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We have theoretically studied the stable spin state of selected heteroatom-substitotgdgated systems.

We employed several treatments ofdkel approaches, ab initio calculations, and a Neel state (Heisenberg
Ising) model consideration. All of them elucidate the fact that the different heteroatom arrangements in the
7 system cause the different spin-stable states of the singlet and the triplet. The possibility of the-singlet
triplet instable state is further predicted. These treatments also reveal thaetbetron deficiency due to the
replaced group Il atom functions as a spin hole and that the excetsctron due to the replaced group V

atom functions as a spin cap. We theoretically demonstrate these features via quinodimethane isomers in
which two carbon atoms are replaced by heteroatoms, boron and nitrogen.

I. Introduction parentz-electron network (spin cap). Thus, the replacement by

Recently, a great deal of interest has been focused Onthe heteroatom functions as if the group Ill element digs a hole

molecular magnetism including nonmagnetized atbruany or the grou.p v element pyts .a cap along tt@lectron path.
challenging studies have been carried out experimentally as well  For the first step in elucidating the electronic role of these

as theoretically in this field. The utilization of degenerate  SPin holes and spin caps, we here theoretically study the stable-
nonbonding molecular orbitals (NBMOS) is one of the crucial SPIN ground state via a discussion of the selected .heteroatom-
guiding principles in realizing those molecules. The degeneracy Substituted modef system. We assume suchraconjugated

of these NBMOs is, however, not caused by molecular sym- SyStem based on quinodimethane (QDM) including &pin
metry but by a topological peculiarity; therefore, this degeneracy N0l€/spin cap pair. QDM (§H4(CHy),) itself causes three types
disappears except for the simplé ¢kel consideration. Never-  Of structural isomers of ortho(o), para(p), and meta(m) types.
theless, these molecules provide a higher-spin (HS) nature. ThatJP {0 the present time, a great deal of theoretical work on these
is, the existence of degenerate NBMOs is not always a QDMs has been extensively carried out: Following the pioneer-
“necessary and sufficient” condition for the HS ground-state ing Works by Borden and Davidsband Ovchinnikov; Dohnert
formation. Rather, an essential factor in the one-electron scheme2nd Kouteck§have carried out quantum chemistry calculations
is whether an induced exchange interaction overcomes thebY Using the PariserParr—Pople approach. Flynn and Michl
corresponding excitation energy. Thus, one can expect the Hghave studied the effect of electron correlation. Kato étaid
ground state in such a system to have quasi-degeneM®s. Fort et al® have carried out more elaborate ab initio calculations.

Because the heteroatom substitution changes atomic on-sité<@rafiloglou® has also intensively studied the singtétiplet
energies, some quasi-degeneracies are accidentally provided i§OUPIing in xylylnes. On the contrary, very little work has been
the resulting MOs. From this viewpoint, mamyconjugated carried out on those selected heteroatom-substituted QDMs.
materials have been theoretically proposed, and substantial€re, two of the skeletal carbon atoms are replaced by a
heteroatom doping has been experimentally challenged. We alsd’€téroatom, producing a spin hole or a spin cap. Therefore, 28
have studied theoretically whether or how heteroatom substitu- different isomers result foo-QDMs, and 29 and 17 isomers
tion changes the stable spin state in theonjugated systerh. &€ produced fom- and p-QDMs, respectively. Thus, this
We have assumed a modebystem of heteroatom-substituted ~SyStem has the following advantages: the resulting structural
naphthalene and have found the theoretical possibility of the Variety involves typical edge forms of zigzag, armchair, and so
HS stable state as well as quasi-degeneraciesMDs when forth, whose topological peculiarity causes the characteristic
the heteroatom boron (B) is incorporated. Furthermore, we have’-€léctronic features. The incorporation of a spin hole/spin cap
found that ther-electron deficiency of replaced heteroatom B P&Ir @lso conserves the totatelectron numbers as well as
functions as a spin hole for the parenelectron system. charge neutrall'ty. . . . .

For a systematic understanding of the heteroatom substitution In the following discussion, we first estimate the ground-
in the 7-conjugated system, one should further study such State spin arrangement based on thekel consideration by
heteroatom replacement using group V elements because théhe Longuet-Higgins (LH} rule and also the simple valence
latter elements produce an excesslectron in the shnetwork bond (SVB) approachWe then compare those predictions with
system. This excess electron forms a local pair in the those by ab initio HartreeFock calculations. We also obtain
system; therefore, it tends to localize at its own atomic site while the Neel state (Heisenberg model under the Ising approximation)
maintaining an opposite spin arrangement. Consequently, theseenergies by taking into account theelectron spin delocalization

local pairs ofz electrons are expected to be spinless for the and discuss the variety of ground-state spin arrangements
guantitatively. Although the treatments used here are based on
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ment, it is also our purpose to represent the electronic role of 19 T T T T
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thesex spin holes and spin caps in the one-electron scheme, 21 T ST SIT ST
without losing the physical advantages. 22 T SIT SIT SIT
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II. Hu'ckel Prediction 24 T SIT SIT SIT
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A. Longuet-Higgins Approach. The Longuet-Higgins (LH) 26 T SIT SIT SIT
rule! is well known to predict a ground spin state of a 27 T SIT SIT SIT
hydrocarbonr-conjugated system qualitatively on the basis of 28 T SIT SIT SIT
Hund’s rule. According to this rule, the total spin valSeof _ i ] _
the system is expressed as predicts a much higher spin arrangement of a quintet state.
Considering that homogeneoasandp-QDMs give a singlet
S= N— 2T (1) state uniquely and the remainimg3QDM decisively gives a

triplet state, the replacement by the heteroatoms causing a spin
hole or spin cap is expected to open the possibility of different
Here,N and T represent the number of electrons and the  spins for the HS and LS stable states in accordance with their
maximum number of double bonds among all possible resonanceheteroatom arrangements.

structures, respectively. Longuet-Higgins has shown that the B. Simple Valence Bond Approach.There is one more

number of nonbonding molecular orbitals (NBM&sjn the simple approach to the prediction of the spin state of a
system isN — 2T and has given the value of the total spin by hydrocarbom-conjugated system, which is known as the simple
eq 1. valence bond (SVB) schenielhe resulting total spin valug

We have applied this LH rule to the present model system for the system is given as follows:
of o-, p- andm-QDM isomers including a spin hole and ar

spin cap by extending the meaning of the Kéksiructure!? S= [n* —n| @)
Because all isomers includes8electronsN should be 8. We 2

then draw possible Kekulstructures in order to count the

number of double bond3. We show the case of-QDM n* and n are the numbers of so-called starred and unstarred

isomers in Figure 1a. A full Kekulstructure can be drawn for ~ carbon atoms in the system, respectively. In this SVB scheme,
the isomers of group I. The value @fis, therefore, 4, and the  an exchange integral between two adjacemfectrons should

LH rule predicts the ordinary singlet ground state for those group be negative so as to arrange theielectron spins antiparallel.

