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Unrestricted density functional calculations with spin-projection procedures have been performed for a series
of m-phenylene-bridged diradicals to investigate the effects of substitution on the singlet-triplet (S-T) energy
gaps and the ground-state multiplicities. Our calculations show that the introduction of electron-donating (or
electron-withdrawing) substituents on 4,6-positions of them-phenylene moiety or on the radical centers, or
on both positions, generally leads to a triplet ground state, although the S-T energy gaps are smaller than
that of the parentm-xylylene diradical to some extent. However, the simultaneous substitution of electron-
donating and electron-withdrawing groups atm-phenylene and radical centers, andVice Versa, will result in
a singlet ground state or a very small positive S-T gap. A perturbative analysis based on the SOMO-
SOMO energy splittings, the spatial distributions of SOMOs, and the population of the spin densities calculated
for the triplet state has been presented to elucidate factors determining the S-T gap and ground-state multiplicity
in studied diradicals.

1. Introduction

Design and synthesis of molecule-based organic ferromag-
netic materials have attracted great attention both experimentally
and theoretically in recent years.1-6 Along Dougherty’s scheme,1,7

magnetic molecules can be divided into two kinds of building
blocks, spin-containing units (SCU), such as organic radicals
or transition metals, and coupling units (CU) that connect spin
sources. Ferro(antiferro)magnetic coupling units (F(A)CU)
stabilize the parallel (antiparallel) configurations of spins
between radical sites, leading to the high (low)-spin ground
states of molecules.

Up to now, the best studied FCU ism-phenylene.8-36 A large
number of works for preparing high-spin organic radicals
through anm-phenylene coupling unit have been carried out.9-22

Many experimental and theoretical investigations on the struc-
tures of spin blocks linked bym-phenylene have shown that
them-phenylene coupler is generally effective for the realization
of high-spin ground states in organic molecules,9-36 not only
for diradical molecules10-12,13a,18a,b,20 but also for poly-
radicals,13b,14-17,19a polyionic radicals,21 and polymer or
dendrimers.19b,26-29 As an example,m-xylylene has attracted
much attention because it is the simplest diradical through
m-phenylene having the triplet ground state.30-36 The origin of
its triplet ground state has been well interpreted in terms of
several different models, such as the first Hund rule, the
Longuet-Higgins rule,37 the Borden-Davidson scheme,38 and
the starred/unstarred topological rule.39 In general,m-phenylene
connects spin carriers ferromagnetically, not only on a pair of

carbon-centered radicals10,30,31 or carbenes11 but also on two
nitrogen-centered radicals,11b on two nitrenes,12 and on two
nitroxyl groups,13 even on two polarons,21c etc.

However, some experimental and theoretical studies indicated
that m-phenylene does not always serve as a ferromagnetic
coupling unit. Conformations of the spin sources or spin
delocalization into substituents could impact the effectiveness
of m-phenylene as a FC or even lead to the loss of ferromagnetic
coupling.24a,40For example, severalm-phenylene-bridged diradi-
cals with heteroatom-based spin carriers such as dinitroxides,41

bisphenothiazine dications,42a and dithioxanthyl dications,42b

have recently been prepared and reported to prefer a singlet
ground state.41,42 These diradicals have been characterized as
having the radical centers significantly twisting out of, even
close to perpendicular to, the phenylene unit due to high steric
hindrance.41-42 Semiempirical UHF-AM142 and ab initio cal-
culations43 indicated that the singlet ground state is attributable
to the orbital interaction between the singly occupied molecular
orbitals (SOMOs) at the two radical centers and theσ andσ*

orbitals of them-phenylene moiety, which results in the lifting
of the degeneracy of two SOMOs. Rajca et al. have synthesized
a series of alkyl-substituted Schlenk hydrocarbons and found
that most of them have robust triplet ground states.18a,bBut one
of them, the 2,4,6-trimethyl-1,3-phenylene-based diradical, was
shown experimentally to have a singlet ground state with a small
S-T energy gap.44 It was believed that spin density in this
diradical may delocalize more readily into the aryl substituents
than the relatively hinderedm-phenylene bridge, leading to a
relatively smaller spin density in the spin coupling unit.

