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Electronic structures of cationic states (2+ and 3+) of 1,3,5-triazine (TA) and its derivative hexahydro-1,3,5-
triazine (HTA) are discussed with the ab initio molecular-orbital method including the electron correlation
by the Møller-Plesset (MP) perturbation treatment. It has been found thatσ-radical spins give rise to low-
and high-spin states in both TA and HTA. The present calculation at the MP3 level predicts that the spin
multiplicity of the ground state of dicationic TA is a high-spin state triplet while that of tricationic TA is a
doublet. On the other hand, low- and high-spin states are almost degenerate in both the dicationic and the
tricationic states of HTA. This result will hopefully lead to the discovery of a high-spin state occurring from
σ-radical spins in molecules containing heteroatoms as the spin accommodators.

1. Introduction

Ferromagnetism was not expected to exist in compounds
consisting only of light elements such as carbon, hydrogen,
oxygen, and nitrogen.1 However, since the first organic
ferromagnet was reported by Kinoshita et al. in 1991,2 much
attention has been paid to the chemistry of high-spin molecules
and to the search for the possibility of the organic ferromagnetic
materials. Extensive work3-7 has focused on the design of high-
spin molecules as the first step to obtain organic ferromagnets.

In general, high-spin molecules haven-fold degenerate or
quasi-degenerate singly occupied molecular orbitals (SOMO’s),
and therefore, their ground states will be of a high-spin state in
which the total spin quantum number (S) is equal ton/2 by
application of Hund’s rule. In addition to this basic rule, Borden
and Davidson have proposed that it is useful for understanding
the spin configuration of the ground state of the diradical to
classify it into two types according to whether its nonbonding
MO’s (NBMO’s) are confined into disjoint or nondisjoint sets
of atoms in terms of the electron correlation.8 Most of the high-
spin molecules discovered belong to non-Kekule´ π-conjugated
hydrocarbons (occasionally containing heteroatoms),9,10 and
these molecules have been well-investigated theoretically.11 For
example, the electronic structure of the trication triradical of
1,3,5-tris(diphenylamino)benzene (TDAB) and its derivatives
have been studied experimentally10 and theoretically,11 the
ground state of TDAB3+ being confirmed to be a quartet state.

Meanwhile, several ferromagnetic organic amorphous materi-
als prepared by pyrolysis12-14 or chemical vapor deposition
(CVD)15-18 have been reported. Some of these materials have
been mentioned to haveσ-spin radicals for their ferromagnetic
origin and not to belong to the class of the above-mentioned
non-Kekuléπ-conjugated compounds.17 However, these seem
to suffer from poor reproducibility of the ferromagnetic fraction
and, especially, incomplete characterization. Recently, a pro-
totypical system of nonconjugated hydrocarbons has been
preliminary studied by the semiempirical MO method dealing
with the spin interaction,19 although the geometry optimizations
were carried out with the constraint to high symmetry and the

effect of Jahn-Teller distortion to the low-spin state was not
taken into account. Nonetheless, such a system is intriguing in
that it could form a new class of organic ferromagnetic materials
and is worth investigating.

From this point of view, a study on the electronic structures
of cationic radicals of heterocyclic compounds withoutπ-con-
jugation would be also of interest as a model in order to
investigate the spin interaction in a nonconjugated system. In
the present article, we report the ab initio MO investigation of
cationic states of 1,3,5-triazine (TA) and hexahydro-1,3,5-
triazine (HTA), shown in Figure 1, based on the Møller-Plesset
(MP) perturbation theory, in order to clarify the electronic
structures of the cationic states and, in particular, to predict the
spin multiplicity of each ground state. Although there have been
several theoretical studies on TA20,21 and HTA,22 to our
knowledge, the investigation on di- and tricationic species has
not been carried out. In these molecules, nitrogen atoms are
expected to stably accommodate the radical spins; furthermore,
comparison of the nature of the spins in TA and HTA would
be also of interest. The role of the methylene groups in HTA
as the ferromagnetic coupling units is also discussed.

