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Polyradicals comprised afrphenylene-bridged organic radicals are well known as building blocks

of organic ferromagnets, in which radical groups are connected with each othemagtidg@osition

in the benzene ring, and the parallel-spin configurations between radical sites are more stabilized
than the antiparallel ones. Topological rules for spin alignments enable us to design organic
high-spin dendrimers and polymers with the ferromagnetic ground states by linking various radical
species through am-phenylene unit. However, no systemadb initio treatment of such spin
dendrimers and magnetic polymers has been reported until now, though experimental studies on
these materials have been performed extensively in the past ten years. As a first step to examine the
possibilities of ferromagnetic dendrimers and polymers constructedt-pfienylene units with
organic radicals, we report density functional and molecular orbital calculations ofghenylene
biradical units with radical substituents and polycarbenes linked with-phenylene-type network.

The relative stability between the spin states and spin density population are estimated by BLYP or
B3LYP and Hartree—Fock calculations in order to clarify their utility for constructions of large spin
denderimers and periodic magnetic polymers, which are final targets in this series of papers. It is
shown that neutral polyradicals with amphenylene bridge are predicted as high-spin ground-state
molecules by the computations, whitephenylene-bridged ion-radical species formed by doping
may have the low-spin ground states if zwitterionic configurations play significant roles to stabilize
low-spin statesAb initio computations also show an important role of conformations of polyradicals
for stabilization of their high-spin states. The computational results are applied to molecular design
of high-spin dendrimers and polymers. Implications of them are also discussed in relation to recent
experimental results for high-spin organic molecules. 2@0 American Institute of Physics.
[S0021-960600)30829-1

I. INTRODUCTION Molecule-based magnetic compounds with throughbond
exchange interactions are constructed of spin sources and
Recently new materials with novel functional propertiescoupling units. Various types of such materials can be de-
have attracted significant attention both experimentally andigned by linking organic radicals or transition metals to
theoretically. Molecule-based magnetic compounds haver-conjugation groups, in conformity with spin alignment
been noticed as one of such functionality matetidide- rules, which have been proposed by several gr8uffstor
cause they may exhibit superparamagnetism, ferro- or ferriexample, ferro- or antiferromagnetic ground state of organic
magnet, magnetic conductor or metal, spin-mediated supepolyradicals can be predicted by topological coupling modes
conductor, etc. Magnetic properties of organic moleculesf spins via linking groups, for instance, time or p ando
may be controlled or switched by both chemical and physicaposition(s) in a benzene ring. Dendrimers and polymers com-
techniques such as hole doping and photoexcitation. Magyrised of these high-spin units may indicate ferromagnetic
netic dendrimers and polymers would be precursors to obtaiBharacters unless their planar conformations are completely
tunable magnets with high transition temperature, since agrevented by steric repulsions. Recently experimental efforts
effective exchange interaction between spins is much largep synthesize magnetic oligomers, dendrimers, and polymers
within a molecule than between molecules. Magnetic mol4,ayve been made extensively, and energy gaps between high-
ecules with strong throughbond exchange interactions are n@iq |ow-spin states in these species have been determined by
only interesting to investigate chemical physics of spins inhe ESR, SQUID, and other techniqied.In spite of great

mesoscopic systems but also important as building blocks fo(ﬁevelopment of the experiments, theoretical work atdhe
magnetic materials from the practical viewpoint of materialsinitio |evel is still insufficient at present.

synthesis. From experimental~2® and theoretical-**142°-31stud-
ies of magnetic interactions, well-known organic magnetic
¥Electronic mail: yama@chem.sci.osaka-u.ac.jp molecules with the ferr@ntiferromagnetic ground state are
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FIG. 2. Molecular structure of arphenylene molecule. Spin sources of
organic radicald—6 are indicated by the symbol X.
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metals has not been established sufficiently yet, although
many approximated exchange and correlation functionals
have also been proposed by various authors until now.
FIG. 1. (8—(c) Schematic illustrations of ferro- or antiferromagnetic spin 1nerefore, the reliability of approximated functionals should
coupling for phenylene-bridged organic radicals linked(at meta, (b) be compared with correlated MO methods such as complete
para, and(c) ortho-positions in the benzene ring. active spacéCAS) SCF and CASPT2 methots®*in order

to determine which functional can describe magnetic proper-

ties in molecules and polymers suitably.
m-(p- or o-) phenylene-bridged organic polyradicals. The In this series of papers I-Ill, we have challenged to
metaisomers have usually more stable high-spin states witlsolve these problems described above using recently devel-
a parallel spin configuration than low-spin states with anoped program series of CRYSTAL that include Hartree—
antiparallel spin configuration between radical sites. TheFock and density-functional approximatiots®’ In Part |,
situation is reversed in the case mdra- andortho-isomers, we examine ferromagnetic interactions between radical spins
as shown in Figs. (B)—1(c) schematically. In this series of throughm-phenylene unit to clarify which system becomes a
ab initio computational studies, we mainly examine possible monomer in a high-spin polymer. Molecular struc-
m-phenylene-bridged systems for both molecule and polytures of m-phenylene molecules examined in this paper are
mer cases by density functional and molecular orbital treatgiven in Fig. 2, together with the numbering of atoms. Or-
ments, because we are interested in the intramolecular ferrganic radical groups are denoted by the symbol X. Six spe-
magnetic interactions. Previouslab initio unrestricted cies with X=CH (1), CH, (2), NH (3), NH, (4), BH, (5),
Hartree—FockUHF) and UHF Mgller—PlesseiJMP) and and N~ (6) are considered as spin sources. These molecules
coupled-clustefUCC) calculations including electron corre- contain neutral, cation, and anion radicals of carbon, nitro-
lations were performed form-phenylenebignethylen¢  gen, and boron atoms. Therefore, the effects of positive or
1.2°731 The computational results are consistent with thenegative charge and heteroatoms for spin states can be inves-
experiment$®!® However, these precise MO calculations tigated systematically. Very recentlgb initio UHF and
are hardly applicable to large clusters or periodic systems. UMP calculations of several isoelectronic series 1o

Density functional theoryDFT) developed in solid state [X=Mn(Il),Cu(ll)] have been carried ocf:>°

physic$?*® has been accepted as an alternative approach to Present UHF and DFT calculations btlarify the scope
overcome the electron correlation probléhi® Nowadays, and limitation of the broken-symmetry approach toward mo-
DFT calculations are widely used in computationallecular magnetism. Variations of effective exchange integrals
chemistry® 38 because of their simple procedures in practi-with conformations of radical groups are studied in the case
cal applications to large molecules and polymers. With re-of m-phenylene bignethy) 2, since recent experiments have
gard to early studies for infinite magnetic polymers, aty clearly demonstrated th@tbecomes a singlet ground state if
initio crystal orbital investigations have not been reportedjts planar conformation is completely destroyed. Biphenyl-
except our recent work for phenylenevinylene-bridged poly-bis(methy)s (7) are examined in relation to topological rules
mers with a methylene radicil,while only semiempirical for spin alignments inmphenylene bridged systems. The
treatments have already been carried“8tt* Judging from  polycarbenes %), linked with an m-phenylene bridge are
the previous resuft® the DFT-based crystal orbital method also examined to elucidate the size dependency of the effec-
may be a reasonable tool for theoretical studies of perioditive exchange integrals. The computational resultsifer
polymers. However, the applicability of DFT computationsand (1),, are applied to the molecular design of high-spin
to open shell systems such as organic radicals or transitiopolymers(8—16) and dendrimer$l7-23) (see Figs. 11 and

