromagneticpulseswoulddriveall spingroupsinto
the3-spinentangledstate.However, the long spin re-
laxation times are importantfor the successof many
proposedquantumcomputingandspintronicdevices,
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as well as for manipulationand imaging of individ-
ual spins [9]. Moreover, the spin relaxationand re-
latedquantumdecoherenceeffectsmaybestronglyin-
�uenced by the local electronicenvironment. So, the
properchoiceof moleculesfor theexperimentalimple-
mentationis a key elementof this strategy. Hence,the
aim of our work is to show theinvestigatedradicalsas
goodcandidatesto beusedin quantumcomputations.

The novel OSCARtechniqueasa tool for read-out
of the spin stateshasbeenrecentlyimplementedsuc-
cessfullyfor thesingle-spindetection[10]. Theprocess
of spin relaxationin the oscillating cantilever-driven
adiabaticreversal techniquein a magnetic-resonance
force microscopy is describedby Bermanet al. [11].
Thetechniqueis suitablefor characterizingthespinbe-
haviour with high sensitivity andnanometre-scalespa-
tial resolution.On theotherhand,it wasexhibitedthat
the self-assemblingmonolayer(SAM) systemscould
beusedto createa macroscopicensembleof quantum
entangledspin groups,asa �rst steptowardsthe par-
allel quantuminformation processing. The unpaired
electronspin of eachradical (radicalsare in doublet
groundstateS = 1=2) actsas qubit in a spin group
andthegradientof staticexternalmagnetic�eld is ap-
plied to spatiallyorderedSAM of radicalsin orderto
separatetheenergy levelsof qubitsvia Zeemaneffect.
In such a system,the nonlinear interactionbetween
qubits, requiredfor achieving entanglementin a spin
group, is provided by a classicaldipole–dipoleinter-
actionbetweenthespinsof radicalsor alternatively by
exchangeinteraction.Thereareseveralcriteria for the
chemicalstructureof thesemoleculesinvolved in this
choice: (i) anunpairedelectronicspin representingan
elementaryqubit; (ii) a speci�c groupto provideanat-
tachmentof themoleculeto a substratein SAM; (iii) a
speci�c group or structuralelementsto provide self-
organizationcharacteristics;(iv) a large separationof
anenergy level of qubit via Zeemaneffect to lower the
decoherence;(v) anentanglementin spingroup.

Hence,in this paperwe exhibit that our suggested
radicalssatisfy the above-mentionedcriteria andcon-
sequentlycouldbeappliedin quantumcomputing.

2. Computational methodology

The quantumchemicalab initio densityfunctional
theory (DFT) investigations were applied with the
Berny geometryoptimizationto gain chemicalstruc-
tureinformationonanisolatedmolecule[12,13]. Cur-
rently, the UB3LYP model is consideredto be the

Table 1. Formation energy per atom of investigated rad-
icals.

Radical Formation energy per atom, eV

I 5.68
II 5.27
III 4.81

mostappropriatemodelto take into considerationelec-
tron correlationsin a large open-shellneutral radical
molecule. To obtain the accurateoptimal molecular
geometries,we usethe 6-311G** basissetwhich in-
cludes(5D, 7F) polarizationfunctions[14]. To anal-
yse the spatialelectronicspin localizationandstabil-
ity at a relaxed moleculegeometry, we subsequently
use the extendedEPR-II basisset. The EPR-II ba-
sis set includesthe re-optimizedHuzinaga–Dunning
double-zeta[15,16] basissetsaugmentedwith thead-
ditional polarizationfunctionsandtheuncontractedin
outercore–innervalenceregion. The investigation re-
sults applying this basisset in conjunctionwith the
B3LYP functionalhave beenshown to closely repro-
ducethe experimentalsplittings of 1H, 13C, and 14N
in a numberof small- andmedium-sizedradicals,al-
though for hydrogenin somecasesthere is no gain
in accuracy over a smaller6-31G* basissetof Pople
[17,18]. The radicalelectrong-factor is investigated
applying the approachpresentedin [19]. Addition-
ally, theresultsof theisotropichyper�ne couplingcon-
stantusingtherestricted–unrestricted(R–U) approach
at the DFT level are also presented.In this casethe
BP86 functional with Huz-II basiswith uncontracted
s-functionsandtheadditionaltwo tight s-functionsset
is applied.

3. Analysisof electronic structur e in neutral
radical molecules

The views of shortenedneutral radical molecules
are presentedin Figs. 1–3. We mark theseradicals
I, II , andIII . The original namesof theseradicalsare
the following: I is 7-butyl-1-oxa-6-oxo-1,2,5,6tetra
hydroantracene-2-carboxyl;II is 5-methyl-6-(4-oxo-
2,5-cyclohexodienyl)hexane,and III is 6-ethyloctane.

