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ABSTRACT: A series of potentially stable high-spin molecules based onm-phenylene and/ors-triazine
ferromagnetic connectivity coupling units and two-atom three-electron spin centers thioaminyl (—N�—S)— and/
or hydrazyl (—N�—N<) were computationally investigated as novel magnetic material building blocks, using the
semiempirical AM1-CI molecular orbital plus configuration interaction (CI) method. Oligoradicals based on these
structural units were investigated for various both cyclic and linear connectivities in order to determine the effects of
structural variation on the high-spin state preference. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

The design and synthesis of organic molecules with very
high-spin ground states has been and remains a topic of
great interest.1–4 One rational approach to designing
high-spin molecules which has been proposed and
studied by several groups5–7 consists of conceptually
dividing the molecules into two components: a spin-
containing (SC) fragment which provides the unpaired
electron and a ferromagnetic coupling (FC) unit which
connects radical centers ferromagnetically.

Recent interest in design of organic-based magnetic
materials has spurred considerable work on the synthesis
and properties of organic open-shell molecules. The
highest spin states obtained for purely organic systems
have been reported for systems such as polycarbenes and
dendridic polyradicals. High-spin polycarbenes4 have not
been considered feasible as realistic components of
magnetic materials owing to their high reactivity under
non-cryogenic conditions, although recent results suggest
some improvements in stability of polycarbenes with
appropriate substitution.4g,hEven sterically stabilized all-
hydrocarbon dendritic polyradicals show instability for
larger systems, with some loss of exchange coupling
between electrons.1e Therefore, the quest for new classes
of stable multiradicals with high-spin ground state has
been strongly pursued. Although painstaking, the pro-

mise of these efforts is spurred by successes such as the
solid-stateb-phase of the organic radical 1-cyano-4-
dithiadiazolyl-2,3,5,6-tetrafluorobenzene that has been
recently discovered to exhibit spontaneous magnetization
at 36 K.8

In this contribution, we describe computational studies
of a class of potentially stable high-spin multiradicals that
incorporates thioaminyl (—N�—S—) and hydrazyl
(—N�—N<) SC units connected bym-phenylene and/
or s-triazine FCs as shown in the schemes. Free radicals
containing the two-atom three-electron thioaminyl9 and
hydrazyl10 spin centers are exceptionally persistent and
can in some cases be isolated as pure radical crystals.
Additional requirements for the stabilization of a high-
spin ground state inp-conjugated systems are (i) the
existence of partially occupied degenerate or near-
degenerate molecular orbitals (POMOs) and (ii) strong
Coulomb electron–electron interaction within the sub-
space of near degenerate POMOs that prevents spin
pairing and gives rise to preference of the high-spin
state.11 Semiempirical quantum methods have been
found to be effective in identifying electronic ground
states of open-shell systems with varying structures,
connectivities and conformations.12

We have applied the semiempirical molecular orbital
plus configuration interaction AM1-CI method,13 to
assess ground-state spin multiplicities for a series of
putative di- or multiradicals shown in the schemes. Since
the prediction of the absolute singlet–triplet gaps of small
organic biradicals is seldom feasible even by high quality
ab initio methods, we concentrated mainly on relative
trends associated with variations of SC, FC and
connectivity in the series. In addition, we describe the
nature of the exchange coupling in terms of energy
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Scheme 1
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splitting of POMOsandthespindensitydistributionsfor
thehigh-spinstate.

Limited CI treatmentssuch as thoseusedhere can
suffer from size extensivity problems,wherein larger
moleculesarenotsocompletelyor preciselydescribedas
smaller moleculesfor the same computationalactive
space. This is a particular problem for ab initio
methodology.However,asis truefor othersemiempirical
methods,theAM1 limited CI methodaswe haveusedit
for open-shellmoleculeshasbeencalibrated12a–c using
specificactive spacesagainstboth experimentalresults
and ab initio results. The calibrations have included
geometryoptimization, ground-statemultiplicity deter-
minationandtheestimationof lowestground-to-excited
stateenergygapsDEL–H.12a–cThe calibrationmolecules
also included systems with considerableheteroatom
substitution. Without going into extensivedetail, we
notethatthepredictivecapabilityof AM1-CI andclosely
related methodsfor ground-statemultiplicity vis-à-vis
known experimentalresults (such as dinitroxide radi-
cals12m) hasbeenextremelygood,and that quantitative
comparisonsof DEL–H to ab initio resultshavealsobeen
family goodwherethe latter numbersareavailable.12a–c