I isomers (Table 1). On the contrary, isomers belonging to group

Il cannot provide a complete KeKustructure but rather cause &% I

a “pbiradical” structure. Therefore, the replacement by such T J\ A
heteroatoms of a group IIl element épin hole) and agroup V. [+ [2 [ fod
element & spin cap) and also their arrangement reduce the ~~ 7 f TR e
number of possible double bon@isy 1 (T = 3). Thus, the LH o | 8 spimcap
rule predicts the existence of a triplet state for these group Il eroup I
isomers. This feature contrasts with the ordinary, homogeneous ' o | l ! [
0-QDM because it gives a singlet state uniquely. It is also i 5*” [/:\ |?T Y [;‘ lw\ﬂl
characteristic that the number of group Il isomers is larger than ~= ~_-~ ~_~» ~_ -~ \T e ~ g
that of the group | isomers. o T ﬂ u '
Similarly, we show the resulting Kekuland non-Kekule I
forms and also the predicted LH spin states for the other - 'k )‘ s
heteroatom-substituted isomers having para and meta forms in'* | K " '6 L)

Figures 2 and 3 and Tables 2 and 3, respectively. A possible “._‘ T |
triplet state is also expected in the heteroatom-substituted Figure 2. lllustration of possible Kekulend non-Kekuleforms of
p-QDM system. Furthermore, in the-QDM system, this rule the p-QDM isomers, which include the spin hole and spin cap.
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a\We also show those spin states predicted by the SVB approach, Figure 4. Possible spin arrangement for heteroatom-substitf@®M
ab initio UHF/6-31G** calculations, and the Neel state consideration. isomers (a)7, (b) 18, and (c)20 estimated by the SVB approach. At
the bottommost site in isom&0 (c), the spin direction is not uniquely

Therefore, we can directly assign an up sdint¢ the starred determined. We illustrate this feature by the broken arrows.
carbon and a down spin)(to the unstarred carbon (or vice
versa). This SVB approach is also well known to predict the value. Furthermore, an interesting point is that this SVB
difference in the ground-state spin among the ordinary homo- approach predicts an instability between the singlet and triplet
geneous QDM isomers of the ortho-type (singlet), para-type states or among those much higher (quintet) states. These
(singlet), and meta-type (triplet) forms. features are never found by the LH rule. We examine those by
By using the valence bond (VB) approadKlein and his examples of the above-QDM isomers7, 18, and 20, which
group have extensively studied the electronic structures andinclude the spin hole and spin cap. The SVB approach predicts
magnetic properties of the-conjugated systems. They have a singlet state for isomét, and the possible spin arrangement
also extended the VB approach and have intensively studiedis shown in Figure 4a. This result is in contrast to that obtained
the unpairedz-electron systert® We extend this SVB method by the LH rule, which predicts a triplet state. On the contrary,
to the heteroatom-substituted QDM isomers as follows: for isomer18 (Figure 4b), the SVB approach predicts a triplet
 All C atoms are first assigned to starred or unstarred atoms state, as the LH rule predicts. Furthermore, one should notice
alternately. Successively, up spins are put on the starred atomsthat an indefiniteéSvalue of 0 or 1 is given for isome20. This
and down spins are put on the unstarred atoms. indefiniteness of theS value originates from the unsettled
e The spin arrangement on the spin hole or spin cap atom is, marking of the star or the unstar at the exocyclic C atom (Figure
however, excluded because the spin-hole atom (group Ill) has4c). Thus, isomeR0 is supposed to cause instability between
no s electron but the spin-cap atom has a local pairmof  the singlet and triplet states. This spin-unstable state is a novel
electrons providing nar spin. phase that is created by the spin hole andz spin cap
This approach has an advantage over the LH rule because itaccompanied by the replaced heteroatom of the group Il and
determines the spin arrangement, in addition to its total spin V atoms, respectively, but it never appears in the ordinary
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Figure 5. Singlet-triplet energy gaps of B (spin hole)- and N (spin cap)-replaz€DM obtained by (a) ROHF/6-31G** and (b) UHF/6-31G**

calculations, respectively.

homogeneous-QDM. We summarize the possible spin states
for the heteroatom-substituted, p-, andm-QDM isomers in
Tables 13, respectively.

I1l. Ab Initio Calculations

Thus, the above two conventional (ekel-like) approaches
predict the possible multiphases of the spin-stable state for the
heteroatom-substituted QDM isomers. However, details in the

predictions are different between the two approaches. Therefore,

we quantitatively elucidate several ambiguities by performing
ab initio calculations of the total energies for all of the isomers
while changing their spin configurations. In ab initio calcula-
tions, we should set the specific atoms to thepin hole and
spin cap. Here, we assume heteroatom B to berthpin hole

of the group Ill element and heteroatom N to be thgpin cap

of the group V element.

In Figure 5a, we show those ab initio total energies of the
BN-replaced>-QDM isomers {—28) calculated by the restricted
open-shell HartreeFock (ROHF) approach. In the calculations,
the individual isomers are geometrically optimized while
maintaining the planarity in order to conserve their distimct
electrons'® We also represent the resulting energies in terms
of a difference between singlet and triplet states (singlgblet
gap energyArs = Er — Es). Thus, a positive value af\rs
means that the singlet state is more stable than the triplet, an

a negative value means the triplet state is more stable. In the

figures, we also represent the horizontal axis by the difference
Ae in the orbital energies between the HOMO and HOMO-1
of the triplet state for the individual isome¥sBecause this
differenceAe corresponds roughly to the one-electron excitation
energy, a singlet state is predicted with an increas&einand

a triplet state is expected with a decreasé\in One can then
also expect a positive slope in the calculategs versusAe

plot.