2. Method of Calculation

First, let us express neutral, dicationic closed-shell singlet,
dicationic open-shell singlet, dicationic triplet, tricationic dou-
blet, and tricationic quartet states of HTA in terms of HTA0,
1HTA2+, 1HTA2+ (OSS), 3HTA2+, 2HTA3+, and 4HTA3+,
respectively, for simplicity. Similar notations are used for TA
as well. For the calculation of these spin-state problems, the
CAS (complete active space) SCF method is probably the most
suitable procedure. In the present calculations, however, this
method failed to give the geometry optimized results due to
the convergence problem. Hence, the geometry optimizations
were carried out for these states at the unrestricted Hartree-
Fock (UHF) level using the 6-31G* basis set. It is well-known
that difficulty occurs when using the UHF method for Jahn-
Teller distortion in the open-shell compounds with degenerate
MO’s, such as, e.g., cyclopropenyl radical,23 because of spin
contamination. On the other hand, the spin contaminations for
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the present systems were estimated to be quite low, as described
in a later section. Furthermore, according to ref 24, the UHF
method affords better geometries for high-spin molecules than
the ROHF method does. Therefore, the UHF method would
be pertinent to the present systems.

In this study, to complement our results, the electron
correlation was included by means of the MP perturbation
scheme (MP2 and MP3/6-31G*) in addition to the UHF/6-31G*
calculations, since the MP perturbation method has been
successfully applied to the Jahn-Teller distortions of benzene
cations,25 ammonia cation,26 methoxy radical,27 and substituted
cyclopentane cations.28 All of the calculations in the present
study were carried out with the Gaussian 94 program.29

3. Geometry Optimization of TA and HTA

3.1. TA. Typical structural parameters in the optimized
structures of the neutral and several cationic TA molecules are
listed in Table 1. First, to include a static Jahn-Teller effect
on each of the cationic states, we carried out those optimizations
under the constraint ofC2V symmetry, except for TA0 and
1TA2+ (OSS). The optimized structure of TA0 is planar and
3-fold symmetric, i.e., of fullD3h symmetry (Table 1). For
1TA2+ (OSS), we adopt the geometry optimization under the
constraint of theCs symmetry because we consider that the
molecular structure of1TA2+ (OSS) cannot retain a higher
symmetry like3TA2+ by application of the Hund’s rule. Among
those structures optimized under the constraint ofC2V symmetry,
however, 3TA2+ and 4TA3+ are very likely to haveD3h

symmetry. Both in1TA2+ and2TA3+, we obtained two kinds
of optimized structures, labeled I and II. The raison d’eˆtre of
these two kinds of structures and the lowest lying states of1-
TA2+ and 2TA3+ will be discussed in detail in the following
section.

Surprisingly, in1TA2+ (I), the atomic distance between N1
and N3 becomes considerably shorter, only 1.512 Å, and there
seems to be a bonding nature between these two atoms.
According to the full Mulliken population analysis, pσ-pσ bond
population is equal to 0.203 whereas the total atomic bond
population is 0.093. Therefore, the bonding nature between N1
and N3 is almost of a pureσ-type.

3.2. HTA. Selected structural parameters in the optimized
structures of the neutral and several cationic HTA molecules
are listed in Table 2 with their characterizations. By the same
reason as that in TA, the geometry optimizations were carried
out under the constraint ofCs symmetry for1HTA2+ (OSS),
3HTA2+, and 2HTA3+ and of D3h symmetry for1HTA2+ and
4HTA3+. It has been found that the triazine rings of1HTA2+

and4HTA3+ are planar, whereas HTA0, 3HTA2+, and2HTA3+

are nonplanar. Specifically, the ring of HTA0 is of a chair type

and3HTA2+ is of a boat type. The ring of2HTA3+ is almost
planar but slightly warped into a boat shape. The optimized
bond lengths in the high-spin states of HTA2+ and HTA3+ are
longer than those in the low-spin states. This is more remark-
able in3HTA2+; each bond length and the N-N distances are
considerably different from those of1HTA2+.

