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Electron Correlation and Magnetism: A Simple Molecular Orbital Approach for Predicting
Ground-State Spins of Conjugated Hydrocarbons
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A simple molecular orbital (MO) method, the unrestricted Hartieeck (UHF) Hubbard method, is proposed

to predict the spin preferences of conjugated hydrocarbons. It is shown in this work that this method can
account well for ground-state spin multiplicities of not only neutral alternant and nonalternant systems but
also ion species. More importantly, the underlying relation between the electron correlation and magnetism
in various conjugated systems with different topological characters is revealed by using the present UHF
approach. For alternant systems, the magnitude of electron correlation is found to be less important in
determining their ground-state spins. Whereas for some nonalternant and ion systems, their ground-state
spin multiplicities are shown to depend strongly on the magnitude of electron correlation. In addition, the
applicability and limitations of some currently used semiempirical models are analyzed in a unified way.

Introduction calculations exactly include the correlation effect between elec-
trons, they can always give reliable predictions of ground-state
multiplicities. Let’s turn to the VB theory. Within the frame-
work of the nearest-neighbor VB model of Pauling and Wheland
d (being equivalent to the Heisenberg model of solid-state
physics), Lieb and Matti4 have proven result$2 which for
alternant systems the ground-state spin of this model is simply
half the difference between the numbers of “starred” and “un-
starred” atoms. Unfortunately, this simple rule is invalid in
nonalternant systems, and most nonalternant conjugated systems
are beyond the capability of this approach because the exact
solution of this model is also limited to about 24centers'®

The design and synthesis of high-spin organic molecules and
purely organic ferromagnets is a challenging field in current
organic chemistry.> There are several semiempirical theoreti-
cal models for predicting ground-state spins of conjugate
systems, 13 which are very useful in guiding experimentalists
to synthesize this new class of molecules and materials.
However, these models, which can be classified into two types,
the molecular orbital (MO) theory and the valence bond (VB)
theory, have varying degrees of difficulty in application. Here
we'd like to give brief descriptions for these schemes. The
simplest MO theory, the Hikel MO (HMO) theory, assumes o R
that Hund’s rule is also operative in molecules: thus the ground- N the past years, the validity and limitations of these
state spin of a considered system is predicted to be just half theS€Miempirical schemes have been extensively examined by a
number of nonbonding molecular orbitals (NBMOs)urther, large number of expfer_|menf§r2° and theoretical work3i~30
Borden and Davidson have demonstrated that in diradicals HOWeVer, in our opinion, developing a simple and general
Hund’s rule is obeyed or violated depending on whether two Method that can predict the ground-state spins of various
NBMOs have atoms in common or rotWhen two NBMOsS conjugated hydrocarbons including di- and polyradicals, alter-
share some common atoms, the Pauli principle keeps the two"@nt and nonalternant systems, is still necessary and also
unpaired electrons from simultaneously appearing in the sameP0Ssible. Summarizing the above discussions on these semiem-
atomic orbital (AO), and because there is a high Coulombic Pirical methods, we can find that electron correlation plays a
repulsion energy associated with the double occupancy of ancrucial role in determining the spin alignment in the ground
AO, the triplet is more energetically favorable than the singlet. State of a system. This point can be extracted from examining
On the contrary, if two NBMOs can be localized to different the underlying relation of these methods to the Hubbard model.
sets of atoms, two electrons in two NBMOs need never appearAlthough this model is a simplified .PPP model, it is believed
in the same AO regardless of the spins of the two electrons. that this model agrees very well with the PPP model for the
Consequently, the lowest singlet and triplet states, to first Nomo-polar” states including the lowest state of each spin
approximation, have the same energy, but the correlation multiplicity.3* The Hubbard Hamiltonian is defined as follows:
between the electrons in the NBMOs and other electrons in _ + N
occupied MOs always results in violation of Hund's rule, giving H= _tg CoCio T UZ”w”iﬂ @

a singlet ground state. Generally speaking, this NBMO analysis e '

is considered to give the correct predictions of spin preferences WhereCi;" andCj, are the creation operator of spinat site