(a) Meta (b) Para (c) Ortho
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12). Finally, the implications of the present calculated resultsever, it cannot provide the high- and low-spin energy gap
are discussed in relation to the recent synthesis of dendrindirectly. The most general space-spin MO formalism for mo-

erlike high-spin polyradical®’-%° lecular magnetisfii is given by the generalized Hartree—
Fock (GHF) or generalized DFT(GDFT) approach. The
II. THEORETICAL BACKGROUNDS GHF (GDFT) solutions for polyradicals can be constructed

considering the magnetic double group, which is given by

the direct producG=TXSXP, whereS denotes the spin
Magnetism and related phenomena such as spinfotation. The GHF solution is expressed by a Slater determi-

mediated superconductivity are characteristic problems imant constructed of general spin orbitéS0),”°

strongly electron correlated systems, which have received

current interest in relation to the highs superconductivity ®(GHP) =[e10203 ¢, )

in copper oxides. Polyradical species under consideration aighere

also regarded as such electron correlated systems. Past de-

cades, several theoretical models have been used for expla- ¢i=¢; a+¢; 5. 5)

nations of_spm alignments in these speciesThe UHF and The GSO in Eq(5) is also used for GDFT with a noncolin-

spin-polarized DFT computational results can be used t%ar spin structure. As shown previou@ha typical example

clarify foundations of the models and their mutual relation-deScribed by the éHEGDFT) solution is the triangular radi-

ships. First of all, we therefore examine effective models,Cal cluster with theD o, symmetry. The GHRGDFT) solu-

basic concepts, and computational procedures used in th{%n exhibits the so-cgzglle)él trian )l/.l-|al’ spin alignment with the

paper, and clarify their relationships. 9 P 9

The effective exchange interactions between magnetic‘?mz magnetic symmetr§: For example, spin structures of

sites in high- or low-spin polyradicals have been describe éeveral nonalternant hydrocarbons without bond alternation

by the isotropic spin Hamiltonian model, namely the Heisen-2"€ described by the noncolinear spin alignment given by the

: GHF (GDFT) solution®® These situations are similar to sev-
berg modekHB), from the experimental grountfs eral cluster forms of Mn oxide and Fe sulfide with strong
H(HB)=—2%J,,5:+S, (1)  spin frustration.

. . . The GHF solutions often reduce to the unrestricted
whereS, andS, represent spins at sitesandb, respectively. . . i
P P P y Hartree—Fock UHF) solutions with collinearup or down)

Jap IS the effective exchange integral, which can be experi- “ = =" L . .
spin alignments in Fig. 1, particularly in the case of alternant

mentally determined by the measurement of magnetic su q b d derati The UHF soluti
ceptibility and other experimental techniques. The Heisenayf_m%aL onhs under clon_S| grg_tflfon. eb' | fSO 32?”8 are
berg model in Eq(1) is reduced to its classical version if 9€N€ y the spin-polarized different-orbitals-for-different-

spin is regarded as a classical spin vector in order to obtaiﬁ%nSS(DODS) molecular orbitals, namely GSO reduces to
pictorial understanding of spin alignmefifs, :

H(CHB) = — 2% J2pSaSoma’ M
=— ZEJabSaSb C0Sf,p, (2)

where 6,,, is the angle between spin vectogs, and uy,.
Under this approximation, the singlet and triplet spin cou- . :
plings are described by the antiparallél,(=180°) and par- bers,+ni _and n® are given by the orbital overlad;
allel (6,,=0°) spin alignments, respectively. Such spin vec-:<"z’i |4} between the DODS MOs as
tor presentations aft, p- and o-phenyleneblﬁnethyb 2 are n=1+T;, nf=1-T, 7)
given in Fig. 1, where the spin of & electron on each
carbon atom is schematically depicted by an up or a down The DODS MOs are obtained by solving the Kohn-
arrow. The spin alignments often have the magnetic symmeSham equation in the case of spin-polarized density func-
try (M), which is characterized by the magnetic gréitf3 tional theory(UDFT) methods. The natural orbitals and their
M=H+T(P—H) 3 occupation numbers of UDFT and hybrid-type UDFor
' example, UB3LYP solutions are determined by diagonaliz-
whereP andH denote the spatial symmetry of radical spe-ing the total density. The natural orbitals are used for the
cies and its subgroup, respectively, ani the time-reversal explanation of orbital interactions in polyradical species. The
symmetry operation for spin inversion. The magnetic groupoccupation numbers of the natural orbitals by UHF or UDFT
(M) has been utilized to characterize spin alignments irare used for the selections of complete active sHE&ZS)
polyradicals species; spin alignments with the high magnetifor successive configuration interactiofCl).5%’* The
symmetry tend to become the ground spin structures ICASCI, CASSCF, and CASPT2 calculations are performed
generaf®6° for elucidations of the direct SOMO-SOMO interaction and
The Hickel theory has been used to elucidate moleculathroughbond indirect exchange interactions. These are also
orbital (MO) energy levels as shown in Fig. 1, and Hund's utilized to clarify the nature of exchange and correlations
rule is applied to explain the high-spin ground stat@ @fith  involved in UHF and UDFT. Figure 3 illustrates computa-
the degenerated nonbonding MQ@BIBMOs), which are tional schemes and basic concepts toward molecular magne-
completely characterized by the spatial symmdryHow-  tism.

A. Model Hamiltonians

¥* = cosmr b+ sint oF (6)
I 2 I— 2 [

where ¢; and ¢ are the bonding and antibonding UHF
natural orbitalfUNO), respectively. Their occupation num-
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Natural Orbital Analysis, Generalized Hiickel Model

Selection of CAS by Using | Hartree-Fock (GHF) NBMO Rule

Occupation Numbers Unrestricted Space Symmetry (P)

Hartree-Fock (UHF) ]
G=TxSxP
o Classical Heisenberg Model FIG. 3. Theoretlcal models for spin alignments a_md the
CASCL CASSCF. CASPT2 [D]:;esgtt;l%tnction " Spin Vector Model computational scheme of effective exchange interac-
: ’ Magnetic Symmef =TxS tions in polyradical species.

CI Picture for Polyradicals (UDFT) £ ymmetry M ) poly p

SOMO-SOMO (Direct) - (Quantum Heisenberg Model

and Other Orbital (Indirect) DODS MO Picre || VB Model

Interactions for Polyradicals [Permutation Symmetry (Sy)
B. Correlation and spin correlations electrons of the same spin from being found at the same

goint in space. Thus there exists a Fermi hole in the same
spin pairs. The pair function of opposite spin, however, does
not vanish forr ,—r, as>"*

Here, the above Heisenberg, UHF and UDFT models ar
briefly considered from the viewpoint of correlation and spin
correlation. As shown previousl¥,the magnitude of the or-

bital mixing parametet; in Eq. (6) is usually overestimated PS(r)=[P4(r)2—Qy(r)2]/2
under the UHF approximation, showing large atomic spin
densities fors-radical species. For example, tla initio =P4()[P1(r) = Qu(r)%Py(r)]/2. (80

tL:]HF calc_t:laélonfoftamphepylzne pt|rad|cal md;)catest that .The true pair function of different spins should vanish for
€ magnitude of atomic spin densities on carbon atoms 1p —r, due to the Coulomb repulsion between different

la;[moic,t 1'3 tﬁs ml thg C?Tj .Of tht? spin votlac:ltgr ﬁxprgss(l)on?hl ins. Thus spin density is closely related to Coulomb corre-
:ﬁ han d tﬁ Ca‘;ﬁcf “elsen: erEg Mo ethm 9. ©. | N M%ation between different spins, and its magnitude directly ex-
other hand, the orbital mixings in E¢6) via the spin polar- presses the size of the Coulomb hole under the spin polarized

ization effect are rather weak under the UDFT approxma-HHF and UDFT approximation&-73

tion, an_d therefore phe_nyl ring is rega_rded as the_ closed_—_she The pair function by the UDFT method is givenBy
aromatic framework with moderately induced spin densities,

in accord with the experiments.Therefore, UDFT is par- Pz(r)=P§(f)+P£(r)=Pl(r)[Pl(f)+nxc(r)], (8d)
ticularly useful for theoretical calculations of spin densities .
of organic  radicals. The situation should be similar to Whereénxc(r) denotes the exchange-correlation hole. Equa-
polyradicals as shown below. tion (8d) reduces tq Eq8o) if the wave funqt[on is restricted
The spin densities appear even in the singlet state unddp @ Slater determinant. Thus, spin densities are closely re-
both UHF and UDFT approximations because of the broker@ted to the on-site Coulomb repulsion in both UHF and
spin symmetry. In fact, they disappear after the spin projecPFT approaches. The large atomic spin densities on a phe-
tion of singlet UHF and UDFT solutions into the pure singlet "Y! 1ing by UHF mean the strong on-site Coulomb repulsion.
ones. So, they are often regarded as spin contamination ihMiS: in turn, indicates that UHF overestimates the magni-
guantum chemistry. However, spin densities in the Iow-spintUde of both spin density and an effecuvg excha_nge integral.
state play a key role for the qualitative understanding of an©On the other handl, UDFT often underestl_mates it in the case
tiferromagnetic spin correlatiofi’® Here, the role of spin Of strong correlation systerﬁ%.The hybrid DFT method
densities in the broken-symmetry wave functions is clarifiedUch as UB3LYP involving the UHF exchange potential may
by considering pair and spin correlation functions. The pai®® régarded as a practical procedure to optimize the correla-

function Pi(r,,r,) of parallel spin pairs are given by density tion effect.