Simplevariationsof techniquedid not significantlyalter
the resultspredictedin this study. Normally, it can be
dangerousto alter thestandardCI activespaceusedin a
semiempiricalmethodthat hasalreadybeencalibrated
against ab initio results, since the whole calibration
proceduremight needto berepeated.Still, for a number
of themoleculesexaminedin thepresentstudy,wefound
thatmoderateincreasesin theactivespacedid notchange
the computedDEL–H in any substantialfashion. This
finding is in accordwith resultsfor othersemiempirical
studiesin which themagnitudeof electroncorrelationis
described as not too strongly affecting qualitative
ground-statemultiplicity for alternant open-shellsys-
tems.12l Sincethe resultsdid not vary strongly with CI
activespacewithin theconstraintsof ourprocedure,only
resultscomputedby our previously establishedproce-
duresarereported.12a–c,g

As additional calibration, we note that alteration in
connectivitygivesreasonablequalitativeresultswhenthe
sameAM1-CI methodologyis used.Forexample,planar
para analogsof themetabiradicalsdescribedin Scheme
1 areall foundto havesingletstates,asonewouldpredict
by simpleconnectivityarguments,1g andby theprecedent
of computations12i on very closelyrelatedbiradicals.

Overall, the AM1-CI methodologytakesinto account
themajororbital subspaceandconfigurationsthatdeter-
mine ground-statemultiplicity and electronicstructure
for open-shellmolecules,insofarascalibrationagainstab
initio computationand experimenthas determinedto
date.Extrapolationto largerpolyradicalshastheoretical
pitfalls, but is warrantedin the absenceof obviously
illogical results. Still, the discussionof results given
belowshouldbetakenin thespirit of explainingtrendsin
computedpropertiesfor relatedsetsof molecules,rather

than implying that one can expect strict quantitative
verificationof anygiven singlenumber.

METHODOLOGY

Theseriesof di- andmultiradicals1–17 wasobtainedby
variation not only of the SC (—N�—S—, —N�—N<;
thioaminyl, hydrazyl)andFC (m-phenylene,m-triazine)
units,butalsoof connectivity.Thediradicalmodels1 and
3 form onepairof symmetricalregioisomers,andmodels
2 and 4 form a secondpair; both pairs utilize the m-
phenyleneFCunit. Analogouspairsof s-triazinecoupled
systemsare5 and7 plus6 and8.Extendedversionsof the
m-phenylene linked systems were studied as linear
oligomers (9 and 10, n = 1–4) and cyclic oligomers
(11–13, n = 1–4) as shown in the schemes.We used
Spartan(Wavefunction,version4.1)runningonaSilicon
Graphicsworkstationto assembleand pre-optimizethe
molecules using the AM1 semiempirical all-valence
electronHamiltonian13 with unrestrictedHartree–Fock
(UHF) wavefunctions.

For the diradicals,final geometryoptimizationswere
performedwith AM1 multielectronconfigurationinter-
action wavefunctions(MECI) using C2v (1–4) and Cs

(5–6; n = 1) symmetryconstraints;linearmultiradicals(5
and6, n = 2–4)wereunderCs symmetryconstraints.The
cyclic multiradicals(7 and 8, n = 2–4) were optimized
with planar constraintsfor the sake of simplicity in
evaluatingthe connectivityeffectsin thesesystems.All
MECI optimizationswere doneusing MOPAC93.14 As
reference SCF wavefunction, a restricted open-shell
Hartree–Fock(RHF) determinantwith singleoccupancy
of all near-degeneratePOMOs was used. The CI
subspacespanned121 configurations possessingthe
lowest energywithin six frontier MOs. In addition,we
alsocomputedthespindensitydistributionobtainedfrom
the UHF high-spinground-statewavefunctionat the CI
equilibriumgeometry.UHF wavefunctionstypically give
spin densitymagnitudesthat are too largeandproneto
spin contaminationby statesof higherspin multiplicity,
but remain useful to demonstratequalitative effects of
spinpolarizationin similar molecules.