Pureo-QDM is well known to show a singlet ground state
uniquely. However, one can find that several BN-substituted
0-QDM isomers have a negativers value. A triplet state is
well predicted forl, 2, 18, and19 (symbolO). Thus, the present
ROHF calculation surely predicts the existence of other possible

rule: For example, the SVB approach predicts isonterd7
to be classified into the singlet-state group, and the remainder
3—6 and20—28 cause instability between the singlet and triplet
states. The present ab initio ROHF calculations surely classify
isomers7—17 (symbol9) into the singlet-state group because
of their positiveArs values. Furthermore, the resulting small
Ats values quantitatively lead to the singtdtiplet (S/T)
instability for isomer8—6 and20—28 (symbola), as suggested
by the SVB approach. An inconsistency is found for isortr
only. The SVB approach predicts that the former causes a singlet
state, but the ROHF/6-31G** calculation predicts an S/T
instability.

We also calculated these ab initio singtéiplet gap energies
by the unrestricted Hartred=ock (UHF) approach (Figure 5b)
in order to incorporate the effects of spin polarization as well
as spin delocalization, more precisely. In accordance with the
A+s value being positive, negative, and almost zero, the UHF
calculation also classifies the isomers into three groups more
consistently as well as distinctly, such as singlet (S), triplet (T),
and singlet-triplet (S/T) unstable species: Thers value for
isomerl2is reasonably increased now, although it still remains
in the region of the S/T unstable phase. In the UHF calculations,
isomers predicted to cause S/T instability also produce a nearly
zero value ofA+s, except for a few that are distributed with
small values ofArs. Furthermore, one should notice that both

dof the present ab initio results show good positive-slope

character in the\ts versusAe plot.

Quite similar results are also found both in BN-replaged
andm-QDM isomers as shown in Figures 6 and 7, respectively.
Thus, the ab initio HF results reveal that the existence of a
spin hole and spin cap, and their geometrical arrangement surely
increases the variety in the spin ground states. It is also
confirmed that the present SVB approach provides a consistent
prediction for the ground-state spin.

IV. Neel State Energy Consideration

A. Neel State (Ising Spin) Approximation.Here, we discuss
the possible spin states for these isomers from a more rational
but quantitative point of view, which is different from that of

spin phases besides the conventional singlet state. Moreoverab initio calculations. To clarify this subject, we calculate the
we notice that the ROHF results are in agreement with the Neel state (Heisenberg model under the Ising spin approxima-
classification by the SVB approach rather than that by the LH tion)'® energy for these heteroatom-substitutedsomerst®
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Figure 6. Singlet-triplet energy gaps of B (spin hole)- and N (spin cap)-replge€DM. All values are obtained by (a) ROHF/6-31G** and (b)

UHF/6-31G** calculations, respectively.
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Figure 7. Singlet-triplet energy gaps of B (spin hole)- and N (spin cap)-replacegDM obtained by (a) ROHF/6-31G** and (b) UHF/6-31G**
calculations, respectively.

state orfn(t) — n(¥)| = 2 for a triplet spin (HS) state). In Figure
8, we show those resulting spin arrangements givihg and
hrsmn for heteroatom-substitutestQDM isomers7 (a), 18 (b),
and 20 (c), respectively.

For isomer7, the condition of the singlet stata(t) — n(¥)|
= 0 reduces all of the possible 64 spin arrangements to 20, and

the spin arrangement causing the minimbm is given as

We here use the conventional Neel state (Heisenbisigg)
model Hamiltonian that is given as follows:

H= _ZZJij#i Y (3)
]

ui is thezr-electron spin on théh atom site. Under the Ising
spin approximation, the sum afandj should be taken into

account between the nearest-neighbor sites, including the zero =y =pts = —1
value for the heteroatom because ofsitspin-hole or spin-cap U=, = g = +1 (5)
nature. Furthermore, we assume these effective exchange #2 =u4 — 06

7 8

integralsJ; to be equivalent and negativaj(= J < 0).21
Thus, eq 3 is rewritten into the following normalized form

- The corresponding Neel state enettgy, is then obtained as

(6)

Zﬂ. H Although this spin state is doubly-degenerate, the other 18
remaining spin arrangements except for them give a (singlet)

The stable ground state of a lower-spin (LS) or a higher-spin Neel state energy dfi greater thammm = —6. One should
(HS) state should then be determined only by obtamlng such aalso notice that this spin arrangement is completely coincident
spin arrangement (set @f) giving a minimum energy Ohmln with that predicted by the SVB approach.
hmﬁ] respectively. However, this minimization should be Similarly, the restriction ofin() — n({)] = 2 causes 15
carrled out along with the maintenance of the total spin value different triplet spin arrangements for isom&rAmong them,

of In(") — n()| (e.g.,In(") — n(})| = 0 for a singlet spin (LS) one can obtain the stable triplet state and its Neel state energy

e R o

Y (4)
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Figure 8. Resultingr-electron spin arrangements @QDM isomers
(a) 7, (b) 18, and (c)20, which include ar spin hole and spin cap. All

of the arrangements are computationally determined under the Neel
state (Ising spin) approximation to give a minimum Neel state
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Figure 9. lllustration of the in-flowing §) and out-flowing §) of
st-electron spins for the heteroatoms-replacg@DM isomer of7. We
give the minimum Neel state energies of the (a) singlet and (b) triplet

states. We also show the possible changel{nig(é,n) and hfm(é,n)
with varying 6 and.

spin ground states of the present heteroatom-substituted QDM
isomers into three groups of singlet-spin (LS), triplet-spin (HS),
and singlet-triplet (S/T) unstable phase by this Neel state-energy
calculation. In Tables43, we can compare those possible spin
phases estimated by the Ising spin approximation with those
obtained by ab initio calculations as well as the SVB approach.
Good agreement is found among them.

B. #-Spin Delocalization by the tJ-Model Consideration.
In the above simple Ising spin treatmentspins are completely
localized on the individual parent (carbon) atom sites. However,
the replacement of heteroatoms causes charge transfer by which
an in-and-out flowing of ther spins occurs and by which the
possible spin state might be changed. We therefore take into
account thisz-spin delocalization and recalculate the Neel state
energy. We define a net in-flowing of threspin into the spin

(Heisenbergrlsing) energy of the singlet and triplet states, respectively. hole or spin cap site by (0 < 6 < 1) orbyy (0 < 5 < 1),
We also show those calculated Neel state energies for the singlet andrespectively. For simplification, these in- and out-flowings of

triplet states.

ht., as follows:
My =g =y =g =t1
Hy=ps=—1 )
U7 =ug=0
and
e = =2 t:)

This state is also 9-fold degenerate, but the other six
remaining spin arrangements give a (triplet) Neel state energy
h' greater tharh,Tnin = —2. Thus, the simple Ising approach
reveals that isomer givesh>. = —6 as less thah! . = —2.
That is, it predicts that the-QDM in which thes spin hole
and spin cap are arranged as the pattern of isahggves the
singlet ground state, being energetically more stable than the
triplet by 4 inJ units (5, < h'.).