P, and spin densityQ; obtained by the DODS molecular The spin correlation function&$(r4,r,) is defined by
orbitals’®74 using the second-order density matrixX‘as
f _ _ 2
Pa(ry,r2) ={[P1(ry)Py(ro) —Py(ry,ry)”] KE(rl,rz)=f j S(1)-S(2)pa(r1,o:r} ry)ds, ds,

+[Q1(r)Qa(r) —Qu(ry,rp)?142.  (8a

Similarly, the pair functionPS(r,r,) of antiparallel spin =Qu(r)Qu(rz)/4. ©
pairs is expressed by The spin density product ter@Q4(r,)Q+(r,) is negative for
c _ the singlet pair while positive for the triplet pair, and there-
Pa(r1,r2) =[Pa(r)Pu(ra) =Qu(r)Qulrz) /2. 8 ) e sign of spin densities is closely related to a ferro- or
The correlation effects of the same and opposite spins arentiferromagnetic spin correlation function. Thus several the-
described by these functions, respectively. The pair functiomretical models in Fig. 3 are mutually related via the spin
of the same spin clearly vanishes foj—r;, since two exchange phenomena in Ed).”>"* The spin vector model
terms in density and spin density become equal, respectivelyn Fig. 1 is nothing but the pictorial expression of spin cor-
and cancel exactly. This type of correlation prevents tworelations. The spin density and spin correlation function can
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be observed in the antiferromagnetically ordered stasmd  approach is not applicable. Since the total energies of the HS
they are useful indices to express exchange-correlation phend LS UHF(or DFT) solutions correspond to those of the
nomena in small radical clusters. This viev#is consistent Heisenberg models, respectively, the energy gap can be used
with the recent pair-density interpretation of spin-densityto estimate the effective exchange integralg, % as
functional theory® Polyradicals in mesoscopic size would E(LS)— E(HS)

. : ’ ; . . i 2
be 'partlcularly interesting from the theoretical viewpoint de D= 2N=-1)5.5, ' (12)
scribed above. a

whereN is the number of spin sites in one-dimension chains
C. Computation of effective exchange integral (SaSp)n (n=N/2) under consideration. Thg, and S, are

. . ) ) the sizes of spin at sitesandb. On the other hand, the spin
The sign and magnitude of effective exchange integral$, e tion of spin-polarized wave functions is a difficult task,

betweer_1 spins ir_] Edd) play imPO”a”t roles to determine orbital overlaps between radical orbitals are significantly
magnetic behaviors of polyradicals. Tiig, values have |40 The approximate spin projectiShsre feasible for

been regarded as experimentally determined parameters. R§Hr_pased and spin-polarized DFT methods to calculate po-
cent developments of thab initio computational tef:hnlques tential curves for dissociations from the strong overlap to the
have enabled us to calculalg, values for polyradical spe- \eak overlap region. To this end, we have considered an

cies, leading to the design of the molecular magnet. As meny,vimate but size-consistent spin projection procedure,
tioned above, spin projection should be carried out in Orde(/vhere the denominator in E¢L2) is modified so as to re-

to obtain the effective exchange integralk) because of —,,4,,ce the extremal values of the total spin angular momen-
spin contaminations in spin-polarized DFT and UHF meth-tum in both regions &8

ods. A useful scheme for spin projection has been developed
on the basis of the isotropic Heisenberg Hamiltonian com- A ="XS%)—"%(8%) = S,g(N)["X(S*) —S/(S: +1)],
bined with UHF and UDFT calculatior’é:"® Spin projec- 13
tions of these solutions are performed assuming energy splifvhere

tings of the Heisenberg model, providing a practical

— YA
computational scheme for effective exchange integrals as g(N)=(N=2)*/N (N>2 and even numbers (14)

or
_ E(LS)—E(HS)
Jab —W, (10 =(N—-3) (N>3 and odd numbefs (15
andS, denotes the exact spin angular momentum for clusters
(2 E(LS)—E(HY) under discussion:
ab = 4S Sb ’ (ll)
2 S=n(S—S) (N=2n), (16)
whereS.(c=a,b) denotes the size of spin at tlesite, and or

differences forE and those of $?) are evaluated from total
energies and total spin angular momentums at low- and high- =N(S3=S)+S;s (N=2n+1). (17)

spin (LS and HS states, respectively. We have applied Eq.The effective exchange integrals by the approximate spin

(100 to a wide variety of Organic and inorganic projection are, therefore, givenfﬁy
compounds$11329-315%quation(11) can be also utilized if
E(LS)—E(HS)

the orbital overlap between magnetic orbitals is negligible. I =
Reliability of this computational scheme df;, values a A

will be examined by using succeeding UHF natural orbitaIThnglb) value almost reduces to that of Ea2) in the weak
(UNO) CI and DFT natural orbitalDNO) CI calculations. overlap region, whereas it should be different fraff) in
The UNO or DNO CASCI, CASSCF, and CASPT2 resultsyne trong overlap region, where the spin contamination ef-

are give_n in Sec. IV. Thus several computaFionaI mpdels a”fiects in UHF and spin-polarized DFT wave functions are

underlylng concepts are closely re!ated. Figure 3 |Ilgstra}teﬁ10re or less decreased.

an important role of DFT computations for a theoretical in-

vestigation of molecular magnetism. All the calculations in

this study were performed hyaussian 94° andCRYSTAL 95 [1|. CALCULATED RESULTS

program  packageS >’ Becke'$! and  Becke's

three-paramet® exchanges with the Lee—Yang—Faror-

relation and Hartree—Fock approximations were used in  Geometries for both of low(LS) and high¢HS) spin

spin-polarized DFTTUBLYP and UB3LYDB and unrestricted states of biradicald—6 in Fig. 2 were optimized by the en-

MO (UHF) calculations, respectively. DFT and MO results ergy gradient techniques at UBLYP/4-31G and UB3LYP/4-

were obtained with Pople’s 4-31G basis $eMoreover, ba-  31G levels(see EPAPS, Ref. 87 These computations re-

sis set dependency was checked by using the UBLYRealed the fully optimized geometrical parameters for each

method with Pople’s 6-31Gbasis sef® of moleculesl—6. The structures optimized by the UBLYP/
As shown previously® the UDFT and UHF calculations 4-31G method were assumed in UBLYP/6-31@nd UHF/

are feasible even for multicenter polyradicals such as oligo4-31G calculations for a methodological comparison. The

mer of triplet carbengCH,),4, for which the CAS-based UBLYP results for bond lengths were generally longer than

(18

A. Total energies, high- and low-spin energy gaps
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TABLE I|. Energy gaps between low- and high-spin states both spin statespbenylene molecules—6 by
UBLYP, UHF, and UB3LYP methodd®

System Spin state  UHF/4-31G ~ UB3LYP/4-31G ~ UBLYP/4-31G ~ UBLYP/6-31G

Molecule 1 AE(4I3)¢ 11103 2530 1750 1732
(X=CH)

Molecule 2 AE(ID)e 10721 2393 1586 1561
(X=CH2)

Molecule3 AE(I®)® 13347 2890 1953 2069
(X=NH)

Molecule 4 AE(I@)° 10523 1456 232 281
(X=NH3)

Molecule5 AE(IR)° 7233 941 321 346
(X=BH;)

Molecule 6 AEQIG)® —227 -222 —336 —362
(X=N)

8UBLYP/4-31G optimized geometries for low- and high-spin states were assumed in UBLYP/6-&1d5
UHF/4-31G calculations.