In general, radicals such asm-xylylene are very unstable with
respect to dimerization or reaction with oxygen, so introduction
of substituents atm-phenylene or at radical centers to increase
the kinetic/thermodynamic stability by increasing the steric
hindrance is a common strategy utilized to synthesize stable
high-spin organic radicals by experimental chemists.18-20,22,44

However, the introduction of substituents may diminish the S-T
* To whom correspondence should be addressed. E-mail: shuhua@
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energy difference or even lead to the low-spin ground state.
For example, trimethylenemethane (TMM) is well-known to
have a triplet ground state;45 its derivative with the substitution
of oxygen for one methylene of TMM, oxyallyl (OXA), was
found to have nearly degenerate singlet and triplet states,46 but
the alkyl derivatives of OXA were shown to have unequivocal
singlet ground states.47a The alkyl or heteroatom substitutions
in TMM have been thoroughly investigated theoretically.47b-d

It was found that one of the two SOMOs in the parent diradical
is selectively stabilized by theσ-π interaction; thus the singlet
state is more stabilized than the triplet state, and even becomes
the ground state.35,48

To our knowledge, for them-phenylene-bridged diradical
systems with carbon spin carriers, the effects of introducing
electronic donor or acceptor substituents atm-phenylene moiety
or the radical centers on their magnetic behaviors are still less
studied.18-19,22 Thus, theoretical investigations on substitution
effects on the S-T gaps ofm-phenylene-bridged diradicals will
provide very useful references for experimental chemists. In this
paper we undertake a systematic theoretical study on the effects
of various substituents on the magnetic properties ofm-
phenylene-bridged diradicals. On the basis of the parent diradical
1, we have introduced different donor and acceptor substituents
at 4,6-positions ofm-phenylene or at the radical centers (Figure
1). As given in Figure 1, each studied diradical can be denoted
as R1-B-R2, in which R1 and R2 can be a hydrogen (H), an
electron donor (D), and an electron acceptor (A). For example,
diradicals2-12 are described by H-B-D or H-B-A, and
molecules17, 18 and20, 21 belong to the D-B-A type.

The theoretical method we used in this work is density
functional theory (DFT), which has become the powerful tool
for calculating the electronic structures of radical systems26-29

in recent years. Specifically, the hybrid DFT method, B3LYP,49

is employed. For diradicals in the triplet state, unrestricted
B3LYP (UB3LYP) calculations are performed, and for singlet
diradicals, broken symmetry (BS)50-53 UB3LYP calculations
are carried out, followed by approximate spin projections.52-55

DFT calculations with this approach have been shown to give
the S-T gap values comparable to the results of more elaborate
ab initio MO methods and experimental results for many
systems.53b,c,56-60

2. Method of Calculation

For diradicals, its lowest singlet and triplet states are often
fit to energy levels predicted by a Heisenberg model Hamilto-

nian H ) -2JSa ‚ Sb. Thus the spin-coupling constantJ for
diradicals is related to the singlet-triplet (S-T) energy gap,
∆EST, by ∆EST ) 2J, where∆EST ) ES - ET, ES andET are
the total energies of the pure singlet and triplet states,
respectively. The sign and magnitude ofJ determine the nature
and the strength of magnetic interaction. A positive value ofJ
means a triplet ground state, and thus a ferromagnetic coupling
between two spins. Otherwise, a negativeJ indicates a singlet
ground state, an antiferromagnetic behavior.

As is well-known, for lowest singlet states of diradicals, the
broken symmetry solutions often have lower energies than the
corresponding symmetrical solutions.26-29,57,61 Thus the BS
approach is employed. However, because the BS wave functions
are often spin contaminated by higher multiplicity states, their
energies should be corrected by eliminating unwanted spin
states. There are several schemes for eliminating the spin
contaminations in unrestricted DFT (UDFT) BS solutions, each
of which leads to a procedure for computing spin-coupling
constant J. Two widely used schemes were proposed by
Noodleman51a and Davidson51b (ND), and Yamaguchi (Y) et
al.,52,53 which are respectively given below (we rewrite the
formulas in our notation):

whereEX and〈Ŝ2〉X (X ) BS, T) denote, respectively, the total
energy and the expectation value of the square of the total spin
angular momentum for the broken-symmetry singlet states and
triplet states by UDFT methods, andSmax is from 〈Ŝ2〉T ) Smax

(Smax + 1), the spin size of the UDFT triplet state. In general,
the UDFT triplets are slightly spin-contaminated, whereas the
BS singlet states suffer from larger spin contaminations.
However, the energy gap between the pure singlet state and
the UDFT triplets can be estimated as∆EST ) 〈Ŝ2〉TJ given by
Ginsberg.62 If substitutingJY into this equation, we obtain the
formula independently proposed by Yamaguchi and Houk et
al.54,55by eliminating spin contamination of the BS singlet with
the approximate spin-projection procedure.