in most diradicals, but it seems a delicate matter to extend this] and the annihilation operator of spinat sitei, respectively.
analysis to polyradicals with more than two NBMOs, although ﬁia(ﬁ)( = Cﬁ;(ﬂ)Ciu(ﬂ)) denotes the number operator spi(f) at
some efforts have been matle Beyond the HMO theory, the  sitel, the parametet represents the nearest-neighbor hopping
full configuration interaction (CI) solutions of the semiempirical energy -t is equal tog of the HMO theory), andJ is the
Pariser-Par—Pople (PPP) model and the Hubbard model on-site Coulomb repulsion energy, which introduces the electron
(which is a further simplification of the PPP model wherein correlation into this model. Whew is equal to zero, the
Coulomb interactions are limited to electrons on the same Hubbard model reduces exactly to the HMO model, while in
atom) are successfully applied to small conjugated hydrocarbonsthe strongly correlated limit W/t — ), the second-order

with no more than 14x centers$P¢13 Since the full ClI degenerate perturbation the&¥y or a two-site cluster expan-
sion techniqu#-34 can be used to map the model onto the
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. nearest-neighbor VB model (displayed below) mentioned above.
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— + +
Where§ is the spin operator for siteand J (=2t%U) is an Ha Zum'ﬂm'“c"‘ * ;( 0CieCia (4b)
exchange parameter. Now, it is clear that the NBMO analysis
of Borden and Davidson corresponds to the weakly correlated Hﬁ = ZU[mia[([;i;Ciﬂ + Z(_t)cjzciﬁ (4c)
limit of the Hubbard model, and the results of the nearest- T =7
neighbor VB model represent those of the Hubbard model in
the strongly correlated limit. In fact, real conjugated hydro- From the above equations, it is clearly seen that the on-site
carbons, in which the electron correlation parametér is electron correlation is automatically considered in an average
theoretically estimated to be in the range 140035 lie manner by adding a term to the Coulomb integsét of the
intermediate between the HMO and VB antipodes. On the basisHMO theory (o is taken to be the zero of energy throughout
of the success of these two approximate schemes, we conjecturghis work). Essentially, the model we obtain above should be
that the HartreeFock (HF) approximation of the Hubbard termed the unrestricted HartreBock (UHF) Hubbard model
model, which takes the partial electron correlation into account, (will be used in the following) because the double occupancy
may also give valuable predictions of spin preferences of of molecular orbitals is not forced here. Since the solution of
conjugated hydrocarbons. Obviously, the HF Hubbard model this model is the eigenfunction & but not of &, the average
is simple because only the topological symmetry of molecules Value of total spinS is usually needed to evaluate the spin
is required as in the HMO model and it is easy to solve even contaminations of the UHF wave functions, which can be easily
for quite large systems. calculated by using the formula beld#:

It should be mentioned that in the chemical literature the HF _ _
calculations of the generalized Hubbard model were earlier used [F= S+ 1) = u(u + 1) +q—tr(P*P)  (5)
to predict ground-state spins of a class of high-spin carbenes 2 2
without detailed discussions of this methdIn this work, we
show that if the value of the electron correlation parametéer
is appropriately selected, the HF Hubbard model is a promising
tool in predicting the ground-state spin multiplicity not only
for neutral conjugated hydrocarbons but also for ion ones. More
importantly, we want to employ this model to investigate the
electron correlation/magnetism relation in conjugated systems
with different topologlical characters. On the basis of this
investigation, the applicability and limitations of some currently
used semiempirical theoretical models are analyzed in a unified
way.

Herep(q) is the number of(3) spin electrons, an@*®) denotes

the density matrix associated witt{3) spin. Due to the spin
contaminations of desired spin states, the energy difference
between the ground and first excited states can reflect the
strength of spin coupling only if these two states are less spin-
contaminated. Generally, the ground-state spin multiplicity
derived from the UHF Hubbard calculations depends on the
value of the parametdd/t especially in nonalternant or ion
systems. So in the following we first determine the realistic
value of this parameter for conjugated hydrocarbons by fitting
the full Cl solutions of the Hubbard model to corresponding
values of the PPP model.