PThe energy gap is defined &€ =E (low-spin)-E(high-spin and AE values are shown in ch.

“Jap Values by Eq(11).

UB3LYP results by an amount of about 0.01 A. Both meth-sults are biased toward UHF estimations because of the in-
ods gave almost the same values for bond angles. Concernetlision of an UHF exchange potential by 20%.

with the structures of radical sites, X1C2 lengths were some-  Although the magnitude oAE values significantly de-
what longer in LS states than in HS states. HX1C2 anglepends on calculation methods as described above, both
were larger and smaller ih and 3 than in other molecules, UpET and UHF MO methods indicate that three neutral
respectively. Both C2C3 and C2C4 bonds were elongated ifglecules1-3 are regarded as stable high-spin molecules.

HS states than in LS states. However, the tendency for th‘?he AE values by the UHF seem too large, as compared
C2C4 bond is reversed #hand5. No change in bond angles \gith the experimental values fdrand 2.17-28 DI':T calcula-

g?jr;c;l:igﬂsbgthzr: |tr)1 Of:n SOF;'?hztﬁifezzfeiczxrzglicﬁg'Sthtgnons predict small positiva E values for charged molecules
bp P and5, while UHF predicts large positive gaps. On the other

of charged molecule$ and5. From the optimized values for . . - ) .
bond angles in the benzene ring, it was found that the defOt}J‘r’md'6 is a singlet biradical with small negative energy gaps
’ by both UHF and UDFT. Molecule&-3, together with4

mation in a six-membered ring seems to be relatively re

markable in5 and6. and>5, are useful building blocks of high-spin polyradicals of
Total energies for low{LS) and high-(HS) spin states the denderimer type, gnd .other extepded structures..
of 1-6 and energy gaps between them,E=E(LS) From Hund’s rule in Fig. 1, the high- and low-spin gaps

—E(HS), were calculated by UBLYP, UHF, and UB3LYP should be related to the SOMO-SOMO orbital energy gaps.
methods. Table®f summarizes the energy gapsE, at the ~ We list splitting widths of singly occupied orbitals for high-
optimized geometries. All the results from three types ofspin states ol—5 by UBLYP, UHF, and UB3LYP calcula-
calculations indicate that moleculés-5 have positiveAE, tions in Table 118° Table Il shows that a molecule with small
while that molecules has negativeAE. Positive and nega- (large splitting exhibits the tendency of a largemal) AE

tive gaps mean the high- and low-spin ground states, respegalue. Especially, the tendency is clearly enhanced in
tively. Basis set dependency is small in the evaluation o{yBLYP calculations. The relationship between the splitting
relative stabilities for all of molecule$—6 by UBLYP cal-  \yigth and the relative stability can be qualitatively under-

culations. TheAE values for1-5 increase in the order g4 as the following simple consideration. Since singly oc-
UBLYP<UBSLYP<UHF. This ordering for UB3LYP can cupied orbitals are nearly degenerate in molecdle8, the

be exp!ained frqm thg fact that the B3 exchange functional i?)arallel-spin configuration in Fig. 1 is stable according to
a hybrid type involving both UDFT and UHF exchange Hund’s rule. On the other hand, in molecufand5, due to

terms. The UHF method predicts almost similar stability forthe larae solitting between sinalv occupied orbitals. one of
high-spin states of these moleculeffor example, ge spiting ngly upi ass,

AE(3)/AE(4) and AE(3)/AE(5)=1.1 and 1.6, respec- the unpairgd elec.trons.must lie in a higher Qrbital and the
tively], while the UBLYP method indicates that the ferro- Parallel-spin configuration becomes energetically unfavor-
magnetic interactions in neutral moleculés3 are much @able. Therefore, singlet ground state should be resulted if the
larger than those of charged molecuteands [for example, SOMO-SOMO energy gaps im-phenylene-type biradicals
AE(3)/AE(4) and AE(3)/AE(5)=8.4 and 6.1, respec- exceed a certain threshold because of polar effects by het-
tively]. UB3LYP also shows the tendency similar to €roatoms. This tendency has been indeed observed by the
UBLYP, though the discrepancy between neutral ancexperiment$® The DFT methods are useful enough for
charged molecules decreagdsr example, AE(3)/AE(4) qualitative computations of the high- and low-spin energy
andAE(3)/AE(5)=2.0 and 3.1, respectivelyUB3LYP re-  gaps in polyradicals.
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TABLE IlI. Splitting widths of singly occupied orbitals for high-spin statesnephenylene molecules-5 by
UBLYP/4-31G, UHF/4-31G, and UB3LYP/31G methatfs.

System Orbital UHF/4-31G UB3LYP/4-31G UBLYP/4-31G

Molecule 1 7 splitting 0.015 08(0.410° 0.008 25(0.224° 0.005 020.13%°¢
(X=CH) o splitting 0.005 42(0.147° 0.001 16(0.032° 0.001 730.047°

Molecule 2 7 splitting 0.013 680.372°¢ 0.008 79(0.239° 0.005 770.15%°¢
(X=CH,)

Molecule 3  splitting 0.009 06(0.2479° 0.008 73(0.239° 0.005 0@0.136°
(X=NH)

Molecule 4  splitting 0.033 430.910° 0.039 83(1.084° 0.034 270.931°
(X :NH;)

Molecule5 7 splitting 0.018 62(0.507%° 0.013 47(0.367)° 0.012 820.349°
(X=BHy)

8UBLYP/4-31G optimized geometries for high-spin states were assumed in UHF/4-31G calculations.
bSplitting widths are shown in a.u.
“Values in eV are given in parentheses.

B. Spin densities and shapes of molecular orbitals SP effect by these methods is expressed by the same orbital

As discussed in Sec. 11, spin densities play essential roleQ1XIng between the bonding and antibonding MOs on phe-
in the spin-polarized DFT and UHF approximations. Atomic""! fings, as shown in Eq(6). The overestimation in spin
spin populations on a radical X1 site and benzene c2_c#ensities by UHF calculations has already been remarkable
atoms are depicted in Figs(a—4(f). The alternating sign of for other magnetic systems, leading to an approximate spin
spin density is found along the paths linking both radicalProjection, even for qualitative purposes, as shown in our
sites of X1-C2-C3-C2-X and X1-C2-C4-C5-C4-C2-X1. This previous work’®™® UBLYP/6-31G" and UB3LYP/4-31G
is caused by the spin polarizati¢8P effect to stabilize the give slightly smaller and larger densities in an absolute value
high-spin state. As well aAE values, we can clearly distin- than UBLYP/4-31G, respectively. The amplitude of spin po-
guish UHF results from UBLYP and UB3LYP results by larization in 4 and 5 with small AE values is somewhat
large spin densities. Particularly, UHF overestimates the spitower than that inl—3 with large AE values. On the other
polarization on a benzene ring in contrast to DFT, though thdiand, very weak spin polarization does occur on benzene
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FIG. 4. (a)—(f) Atomic spin populations on a radical X1 site and benzene C2—C5 atoms for the high-spin state-plienylenga) moleculel—(f) molecule

6 by UBLYP/4-31G, UBLYP/6-313, UHF/4-31G, and UB3LYP/4-31G methods.
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" @ FIG. 6. (a)—(d) Schematic illustrations of spin configurations for low- and

high-spin states afphenylenga) moleculel, (b) molecule?, 4, 5and(c)
molecule3, and(d) molecule6.