Now, we can consider the spin arrangement of the other
0-QDM isomers (Figure 8). For heteroatom-substitlaegdDM
isomer 18 (Figure 8b), for example, the calculated minimum
Neel state energies for the singlet and triplet statedge=
-3 andhrTnin = —5, respectively. Consequently, the triplet state
is predicted to be the ground state for thi QDM isomer18.

The spin arrangement of this triplet state is also coincident with
that predicted by the SVB approach.

What about heteroatoms-replaceddDM isomer20? The
present simple Ising approach also gives an equal minimum
energy ofh>. = h'. = —4. Thiso-QDM isomer is therefore

predicted to cause the singtdtiplet (S/T) instability in its

thesr spin @6 and+y) are, however, limited to those mutually
bonded atoms between parent (carbon) atoms and/or replaced
heteroatom(s), and the other remaining parent atoms have no
sr-spin transferd = = 0). Thus, following the computational
obtainment of all of the possible spin arrangements, we can
calculate the minimum Neel state energy for the singlet state
(h>.) or for the triplet statel(,,) in order to determine the
stable spin state.

As mentioned previously, isom&mproduces 20 different spin-
arrangement patterns under the singlet spin state when the
following spin arrangement is provided (Figure 9a),

F;“l =pus=-1
o =g =11
Us=-1+06
9
pa="+1—1n ©)
Hy=—0
Ug=n
i
the minimum Neel state enerdy, (9, #) is obtained as
hoin(07) = 6430 + 3y — 6 —n° =y (10)

Similarly, while maintainingn(t) — n({)| = 2, we should search
for the triplet stable spin arrangement of this isomdérom 15
different patterns. The resulting minimum Neel state energy for
the triplet stateh%in(é,n) is obtained as

h (0, ))=-2+n+0—n"—0*+n (11)

For the other isomers (e.dl8 and 20), we also computa-

ground state, as the SVB approach estimates and the ab initictionally determined the stable spin arrangements of both the

calculations elucidate. Thus, we can also classify the possible

singlet and triplet states and analytically obtained their minimum
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values ofhy. (6, ) and b3, (6, i) as follows: as shown in Figure 10a. Thus, a singlet ground state is predicted
for those isomers classified into group S, independent of the
hoin(0, ) = =3+ + 20 — »° (12) replaced heteroatoms.
T (0,5) = —5+ 3y + 60 — ° — 46° (13) On the contrary, isomet8 causes a characteristic crossing
between the two Neel state energieshf,(d, 17) andhy.(0,
for isomer18, and 1) as shown in Figure 10b. A singtetriplet instability would

therefore be expected for isom&B because the crossing line
hoin(0, 1) = =4+ 25 + 36 — > — 6% — 20 (14) gives the feature ohl. (6, 7) = h>. (9, 7). Figure 10b also
T _ 2 2 reveals that this crossing line i$2— 20 — n + 1= 0 and
huin(0,17) = =4+ 25 + 110 — " — 90" — 40 (15) that the singlettriplet instability occurs at various and 7
values along this line from the localized cage< n = 0.5) to

for isomer20. the fully delocalized ¢ = » = 1) case. Beyond this crossing

These analytical expressions of the Neel state energies hav?. . . : .
the following advantages: Qualitatively, the limitation to the ine, the stable spin state IS reversed from the triplet spin
localizedz spin = 5 = 0) leads to the present Neel state arrangement to jche smglgt.spln arrangement. Thqs, the possible
energies that are equivalent to those estimated by the simpledround-state spin multiplicity changes from the singlet state to
Ising spin approximation. Quantitatively, the contribution due the triplet state via the unstable state, in accordance with the

to thesz-spin delocalization is understood by an exirandy values ofd and#. Nevertheless, we can say that isomiér
functional of 62, 2 and d# or less. Moreover, the noticeable prefers a triplet ground state because heteroatom substitution
point is that these extra terms are quadratierispin delocal- does not cause a large-spin delocalization: Assuming a

ization parameteré gndn. Although this.quadraticity iscaused heteroatom B for ther spin hole and a heteroatom N for the
by the mutual-spin interactions approximated by those betweenspin cap in isomel8, an ab initio UHF/6-31G** calculation
neighboring spins, we can rationally discuss the ground-stategives values of at most = 0.0407 andd = 0.0169 for the

spin arrangement for the system having the spin hole(s) a”dsinglet state and) = 0.0902 andd = 0.1739 for the triplet

spin cap(s). The reason is that the relative characteristics of aNYgiate. These values are significantly smaller than thespin

B’;’gszenio:;sgr?ér;u;fafe;nzr% gjhzqﬁf'?ﬁgyégﬂt?ﬁée& cl)n thet;ansfersﬁ anl_dé) c]:’;\;zsingzghe sing;rlelttriplet instability along
surfaces’. (9, ) andh'. (8, 1) should have one crossing line the crossing line of & — 20 = + 1.

(real roots) except for the case when they have equal roots or A more interesting feature is found in tiespin hole and
imaginary roots due to this quadraticity. Furthermore, on the spin cap arrangement such as iso@rThis isomer produces
basis of the present analytical expressions, one can systematitwo crossings between the two energy surfaces of the singlet
cally discuss how ther-spin delocalization changes the Neel (LS) and triplet (HS) states; one occurs along the crossing line
state energiesiy, (9, 7) and hy, (9, 7) by varying 6 and of 8 = 0, and the other occurs along that @f 4 7 — 4 = 0.
(Figure 10). This change in thespin delocalization corresponds  The former causes the special point&fuai = #smai = O as

to the change in the kinds of replaced atoms. shown in Figure 10c. This feature means that the singtgdlet

An arrangeme\r}t Otf ther spirrl] hol_e (ﬁ;gu_p i atom) ar_wt instability occurs even when theelectron spin is significantly
spin cap (group V atom) such as ison¥egives no crossings or completely localizeddsman & 7smai = 0). This is also the

between the two Neel state energy surfaces of the singlet (S) ; : . O .
and triplet (T) states, and the relationif (5, 7) > S (5. 7) reason that the simple Ising spin approximation can predict the
' ink=” min singlet-triplet instability concealed in isom&0. We obtained

is maintained within any defineg-spin in- and out-flowings S . .
y P g the corresponding in- and out-flowings of theelectron spin