The Hartree—Fock (HF) Hubbard Model With changing the value of the parametétt (t is taken to

be 2.60 eV given by Schulten, Ohmine, and Karflyswe

o L exactly solve the Hubbard model by using the Lanczos
many-electron Hamiltonian, operating in the space-efectron algorithnt! for a series of conjugated hydrocarbons, in which

wave functions (or Slater determinants), whose dimension the exact solutions of the PPP model are also avaifébla/e
increases exponentia_llly with the size of molecules. Currently, find that if the parameteW/t is chosen to be 2.0, the singfet

for larger systems with more th"".“ Icenters, t_he Hubbard triplet (S—T) energy gaps calculated from the Hubbard model
model can onIy_be s_olved approxmatel_y. Ir} solid-state theory, 4q i guantitative agreement with those from the PPP calcula-
the HF_approxmatlon of th.'s model IS widely adopt_ed _for tions, as shown in Table 1 and Figure 1. In fact, even for those
discussing the local magnetic moment in ferromagnetic dilute ., acu1es with very narrow energy gaps, suchlasand 16,

alloys with localized d and delocalized s electréfisThis the Hubbard model can also give consistent predictions with
approximation assumes that the deviation between the numbet,. ppp model. On the other hand. the spin distributions

operator and its expection value with respect to the desired spingpained from the full CI Hubbard calculations also agree well
state is small; namely, the last term of the Hubbard model can i, corresponding experimental (or PPP if available) vafaés,

The Hubbard model described previously is essentially a

be expressed by as depicted in Figure 2. Concludingly, it seems likely that the
Hubbard model with the parametgft of 2.0 can describe very
Uzﬁmﬁiﬁ = UZ[Eﬁ\iaEH— (P, — [ D[ s CH well the low-lying electronic states as the PPP model. There-
T i fore, we'll adopt this parameter in our subsequent UHF Hubbard
(Pys — 501 calculations (unless otherwise addressed). It should be men-

tioned that this is the same parameter used by Klein &t al.
=U) [A O CH [ [, —
Z S . Results and Discussion

miamiﬁm (Fy, — mia[ﬂ(ﬁiﬁ - miﬁm ®) In this section, the UHF Hubbard calculations are carried out
for a large number of neutral and ion conjugated molecules (all
whereliiqsrepresents the average value of the operatgy systems are assumed to be planar). The predicted ground-state

with respect to the desired spin state. Neglecting the last termspin preferences are compared with those from other semiem-
of eq 3, the multiplication of two small quantities, results in pirical and even ab initio schemes for predicting the ground-
the HF Hubbard model, which can be rewritten into two coupled state spin. Meanwhile, the dependence of the electron correlation/
Hamiltonians foro. and 8 electrons, respectively. magnetism relation on topological characterstaietworks is
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TABLE 1: The Two Lowest States of a Series ofr Systems

PPP Hubbard HF-Hubbard
molecules (ineV) (ineV) (&0
fo=r1=14A S,—7.48 S,—2.47 (0.00)
1 Er—Es=25 T,-543  T,—1.88(2.00)
] S,—8.04 S,-7.35 S,—2.66 (1.10)
T,-7.75 T,—6.98  T,—2.50(2.00)
2
S,—5.84 S,—5.20 S,—1.95 (1.02)
/K T, —6.72 T,—6.08  T,—2.23(2.08)
3
S,—15.66 S~14.06  S~5.00 (0.00)
O T,-11.74 T,-1065 T,-3.63(2.15)
4
S,—13.75 S~12.42  S~4.21(0.00)
|:< T,-11.63 T,-1057  T,-3.62(2.08)
5
S,—13.05 S~11.67  S~3.90 (0.00)
} T,-11.03 T,-9.93  T,-3.48(2.15)
6
S,—14.17 S~12.73  S~4.41(0.14)
Q— T, -12.67 T-11.42  T,-4.11(2.06)
7
S,—13.91 S~12.58  S~4.30(0.28)
A T, —11.69 T,-10.63  T,—3.79 (2.08)
8
S,—11.84 S-10.72  S-3.93(1.14)
{>_ T,-12.55 T-11.44  T,-4.15(2.24)
9
S,—12.91 S~-11.75  S~-4.21(1.22)
<>_o_o T, —12.66 T,—11.46  T,—4.07 (2.08)
10
S,—11.29 S-10.13  S-3.64(1.12)
/\)\ T, -11.79 T,-10.65  T,—3.83(2.20)
11
S,—11.50 S~10.39  S~-3.72(1.29)
>—< T -11.41 T-1029 T.-3.63(2.15)
12
S,—18.34 S~17.29  S~5.95(0.00)
(I T,—-17.37 T,-16.42  T,—5.90(2.02)
13
S,—17.25 S~16.31  S~5.92(1.01)
d)\ T,-17.64 T,-16.67 T,—6.05(2.18)
14
S,—18.25 S~17.24  S~5.92(0.00)
T, -17.32 T,-16.37  T,-5.88(2.01)
15
S,—16.07 S~14.49  S-5.10(1.22)
)ﬁ)\ T, -16.09 T,-1452  T,-5.18(2.55)
16
S,—16.49 S-14.78  S~-5.25(1.17)
k)\) T, —16.89 T,~15.20  T,—5.44(2.31)