Full geometrical optimizations and unrestricted B3LYP
(UB3LYP) calculations have been performed using the GAUS-

Figure 1. Selected molecules (hydrogen atoms are omitted for clarity).

JND )
EBS - ET

Smax
2

(1)

JY )
EBS - ET

〈Ŝ2〉T - 〈Ŝ2〉BS

(2)
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SIAN-98 program63 for triplet and BS singlet states of all studied
molecules. For some molecules with several minimum struc-
tures, we have tried efforts to locate the global minimum
structure for each species. For each structure a frequency
calculation is done to verify whether it is a minimum or a saddle
point. Single-point ROB3LYP calculations at UB3LYP-
optimized geometries for triplets of all selected molecules are
also carried out for analyzing the singly occupied molecular
orbitals. For all atoms in studied molecules, the standard 6-31G-
(d) basis set has been used.

3. Results and Discussion

First, for verifying the reliability of the selected computational
method, we carry out UB3LYP calculations form-xylylene (1),
which has been extensively studied experimentally and
theoretically.28-36 Single-point energy calculations at the
UB3LYP-optimized geometries for1 are also undertaken by
using sophisticated UCCSD method for the purpose of com-
parison. As shown in Table 1, the UB3LYP calculations give
∆EBS-T ) 6.72 kcal/mol for1; after approximate spin projection
we obtain∆EST ) 13.15 kcal/mol, being very close to our
computed value of 13.42 kcal/mol at the UCCSD/6-31G(d)
level. Previous research64 indicated that the spin-projection
procedure overcorrects the singlet energies of diradical species
to some extent, and the true singlet energy lies between the
spin-contaminated and spin-projected singlet energies. So our
calculated values are reasonably comparable to the experimental
value 9.6( 0.2 kcal/mol measured by Wenthold et al.31 Thus,
the combination of the BS UB3LYP approach and approximate
spin-projection procedure is a practical and reliable theoretical
tool for describing the lowest singlet and triplet states of the
selected diradicals.

Figure 2 shows the optimized geometries for the triplet states
of all the molecules. The geometries of the BS singlet states
are very similar to those of the corresponding triplet states, and
thus are not shown for simplicity. As shown in Figure 2, the

parent diradical1 has a planar geometry, and so do the
molecules7, 8, 11, 15, 17, and19. For all other molecules, the
aromatic ring and the two radical centers are almost coplanar,
but in some species substituents twist out of the aromatic plane
at various degrees. Obviously, for each species the optimized
geometry results from the competition betweenπ-conjugation
and steric repulsion. It is well-known thatπ-conjugation favors
a planar structure, but the steric repulsion between them-
phenylene coupler and the substituents, or between adjacent
substituents, tends to introduce the nonplanarity for the molecule.
Due to the competition betweenπ-conjugation and steric
repulsion, the species with larger substituents such as-NO2

and-NH2 at two radical centers usually has several minimum
structures. We have performed full geometry optimizations
starting with different initial structures for these species, and
obtained the global minimum structure for each species, as
displayed in Figure 2. Generally, for species with substituents
at radical centers, the atoms of substituents bonded to the radical
center are out of the aromatic plane to some extent. For example,
at each radical site the nitrogen atoms of two amino groups
twist out of plane by 17.3° and 10.6°, respectively, in species
3, and similar distortions are found for its analogous species
23-26. The nitrogen atoms of two nitro groups at each radical
center of species20 rotate out of plane by 30.0° and 22.9°,
respectively, and similar distortions occur in compounds21and
22. Especially, for species with nitro substituents at two radical
centers, the torsion angle between the NO2 plane and the
aromatic plane is also an important structural parameter. The
smaller the torsion angle is, the stronger theπ conjugation effect
between the NO2 group and the aromatic ring is, and the stronger
the steric repulsion between two NO2 groups is. For instance,
in 12 (C2 symmetry), the torsion angle is about 41° for both
nitro groups at one radical site. Thus theπ delocalization effect
between two NO2 groups and the aromatic ring is significantly
reduced compared to that in the hypothetical planar structure
(which is actually not a minimum structure). Interestingly, the