(0< 6 =1and 0= 5 =< 1) as shown in Figure 10a. This - . :
feature means that the arrangement oftrepin hole and spin Py the UHF/6-31G** calculation via B- and N-atom-replaced

cap equal to isome# should cause a singlet stable ground state 150mer20. Those Va|U_eS al@ma) = 0.1834 and?s.mall =0.1158.
rather than a triplet state, even when those sites are replaced byfhey seem to be slightly large, and a positive valueAg§
any other heteroatoms @ 6 < 1 and 0< # < 1). The other results numerically. Nevertheless, these values become a suf-

heteroatom-substitutelQDM isomers classified into the group ~ ficient reason for isome20 to have the potential to cause the
of the singlet stable phase (group S) also provide a similar singlet-triplet instability, as the Ising spin approximatiod (
featureh! . (9, 7) > h3. (6, ) between the two energy surfaces = 7 = 0) predicts.

(a) Singlet Stable (b) Triplet Stable (c) Singlet/Triplet Instability

Figure 10. Calculated Neel state energies of the singlet (S) and triplet (T) states while varyingsitia delocalizations od andzn. We show
those of isomers (&}, (b) 18, and (c)20, respectively. In part c, we show the difference vallle= h;in - hfﬂn directly in order to represent the
singlet-triplet instability more precisely.
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(a) heteroatom-replaced cQDMs (b) Singlet-Triplet Gap Energy (ROHF)
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Figure 11. lllustration of (a) the heteroatom-substituted thoe® DMs and (b) their resultind\rs values obtained by the ROHF/6-31G** calculations.
On the horizontal axis of graph b, we show the difference in the HOMO and HOMO-1 orbital energies in the triplet state.
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Figure 12. lllustration of thexr MOs for the heteroatoms-replaced fauQDMSs obtained by the ROHF/6-31G** calculations.
V. Electronic Difference betweensz Spin-hole and following four ortho-type heteroatom-substituted isomeaos:
Spin-cap QDM, 0-QDM/BN, 0-QDM/BB, ando-QDM/NN as shown in
Figure 1la.

As mentioned in the SVB approach, ab initio HF (ROHF Figure 11b shows the resultintyrs for these foun-QDMs,
and UHF) calculations, and the Neel state consideration, the gpiained by the ROHF/6-31G** calculations. Although all three
stable spin phase 6fQDM, for example, changes from a singlet  peteroatom-substituted isomers (excepti@DM) are expected
state to a triplet state when the spin hole and spin cap areg have a triplet stable state,QDM/NN is not included in this
incorporated (isomet of Figure 1). However, the SVB approach  prediction, and a singlet stable phase is forecast. It is also
cannot distinguish the difference in the electronic nature between characteristic that an increase in the number of replaced N atoms
the spin hole and spin cap at all. The Neel state consideration(; spin caps) enhances the stabilization of the singlet state. In
also does not distinguish it explicitly, except for their spin values Figure 12, we also show the correspondin/1Os. Although
(6 andn). Therefore, the heteroatoms functioning asztepin we discuss their characteristic details in Appendix A, one can
hole and spin cap are mutually commutative, and isob@asf notice the following features; for the above four isomers, an
Figure 1 is also expected to provide the triplet-stable phase.increase in the number of replaced N atoms causes the
This stability is confirmed by ab initio HF calculations as shown destabilization of the frontier states of HOMO, (HOMO-1), and
in Figure 5a and b. LUMO, independent of its own spin multiplicity. Thus, with

The electronic nature is, however, very different between the an increasing number of spin caps (N atoms), we can briefly
7z spin hole andr spin cap. The former is produced by an excess conclude that the frontier states of HOMO, (HOMO-1), and
7 electron at a group IV atom (i.e., thelocal pair), and the ~ LUMO shift upward.
latter is produced by a-electron deficiency at a group Il atom One should, however, notice that these shifts are somewhat
(i.e., the complete lack of & electron). Does such a difference  deceptive and that the details are individually different in
then change the stable spin phases for those isomers? If so, whadccordance with the degree of the incorporated spin hole and
causes such changes? To discuss this subject, we focus on thepin cap. They are interpreted as follows: Althoughd@DM/
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Figure 13. ResultingArs values for (a) the four heteroatom-replace@DM isomers and (b) the correspondindMOs. These values are obtained
by the UHF/6-31G** calculations. On the horizontal axis of graph a, we show the difference in the HOMO and HOMO-1 orbital energies in the

triplet state.

BN isomer includes both the spin hole (B) and spin cap (N),
the resulting HOMO should shift upward compared with that
of 0-QDM because the 2p on-site energy of boron (spin hole)
is higher than that of carbon. HoweverQDM/BB includes
two spin holes, by which the totat-electron number is reduced
by 2 from those 0b-QDM and the HOMO is shifted one MO

lower. This change appears to be the seeming lower shift of

the frontier states. On the contrary, the two excesdectrons

in theo-QDM/NN isomer should occupy MOs one higher than
for 0-QDM/BN. This replaced occupation also causes an
inevitable upward shift of the HOMO and the other frontier

states. As a result, even a nonbound state is found in the HOMO

state ofo-QDM/NN. The peculiar conversion a-QDM/NN

to the singlet stable phase is caused by this extremely destabi

lized nonbound state obtained by the ROHF/6-31G** calculation
(Appendix A).

The UHF/6-31G** calculations “reasonably” predict the
expected result (Figure 13a):QDM/NN is now consistently
classified into the triplet group, and all three replaced isomers

cause a triplet stable phase. A positive slope is also found in

the Ae — Atsrelation. In the UHF scheme, the “full” restriction
for all of the (r) MO states stabilizes the individual MOs

energetically, although it loses physical advantages such as being

an eigenstate of2. The nonbound HOMO state found in
0-QDM/NN is then stabilized so as to be a bound HOMO in

TABLE 4: Prediction of the Stable Spin State for m-QDM
Dimers?