e

o-Orbitat Triplet state B-Orbital

(b) Molecule 4 (X=NH3")
state. The spin delocalization is therefore responsible for the

FIG. 5. (a),(b) Schematic illustrations of the highest occupied one-elet:tron|arge orbital energy gaps and small singlet—triplet energy
orbitals for the low- and high-spin statesrafphenylenga moleculesl, 2, in4 and5s
3, and5, and(b) molecule4. gap In4 ando. ) .
The mSOMOs for low-spin states are approximately
given by the mixing ofr SOMOs for high-spin states, since

ring of 6 with negativeA E value but spins are almost local- these are good approximations to the UHF natural orbitals

ized on the radical sites. (UNO) or DFT natural Ol’bltali{DNO) in Eq (6),
From the above results, the magnitude of spin densities w w
on a benzene ring is closely related to the high- and low-spin ¢~ =cos§ wSOMO(S)tsinE UsomdA), (19

energy gaps. To elucidate reasons of this relationship, the

highest occupied one-electron orbitals and corresponding/herew is close to 90° for molecules-5. The almost equal
spin configurations for both low- and high-spin stated-e5 mixing provided the broken symmetry SOMOs that were
are schematically illustrated in Figs(ab and 8b) and Figs. largely localized on the left and right radical centers, respec-
6(a)—6(d), respectively. From Fig. (8), singly occupiedw tively, as illustrated in Fig. 5. This is responsible for a singlet
orbitals are localized in neutral moleculés3, while, from  biradical configuration, leading to the DODS orbital picture
Fig. 5(b), those are delocalized in charged molecdlesd>. of polyradicals under the UDFT and UHF approximations.
This, in turn, indicates that SOMO spins4rand5 are more  The situation is the same for the-radical orbitals of1l.

or less delocalized because of intramolecular charge-transf@ihen, 1 has a tetraradical character with the unpaired elec-
(spin delocalization effects, which stabilize the low-spin trons in 7= and o orbitals for both the singlet and quintet
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TABLE lll. Total energies of the singlet and triplet states and energy gaps between them dorm-type
biradical configuration ofm-phenylene moleculezand6 by UBLYP/4-31G, UB3LYP/4-31G, and UHF/4-31G

methods®

System Radical Method Singlet Triplet  AE(J@)®
Molecule 2° (X=CH,) ™ UBLYP/4-31G —309.02943 —309.036 66 1586
Molecule2® (X=CH,) o UBLYP/4-31G —308.97403 —308.97302 —222
Molecule6° (X=N") o UHF/4-31G —337.64517 —337.644 14 —227
Molecule6 (X=N") ™ UHF/4-31G —337.58295 —337.63249 10873
Molecule6 (X=N") o UB3LYP/4-31G —339.79543 —339.794 31 —242
Molecule6 (X=N7) ™ UB3LYP/4-31G —339.74185 —339.750 11 1656
Molecule6 (X=N") o UBLYP/4-31G —339.66731 —339.66555 —370
Molecule6 (X=N") ™ UBLYP/4-31G —339.61503 —339.619 40 873

#Total energies are shown in a.u.

PEnergy gap is defined aSE=E(singlet)—E(triplet) andAE values are shown in cnf.

‘Results in Table | are given.

dStandard geometries were assumed as CC and CH bond lengths and bond angles are 1.40 A, 1.08 A, and 120°,
respectively.

Jap values by Eq(11).

states. In the quintet state, triplet methylenes on radical siteSince the LCAO coefficient at the C3 site is very small, the
in the m-phenylene skeleton couple with each other ferro-K,, value is negligible foi6, in conformity with the singlet
magnetically, while they couple antiferromagnetically in theground state expressed by Fiddp In the triplet state, four
singlet state. The stability of the quintet state comes fromhighest occupiedw orbitals order asocomm while corre-
ferromagnetic spin coupling via the Coulombic exchange inspondingg orbitals asm (occupied and oo (unoccupied
teraction between SOMOs, which is the origin of Hund’s The = ando orbitals are doubly and singly occupied orbitals,
rule in Fig. 1, and spin-polarization effect linking path of two respectively. In conclusions, the DODS MO description by
radical sites, as shown in Fig(a}l. The CASCIl and CASSCF DFT are useful for a qualitative understanding of orbital in-
calculations are crucial to elucidate relative contributions ofteractions in polyradicals and provide reasonable spin popu-
these terms, as shown in Sec. I1¥, 3, 4 and 5 have lations of them.

m-biradical orbitals on two separated radical sites, as shown

in Figs. 5a) and 8b). These have the-radical lobes on sites
C3 and C4, leading to the ferromagnetic spin coupling be- . . .
tween two radical sites X1 through the Coulombic exchang ¢. Importance of orbital symmetries and conformation

. ) " Ror ferromagnetic interactions
effect. In fact, C3 and C4 have large positive spin densities,

as shown in Figs. &), 4(d), and 4e). The orbital configurations in Fig. 6 clearly demonstrated
The Coulombic(potentia) exchange integral between an important role of orbital symmetiyvhethers or o radi-
SOMOs is given by cal) for active control of spin alignmeriferro- or antiferro-
magnetic coupling By altering the arrangement of occupied
Kap={(" o |y W)EE (CH2(C)2U, (20) and virtual B8 orbitals in the triplet state o, the configura-
I

tion of the sr-radical will be produced, being similar 8

where C* are the LCAO coefficients of SOMOsy with mr-radicals in which the triplet state is more stable than
—3C*y;), andU is the on-site Coulombic repulsion inte- the singlet state. DFT and UHF/4-31G calculations were per-
1 1/

gral. TheK,, value is not zero ifiy* andy~ have the over- formed for thism-radical state o6. The results are given in

; . - . i-Table lll. From Table lll, the relative stability is predicted to
lapping region: for example, the coefficient at the C3 site in X . A AL
Pping reg P be E(singlet)>E(triplet) for a 7 biradical, indicating the

Fig. 5. The effective exchange integrdl,() via the SOMO-
d J grdif) spin crossover from antiferro- and ferromagnetic coupling by

SOMO interaction is close tK 4, because ! X , g )
the orbital rotation. From spin population analysis, we also
Jap(SOMO-SOMO=K,— CS;,(C:const, (21)  find that the spin polarization on the benzene ring is recov-

where S, is the orbital overlap integral between SOMOs, ered in, the tripletr-radical state ob, as gi\(en in Fig. 7).
andS,,=(¢*|4~)=0 for moleculesl—5. The key point is Thus, it can be concluded that radicals induce the very

that the Coulombic exchange integkél, in Eq. (20) is not Weak_ spin polarizatiqn on the-electron syst_em in_the phe-

zero even if Sy=(y* ¢ )=0, leading to Hund’s rule nyl ring, as shown in Fig. (b), and organic radicals are

(3.,>0) in Fig. 1 linked with weak antiferromagnetic interactions. This effect
a L

arises from the weak mixing between the bonding and anti-

Next, let us consider the molecul with the singlet ) : o X
bonding o orbitals within the benzene ring,

ground state. This is different case frdm5 with the high-
spin ground states. Figurddd schematically shows orbital K K

diagrams and spin configurations for singlet and triplet states ¢§=COS§ oxsingo*, (22)
of 6. In the stable singlet staté, exhibits an antiferromag-

netic spin coupling betweeo orbitals of two radical sites. where 0%< x<90°.
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5.1.000 (0.999 1.000 (0.991) r 62=0.15.3045.60.75.90"
T1.000 (0.999) 1000 (1.001) ° FIG. 8. Molecular structure of deformed molec@evith artificial o-radical
n1'824 1.992) 1.857. (1.991) orbitals by rotation of CH groups.
- 1.950 (1.996)

interaction part is quite different between DFT and UHF, as
(¢) UHF Natural Orbitals and occupation numbers for shown in Sec. II. Therefore both UNO and DNO are utilized
m-phenylenebis(methylene) in the quintet (singlet) state for successive CASCI, as described in Sec. IV.
F1G. 7. (& Spin structure for the tiet state aith dical charact Recent experimerft$®° clearly demonstrated that con-
. pin structure tor the triplet state Ith a 7r-radical character . H H H
by the UHF/4-31G methodb) Schematic representation of the spin struc- formations of radical groups play crucial roles to determine

ture for the singlet state of twisteiwith a o-radical characterc) Symme-  the HS—LS energy gaps. These findings should be related to
tries and occupation numbers of UNO for the high-spinadical state ol the orbital symmetry. To confirm this prediction, gkadical