4. Spin Contamination and Quality of Calculations

In general, a UHF function is contaminated by higher
multiplicity components as a result of different spatial orbitals
for different spins. When these are quite large, it is impossible
to compare the energies of those open-shell states directly. From
this point of view, attention must be paid to the quality of the
present UHF calculations. In Table 3 are listed the calculated
energies and the expectation values of the total spin operator
〈S2〉 at the UHF level. Note that two or three low-lying
electronic structures are found to exist in1TA2+, 2TA3+, and
1HTA2+.

Let us consider here the spin contamination of cationic TA,
except the open-shell singlet state1TA2+ (OSS) which we will
discuss in detail with1HTA2+ (OSS) at the end of this section.
The calculated〈S2〉 values for2TA3+ (I), 2TA3+ (II), 3TA2+,
and 4TA3+ are 0.841, 1.012, 2.185, and 3.920, respectively,
while the 〈S2〉 values for pure doublets, triplets, and quartets
are 0.75, 2, and 3.75, respectively (Table 3). Here, assuming
that only S′ ) S + 1 is the spin contamination, the spin
contamination ratioR30 defined by

where

is estimated to be ca. 3.0%, 8.7%, 4.6%, and 3.4%, respectively,
for 2TA3+ (I), 2TA3+ (II), 3TA2+, and4TA3+. These weights
are rather small, so that the UHF calculation energy of each
state is regarded to be approximately correct. In this sense, the
energies of2TA3+ (I) and 2TA3+ (II) can be compared, shown
in Table 3, giving the lowest lying state as2TA3+ (II).

On the other hand, the〈S2〉 values for2HTA3+, 3HTA2+, and
4HTA3+ were 0.893, 2.001, and 3.751, respectively, so the spin
contamination is nearly negligible for triplets and quartets.
Assuming that the contamination in this doublet state also comes
only from the quartet state (S + 1) as in TA, the quartet
contamination ratio in2HTA3+ is estimated to be ca. 4.8%. This
is quite small and therefore, the calculated UHF energy of
2HTA3+ is considered to be approximately correct.

The spin contaminations of1TA2+ (OSS) and1HTA2+ (OSS)
are rather complex: The〈S2〉 values for 1TA2+ (OSS) and
1HTA2+ (OSS) are 0.835 and 0.332, respectively. Hence, the
values of the triplet contamination ratio in1TA2+ (OSS) and
1HTA2+ (OSS) are estimated to be ca. 41.8% and 16.6%,
respectively. These values are quite large, and the calculated
OSS states must involve the corresponding triplet (and/or higher-
spin) state. Therefore, the calculated energies of1TA2+ (OSS)
and1HTA2+ (OSS) should differ from those for the pure OSS
states. Note, however, these OSS species are calculated to be
more unstable than the corresponding triplet states (Table 3).

5. Electronic Structures

5.1. Neutral State. First, let us consider the electronic
structure of the neutral states, TA0 and HTA0, as the reference

Figure 1. Triazine (TA) and hexahydro-1,3,5-triazine (HTA).
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for further discussion. The energy levels of the MO’s near the
highest occupied (HO) MO and their orbital patterns are shown
in Figures 2 and 3, respectively.

In TA0 it is seen that the HOf (HO-2) MO’s are almost
4-fold degenerate. Although forD3h symmetry the degenerate
HOMO’s should be labeled as e′, the labeling forC2V symmetry
is also shown in Figure 2 for the purpose of discrimination
between these MO’s. Note that the HO and (HO-4) MO’s,
labeled e′ and a1′, respectively, haveσ character, in contrast
with those of benzene havingπ character. The present HO
and (HO-4) MO’s can be regarded as nonbonding (NB)
MO’s, mainly originating from the nitrogen lone pairs. On
the other hand, it is found that the HOf (HO-2) MO’s of

HTA0 in Figure3 are almost 3-fold degenerate, and these can
also be regarded as NBMO’s, again composed of the nitrogen
lone pairs.