SVB
dimer catenation Agp prediction
(17)-(17) (M—(M —0.03936 Q
1)—-() (M)—(T) —0.01914 D/Q
(10)—(13) (S)y-(S) 0.02666 D
(17)—-(14) (S)-(T) 0.008566 D
(8)—(20) (S)-(sIT) 0.0002892 D/Q

of course, quite natural because the HF calculation stands on
the one-electron approximation. Nevertheless, we find the one-
electron picture helpful in understanding the features of the spin
hole and spin cap. The reason is as follows: in our last Work,

we studied the possible spin state created by the spin holes in
the more general polyacene system. We extended there the SVB
approach to joint and disjoint-electron chains. The combina-
tion of these results is crucial for the designing of molecular
magnetism; for example, one can say that the incorporation of
spin holes effectively functions to provide the HS stable state
when the same number of spin caps are incorporated.

VI. Consideration of the Extended System

We finally discuss how the incorporation of the spin hole
and spin cap varies the possible stable spin phases in the more

this UHF result. This feature causes the stable spin phase ofextendedr systems. Are the SVB approach and the Neel state

0-QDM/NN to revert from a singlet state to a triplet state (Figure
13a). One should also notice that a “sufficient” nonrestriction
by the UHF scheme produces “sufficiently” stabilized occupied
states, which open a HartreEock (HF) gap (energy gap
between the HOMO and LUMO states) widely compared with
that by the ROHF scheme.

Thus, the present HF (RHF, ROHF, and UHF) calculations
elucidate that the difference between thepin hole and spin

consideration still valid there? For the discussion of this subject,
we limit the 1D catenated-QDMs (poly-metaquinodimethanes)
by changing the catenation number 2, 3, and so on.

In the case of the heterogeneous syfefarmed by the
catenation of heteroatom-replacedQDMs, the created spin
hole and spin cap also cause a variety of possible spin
multiplicities. We show several cases catenated by two het-
eroatom-replaced-QDMs (Table 4). The first column identifies

cap appears to be a shift in the frontier MO states. These the kind of composed speciesHQDM/BN) as numbered in
calculations also reveal that such a difference is well understoodFigure 3. We show their own predicted spin multiplicities in

by the one-electron picture (i.e., the difference in the number

the second column. The third column shows the energy

of & electrons and also that in the on-site energies), not by the difference between the doublet and quartet states obtained by
difference in the electronic natures themselves, although the spinthe UHF/6-31G** calculations Aqop = Equartet — Edouble)-

hole is completely different from the spin cap. This picture is,

Furthermore, we give the expected spin state predicted by the
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(a) 17-17 system (b) 17-14 system

Figure 14. Calculated Neel state energiesf the doublet (D) and quartet (Q) states while varyingsthgpin delocalizations a andzn. We show
those of dimers (al7—17 and (b)17—14, respectively.

SVB approach in the last column. One finds that the spin state so as to maintain the connection/efspin chains or to produce

of the resulting dimer is not always determined by the individual roundaboutr-electron pathg3

spin states of the composed monomers; even if the composed

monomers have a unique spin state (S or T), the spin state ofVII. Conclusions

the polymerized dimer can cause instability between the doublet

and quartet states as shown in the combination of, for example,

two 1 monomers1—1). However, it should be noticed that even

in these 1D catenated forms the SVB prediction is completely

coincident with the UHF result. We have also confirmed this

coincidence for all of the other remaining catenated dimers.
The Neel state consideration also holds well for these

catenated dimers. The computationally calculated minimum Neel &rfangements.

: The present HF (ROHF and UHF) calculations surely predict
state energies for the doubl and quartetly, ) states are . o L )
g ) a i) this possibility. The present ab initio HF calculations also

D 2 2 forecast that the incorporation of spin holes effectively functions
hin(0, 7) = =8+ 60 + 45 — 20" — 27" — 20 (16) to provide the HS stable state, compared with the incorporation
Q _ 2 2 of the same number of spin caps.
Mrin(0, 17) = =10+ 60 + 4y = 20° = 29" — 20n  (17) To discuss the possible spin state more rationally and
] o ) ) quantitatively, we extend the Neel state Hamiltonian by
for dimer 17—17. Similarly, for dimer17—14, the following incorporating the spin delocalization. This Neel state-energy
relations are obtained: calculation classifies well the possible spin ground states and
predicts the existence of three characteristic groups of LS, HS,
W (0, 7)=—9+30+ 9 +362— 5> —»d  (18)  and L/H phases.
Moreover, in the 1D catenated system, the HF results and
o0, ) = —5+30 + 5 — 6> —5* — on (19) the Neel state consideration are in agreement with the clas-
sification obtained from the SVB approach. Thus, in the 1D

The quadraticity in ther-spin delocalization is also conserved ~ System having roundabout-electron paths, the possible spin
in this extended system, and we can then show the correspondingtate caused by the individual heteroatom arrangement is well
energy surfaces in Figure 14, parts a and b, respectively. Thepredicted by the SVB approach without any heavy calculations.
Neel state consideration reveals that the arrangement of the spin
hole and spin cap in th&7—17-type dimer inherently causes Acknowledgment. K.T. expresses his thanks to Professor
the HS (quartet) stable state, where that inltfie 14-type dimer Katsuya Eda of Waseda University for his fruitful comments
changes the spin multiplicity in accordance with the values of and discussions and to Yuki A. Narita for his assistance.

0 andy. Alternatively speaking, in the-spin network of the

17—14type dimer, the choice of the replaced heteroatom speciesAppendix A. 7 MO States by RHF, ROHF, and UHF

changes the possible spin multiplicity, although most hetero- Calculations

atoms produce the LS (doublet) stable state because of their
small amounts of spin in- and out-flowings.

Quite similar results are also obtained for the 1D catenated
trimers in which all of the results obtained by the SVB approach,
UHF/6-31G** calculations, and Neel state consideration are
completely mutually coincident. However, we should emphasize
that the catenation aftQDM/BN monomers one-dimensionally . - :
reduces the possible cases of the HS state but increases the cas@gd’ic (i=1-4)as §2°W” in Figure 15a. The res‘%'““g\"(?
of spin instability between the LS (quintet) and HS (heptet) States 0-QDM (@) are well understoocd by typical orbital
states. This is because the heteroatom replacement in the 10NiXing between these composeadMOs (¢;). Thus, one can
catenation ofm-QDM/BN oligomers lets the spin hole and/or ~ €asily understand that the HOMGPfS,, = ®5) corre-
spin cap disconnect the-spin paths. To realize the HS ground  sponds to the antibonding state between the compdgsed

state, one should assemble the heteroatom-replaced componeMlOs and that the LUMO(I)ESMO = <I>F:%) corresponds to the