TABLE 1: Energies (au) of the Triplet States, the Broken Symmetry Singlet States Spin-Coupling ConstantJ (kcal/mol), and
the Singlet-Triplet Gaps ∆EST (kcal/mol) (after Spin Projection) at the UB3LYP/6-31G(d) Level for Selected Molecules

molecules ET (〈S2〉) EBS (〈S2〉) JND JY ∆EST

1 -309.585129 ( 2.0709) -309.574418 ( 1.0123) 6.42 6.35 13.15
1a -308.577985 ( 2.6425) -308.565070 ( 1.0465) 5.62 5.08 13.42
2 -845.452351 ( 2.0432) -845.446104 ( 0.9945) 3.81 3.74 7.64
3 -531.001964 ( 2.0445) -530.994251 ( 0.9951) 4.70 4.61 9.43
4 -466.852243 ( 2.0592) -466.844632 ( 1.0114) 4.59 4.56 9.39
5 -767.680388 ( 2.0590) -767.670686 ( 1.0080) 5.86 5.79 11.93
6 -610.454070 ( 2.0596) -610.443902 ( 1.0067) 6.14 6.06 12.48
7 -706.518686 ( 2.0646) -706.509183 ( 1.0101) 5.72 5.66 11.68
8 -2147.961491 ( 2.0604) -2147.953511 ( 1.0111) 4.81 4.77 9.83
9 -1063.855087 ( 2.0533) -1063.848278 ( 0.9949) 4.13 4.04 8.29

10 -762.856995 ( 2.0635) -762.853092 ( 1.0275) 2.35 2.36 4.88
11 -678.559362 ( 2.0671) -678.554576 ( 1.0143) 2.87 2.85 5.90
12 -1127.532116 ( 2.0590) -1127.525796 ( 0.9942) 3.82 3.73 7.67
13 -420.292151 ( 2.0586) -420.286635 ( 0.8834) 3.33 2.95 6.06
14 -538.630476 ( 2.0614) -538.621940 ( 0.9714) 5.15 4.91 10.13
15 -494.072704 ( 2.0757) -494.063197 ( 0.9809) 5.68 5.45 11.31
16 -718.573627 ( 2.0650) -718.570343 ( 0.8482) 1.98 1.69 3.50
17 -789.276183 ( 2.0367) -789.287311 ( 0.3508) -6.82 -4.14 -8.44
18 -907.605205 ( 2.0507) -907.605732 ( 0.8443) -0.32 -0.27 -0.56
19 -863.011542 ( 2.0775) -863.006062 ( 1.0344) 3.27 3.30 6.85
20 -1238.255780 ( 2.0230) -1238.268236 ( 0.0650) -7.70 -3.99 -8.08
21 -1356.581832 ( 2.0336) -1356.581362 ( 0.8665) 0.29 0.25 0.51
22 -1536.483787 ( 2.0598) -1536.481233 ( 0.9955) 1.54 1.51 3.10
23 -940.007011 ( 2.0208) -940.037964 ( 0.0000) -19.16 -9.61 -19.42
24 -715.505577 ( 2.0301) -715.511004 ( 0.3468) -3.34 -2.02 -4.11
25 -760.042299 ( 2.0446) -760.033248 ( 1.0089) 5.52 5.48 11.21
26 -641.702048 ( 2.0451) -641.696691 ( 0.8718) 3.26 2.87 5.86

a UCCSD/6-31G(d)//UB3LYP/6-31G(d) for1.
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torsion angle between the NO2 plane and the aromatic plane at
the radical centers is found to vary significantly with changing
the R1 substituents. For homologous series20-22, the torsion
angle is 9.9° and 95.8° for 20 with R1 ) NH2, 60.4° and 21.7°
for 21 with R1 ) OMe, 33.7°, and 42.7° for 22 with R1 )
NO2. On the other hand, for species with R1 substituents being
NO2, the NO2 plane also twists out of the aromatic plane by
various degrees. For example, the NO2 plane is out of the
aromatic plane by 30.5° in 22, and by 21.5° in 23.