5.2. Cationic States. First, let us consider the electronic
structures of cationic TA species compared with that of TA0.
The frontier MO patterns of all the cationic TA’s are quite
similar to the corresponding ones of TA0, and therefore, the
labels for the MO in Figure 2 are employed for the following
discussion.

Closed-shell1TA2+ species would be expected to have e′(a1)
or e′(b2) as the HOMO, and hence, two kinds of electronic
structures are expected in1TA2+. In fact, two optimized
structures (1TA2+ I and II) were obtained (see Table 1).3TA2+

TABLE 1: Optimized Structures and Their Bond Lengthsa of TA Species at the UHF/6-31G* Level

TA0 1TA2+ (I)b 1TA2+ (II) c 1TA2+ (OSS) 3TA2+ 2TA3+ (I)d 2TA3+ (II) e 4TA3+

shape of triazine ring planar planar planar pseudoplanar planar planar planar planar
point group D3h C2V C2V Cs D3h C2V C2V D3h

state 1A1′
1A1

1A1
1A′′ 3A2′

2A1
2B2

4A2′

C1-N1 1.318 1.290 1.319 1.328 1.327 1.317 1.330 1.339
N1-C2 1.318 1.348 1.320 1.309 1.327 1.338 1.333 1.339
C2-N2 1.318 1.314 1.305 1.329 1.327 1.350 1.330 1.339
N2-C3 1.318 1.314 1.305 1.329 1.327 1.350 1.330 1.339
C3-N3 1.318 1.348 1.320 1.309 1.327 1.338 1.333 1.339
N3-C1 1.318 1.290 1.319 1.328 1.327 1.317 1.330 1.339
N1-N2 2.345 2.195 2.073 2.208 2.197 2.071 2.149 2.182
N2-N3 2.345 2.195 2.073 2.208 2.197 2.071 2.149 2.182
N3-N1 2.345 1.512 2.326 2.217 2.197 1.449 2.192 2.182

a The numbering of the carbon and nitrogen atoms correspond to those of Figure 1.b The more stable form where the HOMO belongs to e′(a1)
of TA0 (see text).c The HOMO belongs to e′(b2) of TA0 (see text).d The SOMO belongs to e′(a1) of TA0 (see text).e The more stable form where
the SOMO belongs to e′(b2) of TA0 (see text).

TABLE 2: Optimized Structures and Their Bond Lengthsa of HTA Species at the UHF/6-31G* Level

HTA0 1HTA2+ 1HTA2+ (OSS) 3HTA2+ 2HTA3+ 4HTA3+

shape of triazine ring nonplanar (chair-type) planar nonplanar (boat-type) nonplanar (boat-type) pseudoplanar planar
point group Cs D3h Cs Cs Cs D3h

state 1A′ 1A1′
1A′′ 3A′′ 2A′′ 4A1′′

C1-N1 1.449 1.389 1.443 1.460 1.465 1.470
N1-C2 1.454 1.389 1.439 1.500 1.462 1.470
C2-N2 1.444 1.389 1.476 1.414 1.461 1.470
N2-C3 1.444 1.389 1.476 1.414 1.461 1.470
C3-N3 1.454 1.389 1.439 1.500 1.462 1.470
N3-C1 1.449 1.389 1.443 1.460 1.465 1.470
N1-N2 2.387 2.355 2.372 2.311 2.418 2.423
N2-N3 2.387 2.355 2.372 2.311 2.418 2.423
N3-N1 2.350 2.355 2.123 2.380 2.410 2.423

a The numbering of the carbon and nitrogen atoms correspond to those of Figure 1.