2The full Cl solutions taken from ref 13.The full CI solutions
presented in this work. The parameteendU/t are taken to be 2.60
eV and 2.00, respectively.Calculated from the Hartree~ock ap-
proximation of the Hubbard model (in units 6f= 2.60 eV). The
expectation value of¥ ([0} is presented to evaluate the spin

contaminations of the desired spin states.
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S-T gap (eV) from Hubbard

S-T energy gap (eV) from PPP

Figure 1. Correlation of the singlettriplet (S—T) energy difference
from the full Cl Hubbard calculations with those from the corresponding
PPP calculations.

exp calc. exp. calc.
_0‘16/95_\0158 0110 0132
0.599 0.579 0375 0.54310.421 0.422
€xp- -o 126
-0.067 _0.262 0438
0212 0.683 0125
0.164 0.708 0.119
-0.068  0.183 (0.116) 0. 403
cale. (0.406) -0.044
cale. (-0.045)
3
("By,)

Figure 2. Calculated spin densities in some conjugated hydrocarbons.
The corresponding experimental values (from ref 42, ref 43, and

references therein) are given for the purpose of comparison. For the
3By, state of naphthalene, the exact PPP results (from ref 43) are also
presented in parentheses.

examined in detail. The applicability and limitations of some
semiempirical models are analyzed in a unified way.

Neutral Systems. In the previous section, we have provided
the exact solutions of the Hubbard model for speties7 listed
in Table 1, which give us a straightforward chance to verify
the applicability of the UHF Hubbard approach. From the
results also collected in Table 1, it is clearly seen that for all
considered systems even those with nearly degenerate ground
states, this approach makes the same predictions as the full CI
Hubbard calculations, indicating that the UHF Hubbard model
is a promising tool for predicting the ground-state spin
multiplicity of conjugaged systems. We'd like to give some
further comments on the above results. For those closed-shell
alternant molecules like benzene and butadiene, their ground
states are always predicted by this method to be pure singlet
states. In fact, in this case the UHF Hubbard model gives the
same results as the restricted HF (RHF) Hubbard approach with
forcing the doubly occupied condition of molecular orbitals.
Drastic differences occur in open-shell alternant species (e.g.
radicals). For example, this method makes direct predictions
that cyclobutadiene2j and tetramethyleneethane (TME2)
have singlet ground states, but spe@g8, and14 prefer triplet
ground states, although all these molecules possess two degen-
erate NBMOs even within the RHF Hubbard model. Generally,
for those diradicals with two nondisjoint NBMOs, this method
and the NBMO analysis addressed above lead to the same
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can be expected that if we introduce the more complicate pro-
0L OOy XX Jeo ol 05050 jected UHF method? these spin contaminations may be greatly
reduced. Even so, the simple UHF method is adopted in this
Bo - BO NG 210 2 Q) work because this method usually gives the same ground-state