RESULTS AND DISCUSSION

Variouscomputedpropertiesaregivenin Tables1–4:(1)
the ground-statespin multiplicity for the bi- andmulti-
radicals including the calculated energy gap DEL–H

betweenthe stateof highest spin multiplicity and the
nextlowestlying state(DEL–H > 0 correspondsto ahigh-
spin groundstate);(2) the splitting of the POMO levels
DEPOMOin thereferenceSCFwavefunction;(3) selected
spin densitieson eachatomof the SC andon positions
alternant to the SC (C-2 or N-2 of m-phenyleneor
m-triazine moiety, respectively,shown in structure1).
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Table 1. Stability of triplet ground state (DEL±H), POMO splitting (DEPOMO) and spin densities on the hypovalent atom (rN), on the normally valent atom (rNH/S) of the SC and
on the 2-position of the FC (rC-2 or N-2) for diradical systems (n = 1)

Ph—X—N�—Ar—N�—X—Ph Ph—N�—X—Ar—X—N �—Ph Ph—N�—X—Ar—N�—X—Ph

Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H Ar = C6H4 Ar = C3N3H
X = S X = NH X = S X = NH X = S X = NH X = S X = NH X = S X = NH X = S X = NH

Parameter 1 2 3 4 5 6 7 8 9aa 10aa 11a 12a

DEL–H (eV) 0.39 0.51 0.13 0.25 0.02 0.07 0.01 0.05 0.09 0.16 0.03 0.11
DEPOMO (eV) 0.24 0.32 0.39 0.45 0.005 0.02 0.08 0.12 0.22 0.24 0.63 0.41
rX� (N�, S�) 0.55 0.59 0.41 0.59 0.56 0.59 0.52 0.66 —S—PhN�— 0.55 —HNPhN�— 0.59 —S—ArN�— 0.60 —HN—ArN�— 0.52

PhN�— 0.55 PhN�— 0.59 ArN�— 0.70 ArN�— 0.68
rNH/S 0.27 0.19 0.47 0.19 0.28 0.19 0.30 0.12 Ph—S— 0.26 Ph—NH 0.20 Ph—S 0.28 Ph—NH 0.32

—Ar—S— 0.26 —Ar—NH— 0.19 —Ar—S— 0.09 —Ar—NH— 0.10
rC-2/N-2b 0.67 0.68 0.42 0.21 0.46 0.49 0.46 0.18 0.58 0.60 0.35 0.32

a For theseasymmetricbiradicals,the tableshowsthe resultsfor both theexternallydelocalized(Ph—X�—) andcentrallydelocalized(—Ar—X�—Ph)spinsites.
b For all biradicals,this site is at the 2-positionof thecentral,meta-substitutedring.
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For thesakeof simplicity, we list only thespindensities
for theSCsandr(C-2or N-2), sincewefoundtheseto be
themajor sitesof positivespindensity.Thesevariations
in spin density can be correlatedwith the variation of
DEL–H,12e–h and the combination of the two results
revealsusefultrendsaboutthedegreeof preferenceof the
high spinstateasa functionof structuralvariation.From
Tables 1–4 it can be seen that all the molecules
investigatedhere are predicted to possesshigh-spin
groundstateswith DEPOMO� 0.63eV.

For the various thioaminyl (1 and 2) or hydrazyl (3
and4) SCs,thespindensitieson thetwo atomsof theSC
have the samesign, but with considerablylarger spin
densitieson the hypovalentnitrogenatomsthan on the
—S—or—N< atom(seeTable1), regardlessof different

connectivitypatterns.The normally valentatomsthere-
fore tend to insulate the spin-bearinghypovalentsites
from delocalization.Thechoiceof connectivityof theFC
to thehypovalentor thenormally valentatomof theSC
stronglyaffectsthespindensityr(C-2 or N-2) of theFC
unit, which is a useful measureof the degreeof spin
delocalizationfrom the SC on to the FC. When the
hypovalentspindensitysitesaredirectly attachedto the
FC, the high-spinstateis considerablymore favorable
thanthecaseswhenneitherhypovalentsite is connected
to theFC.12a,h,i