TABLE 3: Calculated Energies and Expectation Values of
the Total Spin Operator 〈S2〉 at the UHF Level

energy (UHF)/hartreeErel
a/kcal‚mol-1 〈S2〉b

1TA2+ (I) -277.7246 +47.88 0 (0)
1TA2+ (II) -277.6815 +74.92 0 (0)
1TA2+ (OSS) -277.7751 +16.19 0.835 (0)
3TA2+ -277.8009 0 2.185 (2)
2TA3+ (I) -276.9345 +40.85 0.841 (0.75)
2TA3+ (II) -277.0063 -4.20 1.012 (0.75)
4TA3+ -276.9996 0 3.920 (3.75)
1HTA2+ -281.3376 +74.61 0 (0)
1HTA2+ (OSS) -281.4412 + 9.60 0.332 (0)
3HTA2+ -281.4565 0 2.001 (2)
2HTA3+ -280.8023 -0.25 0.893 (0.75)
4HTA3+ -280.8019 0 3.751 (3.75)

a Energy relative to the corresponding high-spin state, where the
positive value signifies the instability.b In parentheses is shown the
value for the pure multiplet state.

Figure 2. Energy levels and patterns of the frontier MO’s of TA0.
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(or 1TA2+ (OSS)) would be expected to have both e′(a1) and
e′(b2) as the SOMO’s, electron spins in which triplets (or open-
shell singlets) would form. As shown in Table 1, the electronic
state of1TA2+ (I) is 1A1. The HOMO pattern of1TA2+ (I) is
represented by e′(a1), whose pattern clearly shows the above-
mentionedσ-type bonding nature between N1 and N3 being
directly reflected in the considerably shorter atomic distance.
A quite similarσ-type bonding nature has been observed in 1,3-
didehydrobenzene (m-benzyne) both experimentally31 and theo-
retically.32 On the other hand, the electronic state of3TA2+ is
3A2′, as listed in Table 1, and itsR-SOMO patterns are similar
to those of e′(a1) and e′(b2). Since these SOMO’s are consider-
ably spin-correlated with theσ-type a1′ orbital rather than the
π-type e′′ ones due to the strong exchange interaction, the
highest occupiedâ-SOMO is of a1′ symmetry in 3TA2+.
Moreover, we can expect that theR-SOMO’s of4TA3+ consist
of e′(a1), e′(b2), and a1′.

Furthermore,2TA3+ would have a SOMO whose pattern is
like that of e′(a1) or e′(b2) of TA0 in Figure 2, and hence, as
listed in Table 1, there can be two kinds of electronic structures,
2TA3+ (I) and (II) similar to 1TA2+. The electronic state of
2TA3+ (II) is 2B2, and its SOMO pattern is similar to that of
e′(b2) (σ-type) of TA0. On the other hand, the electronic state
of 4TA3+ is 4A2′, and the patterns of the three SOMO’s are
similar to those of e′(a1), e′(b2), and a1′, as expected from the
electronic state of3TA2+.

In cationic HTAs other than3HTA2+, their MO patterns near
the HO level, shown in Figure 4, are of pseudo-π-type and rather
different from those of HTA0. With respect to3HTA2+, it is
found that the SOMO’s are almost 2-fold degenerate NBMO’s
(see Figure 4a). The energy levels of theπ-type MO’s and
their orbital patterns of1HTA2+ are extracted in Figure 5. It
should be mentioned that this clearly indicates that there are
10 π-electrons, conforming to the Hu¨ckel’s rule with the aid of
the hyperconjugation on the methylene groups. Because of this
pseudoaromaticity, the optimized structure of1HTA2+ would
favor a planar triazine ring and shorter bond lengths (see Table
2).