It is emphasizedthat all theseradicalsare stable
enough,this is indicatedby anevaluatedvalueof for-
mation energy per atom (seeTable 1). Firstly, it is
necessaryto point out that all our investigated radi-
cals contain a hydrophobictail that can be usedfor
the self-assembledmonolayerformation [20]. These
tails aresubstitutedby a –COOHgroupthat canpro-
vide thenecessaryattachmentto thesubstratefor cases
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Fig. 1. View of investigated radical I. The axes show g-factor com-
ponent directions.

Fig. 2. View of investigated radical II. The axes show g-factor com-
ponent directions.

Fig. 3. View of investigated radical III. The axes show g-factor
component directions.

Table 2. The largest spin density values obtained in the
investigated radicals. The placement of atom is viewed

in Figs. 1–3.

Atoms I radical II radical III radical

C1 0.45 0.4 0.97
C2 0.31
C3 0.29
O 0.34 0.41

of a variety of inorganic oxide materialssuchasalu-
minium oxide [21,22]. So, all theseradicalspossess
thestructuralelementsto provideself-organizationand
theattachmentof thesemoleculesto a substrateSAM.
It wasnotedthat theresearchof slightly modi�ed rad-
icals (the tail was substitutedby a –CH3 group) was
madeto foreseehow thesubstitutein�uencedtheelec-
tronicstructureof theseradicals.It wasconcludedthat
the electronicstructureof theseradicalswasindepen-
dentof substitutionof their tails aswell astail lengths
[23].

It is no surprisethat in the I andII radicalstheun-
paired electronis thought to resideprimarily in the
¼-orbitals of the aromaticrings, which have no spin
density in the plane of the moleculewhere the hy-
drogennucleusresides[24]. The suggestedIII radi-
cal structureis completelydifferentfrom thatof other
radicalsunderinvestigation, thus in this casethe un-
pairedelectronis delocalizedonC–Cbonds.However,
the spin densitydistribution in this moleculeis very
promising(seeTable2). In this casethe highestspin
densitylocalizationis clearlyknown.
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Table 3. Isotropic Fermi contact coupling constants ob-
tained applying B3LYP EPR-II approach. The place-

ment of atom is viewed in Figs. 1–3.

Atom I radical II radical III radical

H1 −22.58 71.9 106.47
H2 −8.03 70.39 108.88
H3 −17.94 30.26
H4 −14.15 28.33

Table 4. g-factor and its g-shift tensor components of
the investigated radicals.

Molecule gxx , MHz gy y , MHz gzz , MHz

I 100 2563 7040
II 2837 189 10450
III 40 495 404

In Table 3, we decomposethe obtainedisotropic
Fermi contactcoupling constants. It is evident that
well-de�ned EPR spectralines will be obtained in
the spectraof theseradicals. Actually it is a sur-
prise that the isotropicFermi contactcouplingvalues
arevery large, thereforethe parametershave beenre-
investigated applying the restrictedKohn–Shamfor-
malismfor the�rst orderpropertiesusingtheR–U ap-
proachthat is implementedin DALTON. The results
obtainedby usingtheabove-mentionedapproachesco-
incidewell.

In orderto obtainsomemoreresultsto con�rm the
above moleculesaspromisingcandidatesfor quantum
computation,the electronicg-tensor, which accounts
for thein�uence of thelocal electronicenvironmentin
the moleculeson the unpairedelectronscomparedto
thefreeelectron,hasalsobeeninvestigated.In thesim-
plestcaseof a freeelectron,theg-factorhasthevalue
gf = 2.00232.In all interestingchemicalapplications,
theelectronis in anatomicor molecularorbital andits
magneticmomenthascontributionsboth from the or-
bital andthespindegreesof freedom.Theg-factorde-
viatesfrom thefreeelectronvaluein awaythatis char-
acteristicof its environment. In addition, the g-value
dependson theorientationof themagnetic�elds with
respectto the local environmentof the unpairedelec-
tron. Whenbothamoleculeandcreated�eld g-tensors
areknown, it is possibleto choosethe anglebetween
theabove g-tensorsin sucha way that thespin-dipole
interactionis absent. Thus, the decoherenceis low-
ered. The electronicg-shift tensorcomponentsof the
chosenmoleculesarepresentedin Tables4,5. The
g-factorvaluescorrespondto the oneof free electron
in thecaseof theIII radical. It impliesthat indeedthe
freeelectronsin this radicalarepresentandit is possi-

Table 5. The g-factor components.

Molecule gx gy gz

I 2.0024 2.00488 2.0094
II 2.0025 2.005 2.0127
III 2.0024 2.0028 2.0027

ble to foreseethat theorientationof themagnetic�eld
with respectto the local environmentof the unpaired
electronis not needed.It simpli�es the applicationof
electronspinasaqubit.