The diradicalscan be rankedin order of decreasing
DEL–H as 1> 9a> 5 and 2> 10a> 6 (Table 1). The
decreasinghigh spinpreferencewith —X—N�—Aryl—
N�—X— > —X—N�—Aryl—X—N �— > —N�—X—
Aryl—X—N �— connectivity is not just an effect of
distanceasthe hypovalentspin-bearingsiteson the SCs
become further apart, but is also due to the spin-
insulating effects of the normally valent atoms in the
SCs. Becausespin density does not delocalize well
through the —S—and—N< sites in the SCs,lessspin
densityis delocalizedon to the FCsin 9a and10a, and
evenlessin 5 and6, resultingin adecreasingDEL–H. This
computationalresult is supportedby the experimental
finding that thioaminyl-baseddiradicals with the con-
nectivity of 5 (—N�—S—Aryl—S—N�—) do not show
triplet behavior.9g

DEPOMO decreasesin the series1–2> 9a–10a> 5–6
(Table 1). It may seemparadoxicalthat the high-spin
preferencein this seriesgrows smalleras the energetic
splitting of the frontier orbitalsdecreases.However,the
decreasein DEPOMOis aneffectof increasedinsulationof
theSCsfrom oneanotherdueto theplacementof thespin
isolating —S— and —NH— moieties:it is not due to
symmetry-imposedeffects. As a result, the increasing
orbital degeneracyreflectsincreasingisolation of non-
interactingspin orbitals, suchthat systems5 and 6 are
essentiallynon-interactingbiradical systems.Nominal
orbitaldegeneracyin asystemis notsufficientto yield an
energeticallyfavorablehigh-spinstate,whenaneffective

Scheme 2

Table 2. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 2)

Parameter 9b 10b 13a 14a 15 16a 17a

DEL–H (eV) 0.05 0.09 0.21 0.29 0.25 0.12 0.21
DEPOMO(eV) 0.35 0.38 0.04 0.007 0.05 0.23 0.31
rN� –a –a 0.47 0.53 0.55 0.32 0.51
rNH/S –a –a 0.39 0.23 0.21 0.57 0.27
rC-2/N-2 –a –a 0.57 0.59 0.60 0.35 0.40

a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.

Table 3. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 3)

Parameter 9c 10c 13b 14b 16b 17b

DEL–H (eV) 0.03 0.05 0.10 0.13 0.09 0.10
DEPOMO (eV) 0.42 0.44 0.15 0.36 0.33 0.63
rN� –a –a 0.50 0.58 0.32 0.56
rNH/S –a –a 0.33 0.21 0.55 0.25
rC-2/N-2 –a –a 0.56 0.60 0.34 0.39

a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.

Table 4. Stability of quartet ground state (DEL±H), POMO
splitting (DEPOMO) and spin densities on the hypovalent atom
(rN), the normally valent atom (rNH/S) of the SC, and on the
2-position of the FC (rC-2 or N-2) (n = 4)

Parameter 9b 10c 13b 14b 16b 17b

DEL–H (eV) 0.02 0.03 0.08 0.11 0.05 0.07
DEPOMO (eV) 0.46 0.49 0.11 0.32 0.38 0.56
rN� –a –a 0.55 0.58 0.43 0.58
rNH/S –a –a 0.29 0.21 0.45 0.24
rC-2/N-2 –a –a 0.56 0.59 0.35 0.38

a Spindensitieson monomerunitsvariableowing to non-symmetryof
linear oligomer.
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mechanism for exchange between electrons is not
available.

Thes-triazineFC unitsgive FM coupledbehaviorfor
diradicals3, 4, 7, 8, 11 and12. In all cases,thecoupling
DEL–H is smallerthanthatcomputedfor theconnectivity
analogousm-phenylenecoupleddiradicals.As in the m-
phenylenecoupled analogs,the magnitudeof DEL–H

decreaseswith increasingdistancebetweenthe hypova-
lent nitrogencenters,following theorder3> 11> 7 and
4> 12> 8 for the thioaminyl and hydrazyl SCs,
respectively. In the subsequentwork on oligomeric
species,we choseto studyonly the m-phenylenelinear
oligomers,becauseof thelower exchangeefficacyof the
s-triazineunits.However,we did studycyclic oligomers
incorporatings-triazine FCs, becauseof their potential
ability to form chelatedor hydrogen-bondedsolid-state
arrays.