5.3. Effects of Electron Repulsion in Dicationic States of
TA and HTA. As mentioned above, the classification of
diradicals into two types depending on whether their NBMO’s
can be confined to disjoint sets of atoms provides a useful basis
for understanding the electronic properties. It has been proposed
that by consideration of the effect of electron repulsion, the
triplet is relatively stabilized at the SCF level when two singly
occupied (SO) NBMO’s of the triplet state are nondisjoint
compared with each other.8

First, let us consider the SOMO’s of3HTA2+ in Figure 4a,
which clearly shows that their patterns are of a nondisjoint type.
From this point of view, it can be understood that, as shown in

Table 3, the energetic state of3HTA2+ lies well below that of
1HTA2+ at the UHF level.

On the other hand, the SOMO patterns of3TA2+ correspond
to those of e′(a1) and e′(b2), as discussed in the previous section.
Those SOMO’s are degenerate, and their patterns seem to be
of a nondisjoint type. Hence, as shown in Table 3, it is plausible
that the energetic state of3TA2+ again lies well below that of
1TA2+ at the UHF level, similar to HTA.

Figure 3. Energy levels and patterns of the frontier MO’s of HTA0.

Figure 4. Energy levels and patterns of the frontier MO’s of (a)
dicationic states,1HTA2+ and3HTA2+ and (b) tricationic states,2HTA3+

and4HTA3+. Note that3HTA2+ and2HTA3+ are nonplanar.

Figure 5. Energy levels and orbital patterns of theπ-type MO’s of
1HTA2+.
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6. Magnetic Interaction Due to the Spin Correlation

6.1. Spin Polarization and Through-Bond Interaction.
The calculated total atomic spin densities together with the
π-spin densities on the carbon and nitrogen atoms of the TA
and HTA series are listed in Tables 4 and 5, respectively. The
atomic spin densities on the hydrogen atoms that are smaller
by more than 1 order of magnitude are not listed here. There
is a partial spin polarization on the ring, where large positive
spin densities are mainly localized on the nitrogen atoms and
negative ones on the carbon atoms. In the high-spin states
(triplets and quartets), polarization of the spin densities are
clearly seen, which ought to contribute to the ferromagnetic
interaction between the spins on the nitrogen atoms. That is,
the through-bond ferromagnetic interaction would exist in
triplets and quartets of TA and HTA.

6.2. Estimation of Through-Space Interaction. In open-
shell TA species, rather large spin densities on the nitrogen
atoms are of aσ-type from theσ-type SOMO’s such as e′(a1)
and e′(b2) shown in Figure 2 while more than one-half of the
value of these spin densities on the carbon atoms are ofπ
character (Table 4). It should be mentioned that since SOMO’s
of these species areσ-type, theseπ-spin densities are considered
to be induced by theσ-electrons of the SOMO’s. The values
of the π-spin densities on the nitrogen atoms are almost the
same as those on the carbon atoms. Hence, these open-shell
cationic TA species are considered as aσ-π mixed-spin system
being, in a sense, similar to that of a polycarbene.33 Note that
although the total spin densities in4TA3+ become larger
compared with3TA2+, the distribution of theπ-spin densities
is similar in these two species. In other words, theσ-spin
densities mainly increase in changing from3TA2+ to 4TA3+.

Due to the facility of overlapping, the through-space interac-
tion between the pσ-type spins is larger than that between the
pπ-type ones. Thus, the N1-N3 pσ-type spin interaction in
the e′(a1) SOMO of3TA2+ would bring about a certain instability
to the system from its through-space magnetic interaction.
However, as mentioned above, the stabilization of3TA2+ is in
turn expected from the through-bond magnetic interaction of

pπ-type spins due to the usual spin polarization. Thus,3TA2+

is considered to intrinsically have these two kinds of magnetic
interactions and, in total, is finally stabilized by the pπ-type
through-bond interaction including the carbon atoms. On the
other hand, it is considered that4TA3+ has a more serious
instability from the through-space interaction among the nitrogen
atoms than3TA2+ while there would not be such a large
difference in the stability from the through-bond interaction
between3TA2+ and4TA3+.