So, the I andII radicalsunderinvestigation have a
high electronicg-tensorwith largegzz componentthat
lies in theplaneof theseradicals.Theplacementof the
abovecomponentis suitablefor EPRquantumcomput-
ing whenthemagnetic�eld playsanimportantrole. In
both thesecasesthe gyy componentgoesout of these
moleculesplanes,andquantumcomputationwith spin
qubit without any dif�culty could be performed. The
gxx componentlies in thetail of I andII radicals,how-
ever, only in the caseof II radical the above compo-
nent is the smallest. Suchorientationof the g-tensor
componentsallows us to foreseethat the dif�culties
signi�cant for the quantumcomputationprospectives,
namely, obtainingwell-de�ned frequenciesof thetran-
sitions,shouldbe absentin the caseof II radical,be-
causea�x edorientationof theelectronicg-tensorprin-
cipal axes with respectto the external magnetic�eld
will takeplace.On thebasisof theseresultsit is possi-
bleto predictthattheII radicalmoleculeis apromising
candidatefor thequantumlogicaldevicewhenOSCAR
techniqueis used.

The large valueof gxx componentin the tail of the
I radicalmoleculeis not suitablefor theOSCARtech-
nique.Thoughtheradicalcouldalsobeusedasaquan-
tumlogicaldevice,in thiscaseit is necessaryto usean-
othertechnique,wherethe above g-tensorcomponent
valueis not important.

Attentionshouldbepaid to III radicals.All results
indicatethat in this radicala free electronis present.
Theg-tensorcomponentvaluescorrespondto thoseof
the free electronandg-tensorshift valuecomponents
aresmall. It implies that the III radicalmoleculeis a
promisingcandidatefor aquantumlogicaldevice.

The optical spectraof theseradicalswere investi-
gatedto seethe separationof energy levels of a qubit
via Zeemaneffect to lower the decoherence.We pre-
sentedhere only the spectral lines representingthe
splitting dueto the Zeemaneffect (Table6). It helps
to verify theentagledstateof thetwo-spinsystemdue
to dipole–dipoleinteractionbetweenthespins.
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Table 6. Lines in spectra of the investigated radical rep-
resenting the separation of energy due to the Zeeman

effect.

I radical II radical III radical

929.31 nm 1077.78 nm 1013.26 nm

4. Conclusions

Using the quantumchemicalmethodsbasedon the
densityfunctional theorywe have studiedthe several
neutralradicalmoleculesthatmayserve asprototypes
for designingmoleculesto be usedin the experimen-
tal targetingquantumcomputationwith theSAM struc-
turesandtheOSCARtechnique.

Our analysisof the spatiallocalizationof the elec-
tron spindensityshows thattheneutralradicalssatisfy
the requirementsformulatedin our work. It implies
that thespeci�c groupto provide anattachmentof the
moleculeto a substrateSAM is presentand the self-
assembledmonolayerformationshouldtakeplace.The
elementaryqubit hasbeenrepresentedby theunpaired
electronspatiallylocalizedoncertainatoms.

The�x edorientationof theelectronicg-tensorprin-
cipal axes with respectto the external magnetic�eld
supportsthe absenceof signi�cant dif�culties for the
quantumcomputationprospectives in the caseof the
II and III radicals. In the caseof I radical only one
criterion of the g-tensorcomponentis unsatis�ed: the
g-shift componentthat lies in the tail of the radical is
toolarge.Dueto theabove-mentionedreasontheI rad-
ical is not suitablefor the quantumcomputationwith
OSCARtechnique.

On the otherhand,the attentionshouldbe paid to
III radicals. All obtainedresultsindicatethat thereis
a freeelectronin this radical.Theg-tensorcomponent
valuescorrespondto thoseof thefreeelectronandthe
g-tensorshift valuecomponentsaresmall. Hencethe
III radicalmoleculeis averygoodcandidateto beused
in quantumcomputation.
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Santrauka
Tankio funkcionalo metodu (UB3LYP) 6-311G** bazės arti-

nyje tirti neutralūs radikalai. Išaiškinta, kad ne visi iš jų ga-
lėtų būti panaudoti elektronų paramagnetinio rezonanso (EPR)
kvantiniuose kompiuteriuose, kuriuose yra naudojami savisusiren-
kantys neutralių radikalų sluoksniai. Rezultatai rodo, kad tik
5-metil-6-(4-okso-2,5-cikloheksadienil)heksano rūgštis (darbe pa-
žymėta II) ir 6-etiloktano rūgštis (III) gali būti naudojamos kvan-

tinei informacijai apdoroti. Aukščiau minėtam informacijos apdo-
rojimo būdui 7-butil-1-oksa-6-okso-1,2,5,6 tetra hidroantracen-2-
karboksil rūgšties (I) radikalas netinka, nes elektrono sukinio orien-
tacija yra tokia, kad jį bus sunku valdyti bei jį stipriai veiks aplinka.

Remiantis gautais g tenzoriaus tyrimo rezultatais galima teigti,
kad tik III radikale yra laisvas elektronas, kurio lokalizacijos vieta
yra nustatyta, todėl šis neutralus radikalas yra tinkamiausias kvan-
tinei informacijai apdoroti.