In the carbon skeletalr-conjugated planar system, the
replacement by the group Ill heteroatom causes a spin hole,
and that by group V causes a spin cap. The spin hole and spin
cap are expected to open a variety of possible spin multiplicities
such as lower-spin (LS), higher-spin (HS), and lower-higher
(L/H) unstable states, in accordance with their heteroatom

1.7 MOs in 0-QDM. Let us start by discussing the one-
electron MO states foo-QDM having a singlet spin state. We
show those MOs obtained by the RHF/6-31G** calculations in
Figure 15a. BecauseQDM has a 2-fold rotational axi€,,'®

it is divided into two equivalent butadiene parts (two C chains),
and each C chain produces the four characteristtO states
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Figure 15. lllustrations of the resulting MOSI(iCC) of 0-QDM having a singlet spin state (a) calculated by RHF/6-31G**, (b) those calculated by
ROHF/6-31G**, and (c) those having a triplet spin state calculated by the ROHF/6-31G**. We also illustrate the resultin@icb/lﬁisﬂ(e two
separate C chains calculated by RHF/6-31G**.
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Figure 16. lllustration of the resulting MOsQiBN) of 0-QDM/BN having a singlet spin state (a) calculated by RHF/6-31G**, (b) those calculated
by ROHF/6-31G**, and (c) those having a triplet spin state calculated by the UHF/6-31G**. We also illustrate the resulting MOs of the two

separate chaingf, B chain;¢!, N chain) calculated by RHF/6-31G**,

bonding state between the compoaédMOs because of & calculation. It is found that th@: state conserves its orbital
(= 4n, n = 2) electrons in-QDM. character of the RHF-LUMO state and thh§ conserves that
When the restriction of the. and 8 orbitals in the HOMO of the RHF-HOMO state; that is, we can draw a well-known
state is removed (ROHF singlet state), the HOMO state is simple image for the ROHF triplet state in which two electrons
changed from that obtained by the RHF calculation (hereafter having the same spin individually occupy the HOMO and
represented as the RHHHOMO), as shown in Figure 15b. One  LUMO states obtained by the RHF scheme with less electron
should notice that the orbital coefficient®{ and d)ﬁ) appear redistribution. This is because two electrons occupying these
to be opposite for the. andg spins but at intervals of the atoms.  two states need not redistribute explicitly to optimize their inter-
Therefore, two electrons having opposite spin never overlap electron repulsion in the triplet state because of their mutual
mutually because the nonrestriction lets two electrons redis- orthogonality. This feature is also caused by the fact that the
tribute to minimize their inter-electron repulsive energy. One one-electron stabilization caused by forming the RHF-MOs is
should further notice that the peculiar form @QDM causes significant ino-QDM and that it overcomes the inter-electron
NBMO-like orbital character in these states. Thus, the unre- repulsive destabilization even in this triplet state. The exchange
stricted® and®’ states are also accidentally degenerate. The interaction between the above two electrons indifeand @3
lack of bonding character also shifts the resulting HOMO states enhances this simple occupation.
upward?* 2. 7 MOs in Heteroatom-Replaced 0-QDMs.The hetero-
Figure 15c¢ shows the resulting MO stateodDDM having atom B and/or N replacement causes the following two changes
a triplet spin arrangement, obtained by the ROHF/6-31G** in the abover MO states. One is the change in orbital mixing
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Figure 17. lllustration of the resulting MOstIéiBN) of 0-QDM/BN having a triplet spin state calculated by UHF/6-31G**. We separately show the
UHF-MOs having aro spin (a) and those having/aspin (b).
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Figure 18. lllustration of the resulting MO®?® and @™ obtained by RHF/6-31G**, ROHF/6-31G**, and UHF/6-31G** calculations. We also
illustrate the resulting MOs of the two separate chaiﬁ& B chain;¢iN, N chain) calculated by RHF/6-31G**,

due to the change in the on-site energies of the replacedrespectively. The heteroatom replacement changes the eigen-
heteroatom species; the composeMO ¢ (« = B, C, and N states of the composed (B and N) chains. The N atom produces
chains andi = 1—4) changes its ownt MO state ¢/, in the lower 2 on-site energy, and the B atom produces the higher
accordance with the atomic on-site energies of B-, C-, and one. Therefore, the constituent MO of ¢} is energetically
N-replaced atoms:( < ec < eg). The other is that the individual  close to that ofp5, and a slightly complicated hybridization
7 MO coefficient freely changes not only its value but also its  gccurs. The HOMO state includes the bonding nature between
sign becaqse of th@s point group symmetry. Ne\{ertheless, one 8 andq&? states in addition to the antibonding nature between
should notice that the o_btalne_rd MOs can be basically understood¢§ andg) states, and the LUMO state consists of antibonding
by the bonding or antibonding between the decomposed two B N

between thep, and ¢, states. Thus, although theelectron

chains of the N chain and/or the B chain. ) . .
number is conserved to be 8@arFQDM/BN, one can find some

a. 0-QDM/BN.We show the resulting RHE MOs for singlet . - . )
0-QDM/BN in Figure 16a. The typical bonding and antibonding difference in the orbital nature of the frontier states, HOMO
(@5M) or LUMO (®2"), from those ino-QDM.

hybridization between constituent M@& and¢!" is found in
the resultingd?", ®5", and®5". The symmetry lowering due When the restriction of the. and 8 orbitals in the HOMO

to the heteroatom replacement causes only a numerical differ-state is removed (ROHF singlet state), a redistribution of
ence in the resulting orbital coefficients. On the contrary, the electrons is also found, but the resulting patterns are different
HOMO and LUMO are different from those foo-QDM, from those found i-QDM; an electron localizes at the different
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Figure 19. Resulting Ars values for the four heteroatom-replaced
0-QDM isomers. These values are obtained by the CASSCF/6-31G**
calculations. On the horizontal axis, we show the difference in the
HOMO and HOMO-1 orbital energies obtained from ROHF/6-31G**
calculations.

exocyclic atom in accordance with the difference in the spin
(Figure 16b). Moreover, the symmetry lowering due to B and
N heteroatom replacement diminishes the NBMO-like character

in these HOMO states and removes the accidental degeneracy.

However, similar to theo-QDM case, the ROHF calculation

also estimates the higher total energy (by 0.004 au) as well as
the destabilized HOMO state compared with those obtained from

the RHF calculation. In Figure 16c, we also show the MO states
for the triplet spin arrangement obtained by the ROHF calcula-
tion. One can find the common correspondence in which the
resulting ®; and ®j respectively correspond to the LUMO
and HOMO obtained by the RHF calculation.