go((jssfj)) 22((21 Zé)) 222(2)17; ;3‘22‘;; e g?j; o Ef;i; spin predictions as the projected UHF technique. Concludingly,
S;mmump]imy X . . 3 s the success of the UHF Hubbard model to the above small sys-
(25+1) tems stimulates us to investigate the application of this method
to more extensive neutral and ion conjugated hydrocarbons.
/d Jouey > \/:(( Twenty neutral conjugated hydrocarbons, including alternant
and nonalternant systems, are selected for our investigation
23(3) 24(3) 253) 26 (4) 27(4) (Figure 3). For each species, the calculated energies and the
E,(<8%) 6.62(3.95) 12.07(4.08) 3937(421)  694(329)  655(626) expectional value of? of the two lowest states, together with
‘g‘;i(:ﬁ:?ﬁpmy 6-4’4“-8‘) “»9j(1-92) 3926212 679(615) 6370321 the resulting ground-state spin, are also displayed in Figure 3.
(25+1) ¢ } ° At first sight, for all alternant systems considered our predictions
of ground-state spins are in full accord with those from the
simple “starred” and “unstarred” rule of the VB approach
QDL AL described previously. This implies that ground-state spins of
alternant systems may be completely controlled by their
28 B 06 topological symmetry rather than the magnitude of electron
léo(i::) 1798 57 e o Fotiaon correlation. To confirm this inference, we perform the UHF
S}l)i(n mul)tiplicity 5 5 6 Hubbard calculations for these species at different values of the
(2s+1) parametet)/t. Undoubtedly, we find that the ground-state spin
of each alternant system does not change at all if only the
parametelU/t is nonzero. Therefore, our results demonstrate
9 CEE that the simple VB rule, although derived from the strongly
i correlated limit of the Hubbard model, can always give reliable
predictions for ground-state spins of alternant conjugated
3L 2 33 34 molecules, which belong to the moderately correlated systems.
Eo(<5>) 404207)  570(211) 1137(3.95)  9.00(0.97) However, the failure of the simple Hund'’s rule is again observed
SEpliffns'l?t—jlt)iplicity 4.033<0 75 5.60(123) 11.22: (67 813 2<3»90> in species20 and 26. Ab initio calculations on20 at many
(28+1) } different levels of theorf2also support the results of the UHF
Hubbard model and the VB model that this molecule has a
é\ /@ @ singlet ground state. Indeed, the violation of Hund’s rule in
this species is also verified by recent experiméatSimilarly,
350) 36(2) 3710 a triplet is predicted to be the ground state of spe2iisy this
Eo(<5>) S75221) 726227 824(118) method (our full Cl Hubbard calculations on this species also
g:)i(:ﬁl)ﬁp“my 564(123)  717(146) 820 (201) support this assignment), whereas Hund's rule gives a quintet
(25+1) ’ ’ ! ground state. On the other hand, the NBMO analysis, which

Figure 3. Ground-state spin multiplicity of some neutral conjugated Works well in most diradicals, also suffers from the difficulties
hydrocarbons. The energies (in unitstpbf the two lowest states are  in polyradicals. For instance, according to our and others’
presented for ea_lch specie_s. '_I'he expectation_valﬁ%iefincluded to calculation$ the quintet, not the triplet given by the NBMO
NBMOS of 6ach species (specEnas two bonting degenerate ioner ~ 211YSiS, i predicted to be the ground state of speiiesas
orbitals instead of NBMOSs) is also given in parentheses for the purpose mentioned above, the l?reakdoyvn of the NB.MO analysis in this
of analysis. case can also be ascribed to its perturbative character. Sum-

marizing the above discussions, the UHF Hubbard model and

conclusion because these two methods have the same physicd® Simple VB approach can be considered to account very well
background. But for those species in which two NBMOs are for ground-state spin multiplicities of alternant systems.
disjoint, the NBMO analysis may give unreliable results in some  In contrast to that in alternant systems, the spin preferences
case® %6checause it is only perturbative in nature. Spediés of nonalternant systems are complicated by not only the spin
provides such an example. The NBMO analysis predicts that polarization but also the charge transfer in networks.

it should be a singlet state; however, a triplet ground state is Although Radhakrishnan’s empirical rule, based solely on the
derived from both the exact and UHF Hubbard model. In fact, topology of conjugated systems, gives correct predictions on
the failure of the NBMO analysis also occurs in those species ground-state spins in some nonalternant molecilassimple