Thestabilityof high-spingroundstates(DEL–H) for the
linearandcyclic tri-, tetra-andpentaradicalsshowsimilar
trendsto the diradicalsasfunctionsof connectivityand
SC. All oligomerswere formulatedusing regioregular
head-to-tail—Aryl—N �—X—Aryl—N �—X connectiv-
ities, in order to avoid the spin-insulatingeffectsnoted
above for the —N�—X—Aryl—X—N �—connectivity.
There is some decreasein high-spin preferenceas
oligomersize increases,but it is not clearhow muchof
this trend is dueto the inherentuncertaintiesof usinga
limited active spacefor the configuration interaction
calculations.12a,c

For practical reasons,the cyclic oligoradicals are
particularly worthy targets. Rajca1e noted that cyclic
oligoradicalsare more tolerant of SC defectsthan are
linear oligoradicals when the SCs are part of the
conjugatedsystemratherthanbeingpendant.As shown
in Scheme2 thecyclic casesallow multiple pathwaysfor
electron exchangethroughout the molecule, whereas
linear oligoradicalsare brokeninto small spin domains
by SC defects.In our computations,the cyclic oligo-
radicals were found to have larger DEL–H than the
correspondinglinear forms for the lower degree of
polymerization.Multiple factorscould contributeto this
effect. For linear oligoradicals,spin populationtendsto

concentrateon the terminal units, segregatingspin
densityand leading to a smallerDEL–H. This effect is
reducedby an increasein thedegreeof oligomerization,
which leadsto a moreevenspin densitydistribution in
thecenterof a linear chainresemblingthat of thecyclic
systems.The cyclic systemactslike a linear systemof
infinite length,so long asthecyclic connectivityis non-
disjoint andregioregularin a head-to-tailfashion.Also,
thecyclic oligomerstendto possesssmallerDEPOMOthan
correspondinglinear oligomers, in part owing to their
higher symmetry.Deplanarizationof the cyclic oligo-
radicalscouldaffect thesetrendsin realsystems,but the
qualitativetrendsarereasonableandfurther point to the
cyclic systemsasdesirablesynthetictargets.

An interestingandimportantquestionfor thedesignof
practical ferromagneticsystemsconcernswhether the
natureandmagnitudeof exchangecouplingin theoligo-
radicalsis comparableto thosein thediradicalmodels.In
consideringthe trendsfor both the linear systems9 and
10 andcyclic oligoradicals13–17, thereis a substantial
drop in DEL–H on going from thediradical to the higher
spin systems.DEL–H decreasesas the degreeof oligo-
merizationincreases,but the decreaseis small in com-
parisonwith thatongoingfrom thediradicalto triradical.
A similar trendwasfound in our original study12c of the
AM1-CI method as applied to diradicals and oligo-
radicals,andalsoby Li et al.12l in a completelyseparate
semiempirical study of di- and oligoradical systems.
Given the variation of the magnitudesof high-spin to
low-spinenergygapasa functionof structure,thetrends
in both studies are unlikely to be due solely to
methodologicalartifacts. Qualitatively, these and the
previousresultsshowthat diradicalmodelsarelikely to
begoodqualitativemodelsfor theexchangecouplingin
oligoradicalsof similar geometry,but thatthemagnitude
of exchangein the diradical may overestimatethe
analogousaverageexchangebetweenany two units in a
larger,relatedpolyradical.