The s MO states obtained by the UHF/6-31G** calculation
(Figure 17) are further complicated but basically understood
by the similar orbital mixing between the two composed chains.
The doubly occupied UHF-MOSIC?) ) completely coincide

with those RHF- and ROHF-MO states. The energetic approach

between the constituent MOs @ and ¢5 similarly causes
additional orbital mixing. Thus, for the spin orbitals, additional
bonding is added t®{-,, and antibonding character is induced
in @ (Figure 17a). Furthermore, one can find that a larger
HF gap opens between the HOMO and LUMO states in the
UHF calculation because the “complete” nonrestriction for the
opposite spins stabilizes the individual MO remarkably com-
pared with those obtained by the ROHF calculation. It is also
characteristic that the UHF result shows a larger energy
difference between the HOMO and HOMO-1 compared with
that obtained from the ROHF result.

b. 0-QDM/BB and 0-QDM/NNTwo B-atom replacements
in 0-QDM/BB reduce the total number afelectrons from those
of 0-QDM by 2. Therefore, the RHF-HOMO of the singlet
0-QDM/BB (®F2,0) is expected to correspond to the third
RHF-MO of 0-QDM (®$, Figure 15a) or ofo-QDM/BN
(@5V, Figure 16a). However, the resultidefe,,, corresponds
rather to®5° (or ®5") as shown in Figure 18a. This is because
the nested relation between two MOs®} and ®3 found in
0-QDM (and 0-QDM/BN) is resolved ino-QDM/BB because
of the change in the atomic on-site energies from the N to the
B atom. On the contrary, the RHF-LUMO state corresponds
well to the CDEC state, except for a slight discrepancy in the
resulting coefficients.

The nonrestriction of the. andg spin orbitals in the HOMO
state of the singlet-QDM/BB (ROHF) causes the redistribution
by which the resultingbs and @7 orbitals are similar to those
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Figure 20. ResultingArs values for the heteroatom-replaced isomers
of the (a) ortho type, (b) para type, and (c) meta type. These values are
obtained from CASSCF/6-31G** calculations.

of the RHF-HOMO and -LUMO, respectively. This feature is
in contrast to those im-QDM or 0-QDM/BN, in which the
HOMO and HOMO-1 of the ROHF result are completely
different from the LUMO and HOMO of the RHF result. In
the triplet state, on the contrary, common correspondence is
conserved between the ROHF-HOMO and RHF-LUMO and
between the ROHF-HOMO-1 and RHF-HOMO. A considerably
uniform redistribution in these two states induces a larger
exchange term.

The two N-atom replacements mQDM/NN increase the
total number ofr electrons by 2. Therefore, the RHF-HOMO
@0 Of the singlet--QDM/NN is expected to correspond to
the RHF-LUMO (@5©) of the singleto-QDM (or ®2M). This
feature is confirmed by the bonding character between the two
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Figure 21. ResultingArs values for the naphthalene-typeconjugated
system in which twox spin holes are bored by the two B-atom

replacements. Values are obtained from CASSCF/6-31G** calculations.

¢§ MOs, although their values and the sign of the MO
coefficients are slightly varied. We also find that the RHF-

LUMO state basically corresponds to the antibonding state

between these twg} MOs. The nonrestriction for the and3

spin orbitals in the HOMO state (ROHF) of the singleQDM/

NN causes an exceptional redistribution (Figure 18b). The
correspondence between the ROHF-HOMO and RHF-LUMO
is small, but that between the ROHF-(HOMO-1) and RHF-
HOMO is not found anymore. In Figure 18, we also show the
resulting UHFz MOs both foro-QDM/BB (a) ando-QDM/

NN. The characteristic correspondence of the UHF-HOMO and
-HOMO-1 states with the RHF-LUMO and -HOMO is also
recognized.

Appendix B. z-Electron Correlation Induced by the &
Spin Hole and Spin Cap

How does ther-electron correlation induced by thespin

J. Phys. Chem. A, Vol. 108, No. 12, 2002303

type isomers (Figure 19). A significant similarity is found
between those results obtained by the CASSCF and ROHF
calculations (Figure 11b); with an increasing number @&fpin

caps (replaced N atoms), these isomers prefer to be a singlet
stable phase. A peculiar change to the singlet stable phase is
also found foro-QDM/NN. This similarity is quite natural
because the CASSCF calculation is based on the linear
combination of the ROHF Slater determinants while changing
their electron configurations. Thus, in the CASSCF scheme, the
mr-electron correlation is reduced as a positive but uniform shift
in Ars values. Paradoxically, this uniformity indicates an
indistinguishability between the spin hole and spin cap: An
analogouss-electron correlation occurs within the present
CASSCF scheme, independent of the difference in the present
s spin-hole (B) andr spin-cap (N) species. Moreover, the
resulting positive shift oArs~ 0.02 au by the present CASSCF
calculation leads alb-QDM isomers to favor a singlet stable
phase.

On the basis of these CASSCF features, we can discuss our
calculated energy differencesrs for (a) o-, (b) p-, and (c)
m-QDM isomers as shown in Figure 20. Theelectron
correlation by the present CASSCF/6-31G** calculations re-
moves the triplet spin stable phase from ortho and para isomers.
The three characteristic spin phases appear in meta isomers only.
However, one should carefully reach this conclusion. As
mentioned in Figure 19, the CASSCF calculation caus&sgsa
shift including some drawbacks. They are generated by the
unreliable stabilization of the occupied MO states based on the
ROHF scheme because all of the MOs except for the HOMO
are still restricted. Thus, some treatments beyond the CASSCF
approach (e.g., the full-Cl approach, etc.) should be carried out
for a more accurate discussion.
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and that the Ising spin approximation is valid. Thus, the spin components electron MO states induced by the bonding and/or antibonding nature is so
ScandS, causing the nondiagonal elements are ignored in the Hamiltonian, significant in 0-QDM as to overcome this interelectron destabilization.
and eq 3 is obtained. Consequently, one can also find that this type of stabilization in the one-
(21) An exchange integral between two adjacemectrons should be electron MO leads to a stabilization in the total energy; the result by the
negative so as to arrange thaielectron spins antiparallel in the valence  present RHF/6-31G** calculation is 0.002 hartree lower than that by the
bond scheme. ROHF/6-31G** calculation.
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