In open-shell HTA species, the gross orbital population
analysis suggests that these spin densities on the nitrogen atoms
are of a pseudo-π-type except those in3HTA2+. Therefore, it
is expected that there is a small contribution of the through-
space interaction among the nitrogen atoms to the instability of
2HTA3+ and4HTA3+ compared with TA.

On the other hand, the case of3HTA2+ is very unique.
3HTA2+ has two nitrogen atoms (N1 and N3) on which large
spin densities are localized. The two amino groups containing
the N1 and N3 atoms adopt locally “planar” conformations, as
illustrated in Figure 6. According to the gross orbital population,
the spin-bearing atomic orbitals on these nitrogen atoms are
mainly of aπ-type with respect to each plane. However, it is
considered that the interaction between the pπ orbitals on these
nitrogen atoms are not so strong compared with the pure pπ-
pπ interaction, and hence, the contribution of the through-space
magnetic interaction in3HTA2+ could become larger than that
in the usualπ-conjugated planar system.

7. Spin Multiplicity of Each Ground State

The calculated energies for the different spin states of the
cationic states of TA and HTA at the MP2 and MP3/6-31G*
levels are listed in Table 6. It is seen that the third-order
perturbation gives larger stabilization (or destabilization) ener-
gies of the higher-spin states.

TABLE 4: Total Atomic and π-Spin Densitiesa of TA
Species

3TA2+ 2TA3+ (II) 4TA3+

total π total π total π

C1 -0.567 -0.384 -0.270 -0.139 -0.616 -0.397
N1 1.198 0.387 1.171 0.167 1.564 0.402
C2 -0.567 -0.384 -0.111 -0.089 -0.616 -0.397
N2 1.198 0.387 -0.893 -0.010 1.564 0.402
C3 -0.567 -0.384 -0.111 -0.089 -0.616 -0.397
N3 1.198 0.387 1.171 0.167 1.564 0.402

a The π-spin density is defined as the summation of the 2pπ and
3pπ spin densities.

TABLE 5: Total Atomic and π-Spin Densitiesa of HTA
Species

3HTA2+ 2HTA3+ 4HTA3+

total πb total pseudoπ total π

C1 -0.229 -0.221 -0.057 -0.227 -0.057
N1 1.139 1.118 0.917 1.132 0.925
C2 -0.103 -0.001 -0.000 -0.227 -0.057
N2 0.003 -1.104 -0.911 1.132 0.925
C3 -0.103 -0.001 -0.000 -0.227 -0.057
N3 1.139 1.118 0.917 1.132 0.925

a The π-spin density is defined as the summation of the 2pπ and
3pπ spin densities.b Cannot be determined due to nonplanar triazine
ring.

Figure 6. Schematic representation of the configuration of pπ orbitals
on nitrogen atoms of3HTA2+.

TABLE 6: Calculated Energies at the MP2 and MP3/6-31G
Levels

MP2 level MP3 level

energy/
hartree

Erel
a/

kcal‚mol-1
energy/
hartree

Erel
a/

kcal‚mol-1

1TA2+(I) -278.5703 -278.5666
3TA2+ -278.5784 -5.08 -278.5926 -16.32 (more stable)
2TA3+(II) -277.7037 -277.7402
4TA3+ -277.6629 +25.60 -277.7069 +20.90 (less stable)
1HTA2+ -282.2893 -282.3007
3HTA2+ -282.2457 +27.36 -282.2994 +0.82 (less stable)
2HTA3+ -281.5530 -281.6127
4HTA3+ -281.5495 +2.20 -281.6098 +1.82 (less stable)