with more than two NBMOs, which will be discussed hereafter. theoretical way for predicting the ground-state spins of these
In comparison with the perturbed NBMO approach, the UHF systems has not been established yet. The present UHF Hubbard
Hubbard calculations can always make the correct predictionsapproach is an attempt toward this goal. From the displayed
for these systems by directly using the spin-polarized orbitals. results for specie81—37, we note that there is not a definite
Besides alternant systems, we notice that the present UHFrelation between the number of NBMOs and the ground-state
method can also treat nonalternant systems, as illustratet! for spin. Consequently, both Hund’s rule and the NBMO analysis
and 8. In addition, it is worth commenting on the spin should be used cautiously. For instances, our calculations
contaminations of the two lowest states listed in Table 1. predict a triplet ground state for speci&3 although it has only
Generally speaking, we can see that for those molecules withone NBMO in the HMO framework. More sophisticated ab
narrow energy gaps their ground states are spin-contaminatednitio result€3® and the full Cl PP (or the present Hubbard)

to a large extent. Obviously, the mixture of these states with calculations also support this prediction. For spe@gsand
their first excited states is responsible for this phenomenon. It 36, the predictions from our method are also advocated by the
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TABLE 2: Hubbard Transition in Species 31 Predicted by the Full Cl and Unrestricted Hartree—Fock (UHF) Hubbard
Calculations

1.70 1.95 2.00°

state full CI UHF (S0P full CI UHF([$20P full CI UHF (S0P
singlet —4.6692 —4.4453 (0.61) —4.3599 —4.0970 (0.73) —4.3004 —4.0290 (0.75)
triplet —4.5900 —4.3929 (2.03) ~4.3588 —4.0999 (2.04) ~4.3142 —4.0427 (2.07)

aThe value of the parametéfit. ® The expectation value & ([¥20) is presented to evaluate the spin contamination of each spin state.

more complex semiempirical CNDO/S-CI methi§él. Espe-

cially, the present method predicts that compo8mdn which
two frontier orbitals (but not NBMOSs) are degenerate within @

the HMO theory, has a singlet ground state, being consistent

. . . 38 39 40 41
with the latest experimental facts. Now, as we have done in
alternant systems, we want to investigate whether ground-state fo Ef’: };2’1‘ 882; o 8(‘)(‘); o gggg 3 gig
spins of nonalternant systems are dependent on the magnitude spin muttipliciey 5 . 3 Ty

of the electron correlation parametdft. We take specie81 280
as an example. Although both the exact and approximate 1
Hubbard models, in which the present paramétkt € 2.0) is

1 2
10 / 3 -
used, show that the triplet is slightly lower in energy than the @ o A (L)

singlet (the exact PPP and VB calculations also lead to this 8

7 6
prediction), further exact Hubbard calculations reveal that there 42 43 44
exists a critical valuer:ez.c_)) of the_ electron correlation_ parameter g (¢ 3.81 (2.00) 7.16 (1.16) 15.29 (2.19)
U/t (Table 2), below which a singlet ground state is favorable gl.“SZ?. " 3.79(1.09) 7.12 (2.00) 15.26 (1.10)
pin muitiplicity 3 1 3

in energy. It should be pointed out that such a transition from ;5.

a triplet state to a singlet state is termed the Hubbard transition

(the changeover of the ground-state spin multiplicity) and has o+ +
been discussed by Léé. Encouragingly, the present UHF (W\)O/\Mj (\AD\N\O/\Aj
Hubbard approach also yields a critical value extremely close 4 5

to that from the full Cl Hubbard calculations. These calculations

. . . 1532 (0.9] 2049 (2
on specieg1remind us that for some nonalternant systems, in E‘l’ Efzi; 15.25 5: i |§ 20,47& iZi
which the Hubbard transition may exist, their ground-state spins  Spin multiplicity 1 3