(values for the low spin are in parentheges groups of2 are rotated byl and 62 degrees around each of
the Qradica)—C(benzeng bonds, respectively, that is, the
molecular plane of the radical group was placed so as to be

On the other hands radicals couple ferromagnetically perpendicular to the benzene ringét= 2=90°, as given

via the large Coulombic exchange and spin polarization onn Fig. 8. UHF and UDFT/4-31G calculations were per-

the m-electron system network. The natural orbital analysis iSormed for thiso-radical state o, as shown in Table IIl.

a useful method to elucidate this spin polarizati®® of a  The singlet state indeed becomes more stable than the triplet

7 electron in therm-radical state ofl—5. Figure qc) shows state, in conformity with the orbital symmetry rule. This in-

the symmetry and occupation numbers mwtype bonding dicates that spin crossover from the high spin to the low spin

and antibonding UNOs of the highe$HS) and lowest{LS) occurs in the course of internal rotations of £¢toups, as
spin state ofl. The occupation numbers of the antibonding depicted in Fig. 8. Rotation angled = 62=0° correspond

NOs are not negligible for HS, but negligible for LS. This to the originals radical andd1= §2=90° to theo radical.

shows the large SP stabilization of HS, in contrast to LS. Théhe J,,, values were evaluated from UBLYP/4-31G calcula-

UHF method overestimates the SP effect for HS, and this isions with a spin-projection procedure by applying EL0).

the reason why it provides the overestimation of the HS—LS-igure 9 shows the dependence X, values in internal

energy gap ofl. The natural orbital analysis &f—5 also  rotations of CH groups. Figure 9 clearly shows that the

shows the same conclusion. On the other hand, the naturahange from ther- to the o-radical state depends @#l,62)
orbital analysis of the UDFT solutions indicated small occu-values, and §1,62)=(45°,90°), (60°,759, (60°,909,
pation numbers of antibonding DNOs, even for HS, in con-(75°,759, (75°,909, and(90°,909 give negativel,, values
formity with the reasonable HS—LS energy gap. Howeverthat mean the singlet ground state with the antiferromagnetic
shapes and symmetry of UNO and DNO are reasonablesoupling. The rotation of both CHgroups is essential to
since they are mainly responsible for the kinetic energy partlestroy the ferromagnetic state stabilized dyconjugation

of electron motion, though the electron—electron exchangbetween radical sites, since positidg, values underfl
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FIG. 9. Variations ofl,;, values under Chirotations by#1 and 42 obtained @ [231[2.5] 0341

from UBLYP/4-31G calculations with spin projection.

LA
H,C CH,

=0°, 15°, and 309white mark$ are kept even af2=90°. /
Thus, the rigid structures will be crucial in order to accom- Q O
plish high-spin polyradicals. The DFT calculations can be

used to elucidate variations df,, values with conforma-
tional changes in polyradicals.

(2 [3,3'[3,51] (h) Meta-Meta

D. Topological rules for spin alignments in FIG. 10. (8 Molecular or (b)—(g) valence—bond structures arib) spin
biphenylbis (methyl ) vector model for isomers of biphenyliisethy)) 7.

Several spin alignment rules have been derived on the
basis of the model Hamiltonians in Fig. 3. Biphenylbisto be positive(ferromagnetic by UB3LYP, but they are
(methyl) 7 is one of the most important test molecules for negative forf 2,3'] and[2,5 ] by UBLYP. The orbital over-
these rules. The NBMO rufén Fig. 1 predicts the high-spin lap term Q—Cﬁbb becomes larger than the Coulombic ex-
ground state for thg3,3'] isomer of7, while the VB*'°and  change term K,,) under the UBLYP approximation since
spin vector model¢ predict the low-spin ground state. The UBLYP overestimates the hydrogen bonding interactions at
ESR experiment supports the latter predicfiorherefore, it
is very interesting to examine whether DFT calculations can BLE IV E 4 effect . earals for .
H H H . Ener n ()] X n n I r iIsomer:
reproduce the experimental tendency. Here we investigalfA2LE . Eeray gsee nd sfectue extine niegis for somers
variations of energy gapAE) and effective exchange inte-
gral (J,5) with changes of substitution positions of the £H UB3LYP UBLYP
group, which are illustrated in Fig. 10. Computations were Method
. : . IsomeP IR AE(JID)® I AEIS)®
carried out assuming planar conformations and standard
C-C(1.40 A) and C—H(1.08 A) distances. Table IV sum-  [4.4] —2042 —2467 —2032 —3416

marizes the calculated results. TAE and J,, values are Eg} ’_1;‘22 :Ei; ’_1332 :ig;g
largely negz_;\tlve(antlferromagnetﬂsfor the[4,4'], [2,4], [2:3,] 114 122 212 536
and [2,6'] isomers because these have the closed-shell (25 142 151 _191 —214
valence-bondVB) structures, as illustrated k), (c), and [3.4] 678 709 450 457
(d) in Fig. 10. The same situation appears in the case of [3.31] —310 —302 —207 -210
para-phenylenebiénethy) in Fig. 1. TheJ,, values with [35] —314 —306 —214 —218

and without spin projections by Eq€l0) and (11) are dif-  axg andJ,, values are listed in ciit.
ferent since the orbital overlap integralS,() between SO- "Molecular structures and radical positions for isomers are illustrated in
MOs are large for these VB configurations. On the otherFig. 10.

hand, them-phenylenebignethy)) structure is feasible for éfE7|s equivalent tal,, without spin projectiorfsee Eq.(11)] in the case

the [2,3'] or [2,5] and [3,4'] isomers of biphenyl7, as  dyqjues after spin projection are givésee Eq(10)].
shown in Figs. 1) and 1@f). TheJ,, values are calculated ¢J,, values by Eq(11).
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sities calculated for HS and LS states,
respectively, by UBLYP/4-31G. The

values by UB3LYP are given in paren-
theses.

-0.136
(-0216) ;l/
C

C
1.524 0.397 1524 ~1.536 ~0.000 15
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C2' and C3 positions. This means that UBLYP may oftenmonotonically with the increase of cluster size, though the
bias to the low-spin side because of too much electron delolas values by APUHF exhibit a complex behavior because of
calization. Further detailed studies will be performed forstrong spin polarization. Then, thlg, values for large oli-
comparisons of exchange and correlation functionals in thigomers can be estimated by using the fitting curves of the
regard. The orbital overlap and Coulombic exchange termé&alculated results with the single exponential functions,

are essentially zero for tH&,3' ] and[ 3,5 ] isomers because

of no SOMO-SOMO interactiofEg. (21)], which can be Jap=—aexp—x)+b, (23)
understood by the VB structukg) in Fig. 10. The through-

bond exchange interaction via the spin polarizati®R) and , ,

electron correlation(EC) mechanisms plays an important vyherex denotes the size Of, oligomers, aacandb are the
role in this case, leading to the low-spin VB structyhg, fitting parameters. The_esﬂmatg\ljb values anda andt_)
where the classical arrow notation of spins is utilized like thePar@meters are shown in Table VThe J,p, values for oli-
classical Heisenberg model. THe, values for the[3,3'] gomers withN>10 are estlr_na'Fed_to be almost constant,
and[3,5'] isomers are calculated to be negative by UBLYPShOW'”g the saturation. This indicates that polycarbenes
and UB3LYP, in accord with the VB and Heisenberg mod_Iinked with m-phenylene bridges exhibit the ferromagnetic
els. UBLYP and UB3LYP include the SP plus EC effects ©Xchange coupling, even if their sizes are very large. Prob-
appropriately via the exchange-correlation functionals. Tht?‘ny the same S|t.uat|o.n is expected for other radical compo-
calculated results for all the isomers of bipheriylby nents exammed. in this paper. Therefore,. we can _constrgct
UB3LYP are formally explained by the spin vector modéls several polyradical netvvprk systems with the high-spin
in Fig. 1. The situation is the same, even for dendrimers anground states,_ as _shown in Sec. V. . ..
polymers, as shown in the last section of this paper and Part As shown in Fig. 11, the calculated spin densities on the