For all of thesystemsstudied,if thetwo-atomSCsare
consideredasa singleunit (sinceboth atomshavespin
densityof thesamesign),a spindensitywaveis formed
in the oligomeric systems.A spin density wave with
appropriateconnectivity and geometry to avoid spin
mismatches(ra–ra spin interactionsof thesamesign) is
expectedto exhibit a high-spin ground state for all
oligomers,asobservedin thesecalculations(Scheme3).
Suchspin-densitywavemodelsareknownto bein accord
with the experimentalexchangebehaviorobservedfor
high spinmolecules.15

In comparingoverall trends,the hydrazylSC qualita-
tively delocalizesmore spin densityon to m-phenylene
FCunitsthandoesthethioaminylSC.Interestingly,when
thes-triazineFC is used,the thioaminyl SC is predicted
to undergoconsiderablespin densityperturbation,with
anincreasein unpairedspinuponthedivalentsulfuratom
attributableto agreatercontributionof the—ÿN—S��—
resonancestructure. The heteroatom substitution in

Scheme 3
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s-triazinethusaffectsthe spin densitypopulationon the
SC.Although an analogouseffect is nominally possible
for thehydrazylradicaldueto resonanceadmixtureof the
—ÿN—N��< structure,the computationssuggestthat
this doesnot occur to a significantextent.This result is
consistentwith thebetterability of divalentsulfur to bear
aradicalcationsitein —ÿN—S��— thanthatof trivalent
nitrogenin —ÿN—N��<.

In an effort to modela hydrazyl-basedsystemthat is
synthetically more realistic, although computationally
morecomplex,thanthoselackingstericstabilization,we
investigated system 15 with N-phenyl substitution
analogousto that of known stableradicalssuchasN,N-
diphenylpicrylhydrazyl. As shownin Table2, theuseof
N-phenylhydrazyl instead of the simple hydrazyl SC
perturbsthe degeneracyof POMOs,suchthat 15 hasa
slightly larger DEPOMO and a smaller preferencefor a
quartet ground state than is found for analogousbut
sterically simpler system14a. Still, 15 has a sizable
predictedDEL–H of 0.25eV, suggestingthis systemto be
a goodsynthetictarget.

In principle, the degreeof oligomerizationmight be
further increasedwhile still maintaining a high-spin
groundstatefor both the cyclic and linear oligoradical
systemsstudiedhere.For example,Patel et al.16 have
beeninvestigatingliquid crystallineoligoradicalsystems
basedon the thioaminyl SCunit. They havealsoshown
computationally that thioaminyl radicals should be
attractivesyntheticbuilding blocks for molecularmag-
netic materials.If problemswith oligomerizationof the
radicalsitescanbe overcomein thesesystems,systems
containing the hydrazyl and thiaminyl radicals could
serveasusefulbuilding blocksfor magneticmaterials.

CONCLUSION

Stabletwo-atomthree-electronSCssuchas thioaminyl
and hydrazyl should be useful building blocks in the
designof high-spinmoleculessuch as thosedescribed
above.Fordiradicalsconstructedusingm-phenyleneFCs
andtheseSCs,therelativetriplet stabilizationversusthe
singletdecreaseswith anincreaseof thedistancebetween
two hypovalentspin centerscarrying the largest spin
density, especiallywhen more of the normal valence
—S— and —NH— units are interposedbetweenthe
hypovalentspin-bearingsites.Use of the hydrazyl SC
favorsmorespindensitydelocalizationfrom theSConto
the 2-position in the FC ring, in comparisonwith the
thioaminylSC,leadingto greaterhigh-spinground-state
preferencewhenhydrazylis used.This differencewould
probably be decreasedin the experimentally more
realisticN-phenylhydrazylsystems.

All of the cyclic oligoradicals describedhere are
predictedto be goodcandidatesfor stablemultiradicals
with robust high-spin ground states. The high-spin
preferencein the cyclic casesappearssufficient not to

be overcomeby effectsof deplanarization.In addition,
thecyclic oligoradicalshavea greaterpreferencefor the
high-spin ground state than linear oligoradicals of
correspondinglength,althoughthepreferenceis reduced
as the degreeof oligomerizationincreases.For all the
systemsinvestigated,the magnitudeandsign of DEL–H

correlatewith variationof spin densityon the FC, such
thatthelargesthighspinpreferencesarefoundwhenspin
densityis mostdelocalizedfrom theSCsonto thelinking
FCs.Overall, stablehigh-spinmoleculesbasedon these
SCsshouldbe attractivetargetsaspart of the designof
magneticmaterials.
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