will depend strongly on the magnitude of the parameiér s

Therefore for such systems, the UHF Hubbard calculations evenE i%‘igeca‘:boﬁgou_?ﬁ:gﬁ;s izzir(]in%wittigtgfti?thoef t\fv%”:gwiggt cht‘éusgssgd
Wlth the present par_ametrlzatlotj/¢ = 2.0) may still yleld the p?/esented for each specigs. The expectation val®isfincluded to
incorrect results owing to the fact that the model is so simple gy aiyate the spin contaminations of each spin state.
and nonalterant systems are not simple like alternant species.
Despite this, the UHF Hubbard model with the present 4. From Figure 4, it can be seen that compowB®is43 (except
parametrization scheme is still expected to be the simplest39 and43) are all ground-state triplets from our calculations.
theoretical model for our qualitative predictions of ground-state We notice that the same predictions can also be obtained from
spins of nonalternant systems. On the basis of the abovethe HMO theory with the aid of Hund's rule because two
discussions, we now answer another related question, i.e., indegenerate orbitals are only half-filled for these species.
which cases can the VB model operate in nonalternant conju- Experimentally, an ESR spectrum characteristic of a triplet state
gated hydrocarbons? Clearly, if a nonalternant system has nois indeed observed in speci@8, 40, and 41, respectively*s
Hubbard transitions at all or has a Hubbard transition at a critical The cycloheptatrienyl aniop), although it should be a triplet
parametetJ/t far below 2.0, the VB model may be anticipated in the D7, conformation by our and other’s workémay prefer
to give a correct prediction of the ground-state spin of this a distorted singlet. For specied® and 43, however, the
system. For example, speci82 has a Hubbard transition at  divergence between the present method and the HMO theory
U/t =~ 1.48 (1.48, full CI; 1.44, UHF), whose ground state is arises. Based on the HMO theory, these two species should
correctly predicted by the VB calculations to be the triplet, as have triplet ground states like those systems discussed above.
mentioned above. Léthas arrived at a qualitative rule to  However, using the parameteft of 2.0 determined previously,
predict whether the Hubbard transition occurs in some nonal- the UHF Hubbard model predicts that these two molecules are
ternant systems. In fact, by performing the present UHF the ground-state singlet species. We note that experimental
Hubbard calculations, it is very easy to ascertain the occurrenceobservations confirm that speci88 is indeed diamagnetit.
of the Hubbard transition, as illustrated 31 and 32 Although it is very difficult to confirm experimentally the pre-
lon Systems. Like neutral systems, ion radicals and related dicted violation of Hund’s rule in plana3 since the equilibrium
polymers have also received noticeable attention in relation to geometry of this species may be nonplanar, the failure of the
the design and preparation of organic ferromagnets with HMO theory in larger # & electron systems, as demonstrated
polaronic ferromagnetis®. Recently, Dougherty et al9have here, has been postulated previodSlylt is interesting to
shown experimentally that the high-spin molecules can be examine why the HMO theory fails in these cases. For this
constructed by coupling ion radicals with the ferromagnetic purpose, we perform the UHF Hubbard calculations for species
coupling units. Therefore, an understanding of the ground-state39 at different values ofU/t. Surprisingly, when the value of
spins of ion radicals is also desirable. Here, we illustrate that U/t is limited to be below 1.90, the present approach also
the UHF Hubbard model is also capable of providing reasonable predicts that the triplet state is energetically favorable, consistent
predictions of ground-state spins for most ion conjugated with the results of the HMO theory. Therefore, our calculations
hydrocarbons. Some examples have been presented in Figurdor this species indicate that the magnitude of electron correla-
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. . . P. von R.; Meijere, AAngew Chem, Int. Ed. Engl. 1996 35, 1317.
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. . M.; Palacio, FJ. Am Chem Soc 1991, 113 2252. (b) Veciana, J.; Rovira,
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for determining their ground-state spins, so the simple VB 57. ) ‘ ) _ o
model, derived from the Hubbard model in the strongly corre- , (21) Dixon, D. A.; Dunning, T. H., Jr.; Eades, R. A.; Kleier, D. &.

L . LZ Am Chem Soc 1981, 103 2878.
lated limit, can be expected to give correct predictions for *(22) kato, S.: Morokuma, K.; Feller, D.: Davidson, E. R.; Borden, W.

ground-state spins of these systems. But for nonalternant sys-T. J. Am Chem Soc 1983 105, 1791.
tems, the situation is not so simple. Our calculations indicate , (23) (&) Nachtigall, P.; Jordan, K. D. Am Chem Soc 1992 114 4743.

that the ground-state spin multiplicity is strongly dependent on gb?)ﬁ_acm'ga"’ P.; Dowd, P.; Jordan, K. D. Am Chem Soc 1992 114

the magnitude of electron correlation in some of these systems, (24) Yoshizawa, K.; Hatanaka, M.; Matsuzaki, Y.; Tanaka, K.; Yamabe,
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