[l of this series. Therefore, DFT computations may be Con_carb_ene sites are parall(a!lerromagnetiyé and antiparall_el
cluded to be useful for theoretical investigations of Spin(antlferromagnetmforthe highest-spitHS) and lowest-spin
alignments in polyradicals (LS) states, respectively, in accord with the classical arrow

notations in Figs. 11 and 12, though they disappear for the
latter singlet state after approximate spin projection. The spin
densities on carbene sites in the HS state are about 1.51
(1.62 by UBLYP(UB3LYP)/4-31G, while they are 1.54

In order to demonstrate the utility of the broken- (1.63 and —1.54 (—1.63 for spin-up and spin-down sites,
symmetry (BS) approach, here we performed polycarbenerespectively, in the LS state. Then, the spin correlation func-
oligomers linked withm-phenylene bridges as shown in Fig. tion between the nearest radical sites given by €.is
11 and8 in Fig. 12. The optimized CCC angle for the me- negative for the LS state, showing the antiferromagnetic
thylene site ofl was assumed for the oligomers. Table V short-range order. It is noteworthy that the total number of
summarizes the calculated results. From Table V, the calcuspins is 20 for decamer, and therefore the active orbitals for
lated J,, values for each oligomer increase in the orderCASSCF become over 20, indicating that its CAS-based
UBLYP<UB3LYP<UHF. TheJ,, values by UBLYP and treatments are impossible. This is one of the reasons why the
UB3LYP are about 230 and 380 crhfor decamer K broken-symmetry approaches are practical and useful for
=10), respectively, while the calculatdg,, values by UHF  qualitative purposes. We may conclude that UDFT calcula-
is over than 2000 cit, even for hexamer. Th&,, values by  tions are indeed applicable to theoretical investigations of
UBLYP and UB3LYP, and unprojected UHF decreasemolecular magnetism in large polyradicals.

E. Size effect in effective exchange interactions in
polycarbenes
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IV. CASCI, CASSCF, AND CASPT2 CALCULATIONS where {m,r} means the SOMO-SOMO interaction space.

This is about 190 cm*. The CASSCF refinement is minor,

showing that UNO is a good approximation to CASSCF
Results of energy gap and spin density obtained fronhatural orbitals. The remaining spin polarizati®®P plus

DFT and UHF MO calculations are significantly different electron correlatiodEC) terms can be estimated by expand-

from each other, as we have described in preceding sectiongg CAS space,

In order to elucidate reliabilities of spin-polarized computa-

tions, we have performed the CASCI, CASSCF, and

CASPT2 calculations of the highest- and lowest-spin states Jab(SP+EC) =Jap(Total) — J,,(SOMO-SOMQ.  (25)

of meta and para-phenylenebignethyleng 1(X=CH).?°

The complete active spa¢€AS) was selected by the use of The UNO CASCI, and CASSCF results by use of the ten

the occupation numbers of UHF NQNO) and DFT NO  4qtive orbitals and ten active electrofi$0,1G predicts that

(DNO). Table VI summarizes the calc_ulatégib yalues. The  ihe total Jap values are larger than 400 cf The same

UNO CASCI by the use of four active orbitals and four ¢oncjysion is resulted by the CASSCF second-order pertur-

active electrong4,4; provide the SOMO-SOMO direct in- bation (PT2) calculations: namely, 403, 406, and 520 €¢m

teraction part of thE‘Jab values given by Eq<21), by CASPTZD){4,4}, CASPTZN) {4,4}, and

CASPTZN){6,6}, where D and N mean the diagonal and

Jap(SOMO-SOMQ =J,,(CASCKm,n}), (24)  nondiagonal approximatiortd.Judging from the CASSCF

A. Phenylenebis (methylene )
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TABLE V. Effective exchange integralslf,) for polycarbene oligomers
linked with m-phenylene bridge8 by UHF/4-31G, UB3LYP/4-31G, and
UBLYP/4-31G method&”

System UHF/4-31G ~ UB3LYP/4-31G  UBLYP/4-31G
dimer 2126(2472° 559.2(568.5° 372.5(375.1°
trimer 1971(2156° 448.4(454.8° 284.7(286.5°
tetramer 20282111)° 417.3(422.3° 259.2(206.9°
pentamer 22542039° 402.4(406.4° 247.7(249.6°
hexamer 23052036° 393.0(396.8° 240.1(242.3°
decamer (20259  377.9(380.2° 223.6(227.3°
dodecamer (20259  388.7 (391.8¢  235.7' (237.5¢
tetradecamer (20259  388.7(391.8¢  235.7' (237.5¢
hexadecamer (2025%¢  388.7' (391.8%¢ 235.2' (237.5%¢
al (3249  1264(1309 1019(1019

a1, values are listed in cnt.

bStandard geometries were assumed as CC at the benzene site, CC at

Mitani et al.

This is wholly compatible with the preceding arguments on
the orbital symmetry control of the effective exchange inter-
actions in3 and®6.

Judging from thel,, values in Tables | and VI, BLYP
can reproduce thd,, values by CASSCF and CASPT2.
UHF overestimated thd,, values, because of a large spin
polarization effect, while the UNO CAS{l0,1G provides
reasonablel,, values, indicating that it can include the SP
plus EC effects in a well-balanced manner. The CASCI by
the use of UBLYP NOBNO) and USLYP NO(SNO) were
also carried out for comparison, as shown in Table VI. Both
CASCI  provided similar results for m- or
p-phenylenebignethyleng, since BNO and SNO are not so
different. The BS)NO CASCIK10,10, together with UNO
(ASCK10,10, reproduced thd,, value by BLYP. This in

carbene site and CH bond lengths and bond angles are 1.40, 1.40 and 1.t8rn indicates that UBLYP includes the SP plus EC effects

and 120, 135, 120 degrees, respectively.

©J.p Values without an approximated projection metfigd. (12)] in paren-
theses.

YEstimated values by the extrapolatifig. (23)].

°These aréb values in Eq(23).

fa values in Eq(23) are given.

and CASPT2 results, the SOMO-SOMO direct exchange in-

via the exchange-correlation functional. In conclusion,
CASCI by the use of its own NO is desirable for a theoretical
confirmation of UHF and DFT approaches to magnetic mol-
ecules.

B. Biphenylbis (methyl)
The UNO CI calculations of th€3,3'] and[4,4'] iso-

teraction is smaller than one-half of the total exchange intermer of 7 were performed in order to confirm the UDFT re-

action,
W=J,,(SOMO-SOMQ/J,( Total) < 3. (26)

sults, as shown in Table VI. Thé,, value of the[3,3']
isomer by UNO CASQGH,4} is almost zero since the poten-
tial exchange terniK 5, in Eq. (20) becomes zero, in contrast

The remaining SP plus EC term should be related to the sigto the case ofl. The SOMO-SOMO interaction is essen-
and magnitude of spin densities under the spin-polarized agially zero in this case, as expected from Fig.(d)0 The
proximation, as shown in Sec. Il. Then the SP plus EC efweightw in Eq. (26) is only 3%. The simple NBMO rule is
fects can be grasped by the simple valence-bdf®l) pic-  broken down for7, showing an important role of secondary
ture given by the spin vector model in Fig. 1. Both the orbital interactions. In fact, the UNO CAS{8,8} provides
SOMO-SOMO interaction model via the Coulombic ex-the large negativd,, value, showing that the SP plus EC
changeK ,, (Hund'’s rule and the VB model via the SP plus correlations of the closed-shell electrons play a crucial role
EC effects are equally applicable for a qualitative explanafor an antiferromagnetic exchange interaction in B3’ ]
tion of the high-spin ground state df This is the reason isomer. This is the reason why the VB and spin vector model
why both MO and VB explanations work well for in Fig. 10h) work well for a qualitative explanation of its
m-phenylene bridged polyradicals-5; namely, both expla- spin alignment.
nations are possible depending on the taste and training of The UNO CASC{4,4} for the[4,4'] isomer shows the
researcher§:® large negativel,, value because of the nonzero SOMO-—
In order to elucidate the role ofr-orbital, UNO  SOMO orbital overlap §,,#0), in accord with the MO de-
CASCH10,1¢ calculations were performed by including the scription in Fig. 10b), and dynamical correlation corrections
o-orbital instead of ther orbital. TheJ,, values by ther-Cl ~ are not important in this case. The BLYP calculationsrof
and o-Cl are 630 and 403 cnt, respectively, showing that reproduce the large-scale UNO CI results qualitatively. This
the o orbital contributes to stabilizing the low-spin state. broken-symmetry approach is therefore utilized as a practical

TABLE VI. Effective exchange integrdlsalculated by CASCI and CASSCF.