a Stabilization energy of the high-spin state compared with the
corresponding lower-spin state.
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The singlet-triplet energy splitting∆ES-T of TA2+ by UHF/
6-31G* is 47.88 kcal/mol (cf. Table 3), which is reduced to
16.32 kcal/mol after the MP3 correction, predicting that the
ground state of TA2+ is a triplet, probably due to the nondisjoint
type of SOMO’s. There can be two reasons for this reduction:
(i) a pσ-pσ through-space magnetic interaction mentioned
above causes a certain amount of instability in3TA2+ and (ii)
the excited singlet state of1TA2+ becomes relatively stable due
to the two kinds of locally optimized structures (I and II), as
listed in Table 1, or in other words, a meta-stable excited state
1TA2+ (II) could make some contribution to stabilization. From
Table 6, the ground state of TA3+ is suggested to be a doublet,
with the doublet-quartet energy splitting∆ED-Q being 20.83
kcal/mol at the MP3/6-31G* level while 4.20 kcal/mol at the
UHF/6-31G* level (cf. Table 3). This difference could be due
to inclusion of the through-space magnetic interaction in the
MP3 correction as discussed above.

On the other hand, the values ofErel for HTA2+ and HTA3+

at the MP3 level, suggest that there are no remarkable
differences (less than 2 kcal/mol) in the energies between the
high- and low-spin states. This signifies that the high- and low-
spin states will be almost degenerate in these species. As
discussed in the previous section, there should be a large
contribution to the stability in3HTA2+ by means of the effect
of the electron repulsion and through-bond interaction. How-
ever, inclusion of the MP3 level stabilizes the pseudoaromatic
system of1HTA2+ due to the configuration interaction of double
excitation to the lowest unoccupied (LU) MO, making1HTA2+

and3HTA2+ almost degenerate.
Extending the discussion to dications3TA2+ and 3HTA2+,

4HTA3+ should be stabilized by the electron repulsion effect,
since the SOMO patterns are of a nondisjoint type (Figure 4).
However, the structure of2HTA3+ is optimized under a lower
symmetry constraint (Cs) in order to include the static effect of
the Jahn-Teller distortion as described above, and hence, there
might be a slight stability occurring from the slight distortion
of the triazine ring in2HTA3+. Because of these complex
factors,2HTA3+ and4HTA3+ would be, indeed, degenerate at
the UHF level. In any case, it is considered that there would
not be large differences between the configuration interactions
in 2HTA3+ and 4HTA3+ based on the MP3 correction and,
consequently, that these two states are predicted to be almost
degenerate at the MP3 level.

8. Concluding Remarks
We have investigated the electronic structures of the neutral

and cationic states of TA and HTA by the MP3/6-31G*

calculations. The values of the energy splitting between high-
and low-spin states vary rather largely by the MP3 correction,
and hence, it is suggested that including the electron correlation
is essential for prediction of the ground states of cationic TA
and HTA species, probably concerning the magnetic stability.
According to the present results, the spin densities are largely
localized on the nitrogen atoms. Clearer spin polarization are
seen in the high-spin states (i.e.,3TA2+, 4TA3+, 3HTA2+, and
4HTA3+), which is expected to contribute to the ferromagnetic
interaction between spins on the nitrogen atoms in the through-
bond manner. In TA, the multiplicity of the ground state of
TA2+ is predicted to be triplet while that of TA3+ a doublet.
Moreover, analysis of the electronic structures indicates that
their spin systems contain bothσ- andπ-type spins.

On the other hand, in HTA, the double-excitation configu-
ration interaction would largely stabilize1HTA2+ having the
pseudoaromatic electronic system and, therefore,1HTA2+ and
3HTA2+ can become almost degenerate at the MP3 level.

2HTA3+ and4HTA3+ are also predicted to be almost degenerate,
probably due to inclusion of the Jahn-Teller effect. These
results strongly suggest that TA2+ turns out to be a good
candidate for the high-spin organic molecule and, moreover,
that HTA2+ and HTA3+ would become candidates ofσ-radical
spin systems with bistability on the spin multiplicity.
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