Methods 1[metq 1[para] 713,3'] 714,41
UNO CAS-CI(SCPh {4, 4 188170 —1992 -7.3 —4.9
UNO CAS-CI(SCh {8, 8 507519 —1453(-1653 —254 —498
UNO CAS-ClI () {10, 10 677 —1552
UNO CAS-Cl (c) {10, 1¢ 403
BNO CAS-CI (SNOP {8, 8 664(659 —1942(—2078
BNO CAS-CI (SNOP {10, 1¢ 565565 —1937(—2046

a1, values are listed in crt.
PBNO and SNO denote UBLYP NO and USLYP NO, respectively.
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alternative to UNO CI for large polyradicals as shown in theare wholly consistent with the calculated results bin

case of polycarbend®) in Fig. 12. Table IV. Ground states for alkyl substituted Schlenk hydro-
Judging from the numerical results fband7, the UNO  carbon biradicals with the structuBewvere found to be triplet

CASCI, DNO CASCI, CASSCF, and CASPT2 methods areor singlet, depending on conformations of radical

powerful to elucidate relative contributions of the SOMO- substituent§? This finding is consistent with the calculated

SOMO direct and other indirect orbital interactions and toresults for internally twisted biradica

examine reliabilities of several theoretical models for mo-

Ie_cular magnetism and their int_errelationships depicted iy possibilities of high-spin polymers and

Fig. 3. The CAS-based computations support use of UBLYRjendrimers

for qualitative studies of effective exchange interactions in

polyradical species. However, it is noteworthy that BLYP ¢
and B3LYP predict the reverse signs in the casé 28] demonstrated that am-phenylene skeleton is a strong ferro-

and[2,5'] isomers of7. This may be a warning for a heavy magnetic coupling unit because of both Coulombic exchange

expectation to UBLYP and UB3LYP. Of course, we can seetKab) (Hund's rulg and spin polarization effects, and there-
the functional dependency of DFT results and various apor® neutral carbon radicals and ion radicéss and N")
proximations for exchange-correlation functionals have argenerated by doping in Fig. 2 can be utilized as spin sources

ready been proposed by the local spin density or generalizd@" Organic magnetic polymers, ladders, and sheet, as illus-
gradient procedure¥-% Therefore, we should confirm tr_atedltl)y8—16 in Fig. 12. From the spin vector models in
whether such approximated terms work effectively or not inF9- 1, backbone-type polyme® 9, and10 should exhibit

the study of electronic and magnetic properties of organid€Tomagnetic spin alignment unless coplanarity of a phenyl
radical molecules, particularly charged molecBemnd4. In ~ [iNg is prevented largelysee Fig. 10 Similarly, pendant-
Part Il, we report the examination of these subjects. Sinc&/P€ Polymersl1and12 should be ferromagnetic. The lad-

CASPT2 computations are impossible for large magnetiéier 13 has the interchain antiferromagnetic spin alignment
molecules, such studies are crucial for developments of efoecause of the weak antiferromagnetic exchange interaction
fective computational methods. via the spin polarization mechanism, as shown for[th&' ]

isomer of7 in Table V, while the ladder&4 and 15 should

have the high-spin ground state. The two-dimensional sheet
V. DISCUSSIONS AND CONCLUDING REMARKS 16 is also predicted to be ferromagnetic. Recently, an oligo-
mer with type 14 was synthesized, showing the high-spin
. . ] . ground staté&® This encourages further experimental and the-

~ We studied ferromagnetic or antiferromagnetic cou-pretical investigations of magnetic polymers. Present compu-

plings of organic radicals through-phenylene bridge by tations indicate that conformations of magnetic polymers be-
spin-polarized BLYP- or B3LYP-DFT and unrestricted come more and more important with elongation of the
HF-MO calculations. In order to find building blocks with a polymer length.
ferromagnetic nature, relative stabilities for the lowéks)- In the past decades, many dendrimerlike macromol-
and highest{HS) spin states of six differentt+phenylenes gcyles have been synthesized extensi¥&l°® However,
with a neutral radical or ion-radical substituents were es“'synthesis of high-spin dendrimers are now limited, though
mated. Judging from these energy gaps by DFT and UHRytensive experiments have been performed by the Rajca
MO methods, three neutral moleculés3 with relatively group®®-%5 Many possibilities of ferro- and ferrimagnetic
large HS-LS gaps are useful building blocks to construckpin dendrimers are conceivable from the computational re-
organic high-spin  dendrimers and  polymers  withgyits in Tables I-VI. Figure 13 illustrates several examples
m-phenylene-type networks. In fact, the high-spin ground(17_23) of such spin dendrimers. Both ferro- and ferrimag-
states of m-phenylene bighenylmethyleng for which  petic denderimers are possible, depending on network struc-
model 1 in Fig. 2 and models8 in Figs. 11 and 12 are yres, as illustrated by spin vector models. For exantple,
investigated here, are well established on experimentai& 20, 21 and 23 are ferromagnetic because of
grounds:’~?8Similarly, Schlenk hydrocarbon biradicals with m-phenylene-type spin networks, whilé® and 22 are ferri-
m-phenylene bridged biradicals have the triplet groundmagneﬁC in conformity withp-phenylene-type networks.
states;* supporting the computational results 2rOn the  Ragdical sites in these dendrimers could be formed by elec-
other hand, DFT results indicate that the stabilities of high.on or hole doping. Very recently Raje al. synthesized
spin states are lower for charged molecudeand5 than for 23 31d demonstrated the high-spin ground statslesos-

neutral molecules 1-3. Very recently, dianion of ¢gpjc spin dendrimers may be realized in this direction.
bis(dimethylboron-1,3-phenylene with the model structse
was synthesized, and its triplet ground state was confirme
by the ESR techniqu®. Triarylmethyl-based biradicals with
[3,3'] and[3,4' ]-biphenyl as the spin coupling units were About 15 years agdt ab initio UHF/STO-3G calcula-
also synthesized, and the former was found to be the singlgions were performed for several units with radical groups in
state with the S—T gap—43cm %,5! while the latter was order to elucidate the sign and magnitude of throughbond
the triplet ground state. The ESR experiment has alreadgffective exchange integralslf,) between radical sites.
demonstrated that[&8,3 ]-biphenyl isomer with bigphenyl-  Such qualitative calculations were useful enough for the elu-
methyleng has the singlet ground stdtd@hese observations cidation of possibilities of magnetic modification of conduct-

The present computational results in Tables |-VI clearly

A. Relations to recent experiments

8. Concluding remarks
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the case 0f2,3'] and[2,5'] isomers of7. This may be a
warning for describing rapid conclusions on DFT calcula-
tions. At least, careful examinations of other exchange and
correlation functionals would be necessary to elucidate gen-
eral applicabilities of DFT methods for radical species. They
will be thoroughly performed in Part Il of this series.
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