For all studied molecules, the calculated energies of triplet
states and the BS singlet states, the S-T energy gaps,∆EST,
and the spin-coupling constants,J, are tabulated in Table 1. As
seen from Table 1, the spin contaminations are very low for
triplet states, the deviation of〈Ŝ2〉 from the expectation value
of 2 is at most 0.078, whereas much higher spin contaminations
are obtained for most of BS singlets, with〈Ŝ2〉 ≈ 0.347-1.034,
except17and23,which are almost free of spin contaminations.
Therefore the spin-projection procedure is necessary for elimi-
nating spin contaminations. Because the spin-coupling constants

JND andJY, obtained by schemes 1 and 2, respectively, are very
close to each other, we only useJY to calculate the S-T gap
(∆EST) with Ginsberg’s formula∆EST ) 〈Ŝ2〉TJY.62 HereafterJ
meansJY for convenience.

As shown in Table 1, the calculated results indicate that
molecules of H-B-D and H-B-A types (2-12), or D-B-H
and A-B-H types (13-16), all have triplet ground states
although their spin-coupling constantsJ or S-T gaps are smaller
than that of the parent molecule1. It seems clear that the spin-
coupling constant decreases roughly with the increase of the
strength of donors or acceptors. For example,J value is 6.35
for 1, and it varies from 6.06, 5.79, 4.56, 4.61 to 3.74 with the
donor substituents varying from OH, OMe, CH3, NH2 to NMe2.
For A-B-A (19, 22) or D-B-D (25, 26) types, triplet ground
states with diminishedJ values are also obtained. However, for
push-pull molecules of D-B-A (17, 18,and20), or contrari-
wise A-B-D (23, 24) types, substitutions, in sharp contrast,
lead to singlet ground states or nearly degenerate ground states
(i.e., a very small S-T gap). For molecules such as21, with a

Figure 2. UB3LYP-optimized geometries for the triplet states of all selected molecules.
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very small S-T gap, it might be difficult for the current DFT
method to predict their ground-state spin multiplicities ac-
curately. For example, we carry out calculations on 4,6-
dimethoxy-1,3-phenylenebis(N-tert-butyl nitroxide) and obtain
a very smallJ value (0.097 kcal/mol), but a singlet ground state
was found experimentally (-0.007 kcal/mol in PVC film,
-0.073 kcal/mol for its crystalline form).41b

One may wonder whether the calculated S-T gaps can be
partially understood by the optimized UB3LYP geometries.
Obviously, it is difficult to predict the magnitude or sign of the
S-T gaps for different molecules by only checking their
optimized structures. For example, both15 and17 are planar,
but the S-T gap is 11.31 kcal/mol for15, -8.44 kcal/mol for
17. In 25 and26, the nitrogen atoms of two amino groups at
the radical centers have similar torsion angles, but the calculated
S-T gap in25 (11.21 kcal/mol) differs significantly from that
in 26 (5.86 kcal/mol). Furthermore, even for a given molecule
if the twisting of substituents out of the aromatic plane is less
significant, i.e., the twisting angle is less than 30.0°, the effect
of twisting the substituents on the S-T gap is insignificant.
We have taken two species3 and 12 as two examples to
demonstrate this point. For both species, we have obtained their
corresponding planar structures for both triplet and singlet states
by performing constrained geometry optimizations. The planar
structure of3 is calculated to be 15.33 kcal/mol above the global
minimum 3 shown in Figure 2, but the adiabatic S-T gap is
9.25 kcal/mol, almost identical to that obtained for3 (9.43 kcal/
mol). For 12, its planar structure is 27.99 kcal/mol higher in
energy, but the S-T gap of this planar structure (6.92 kcal/
mol) is very close to that of the structure shown in Figure 2.
Thus, these two cases show that twisting substituents out of
conjugation by some degrees has little effect on the spacing of
the singlet and the triplet state. However, if the substituents at
radical centers areπ-conjugated substituents and they twist
severely out of the aromatic plane, the S-T gap of the
substituted diradical will decrease considerably, as observed by
previous works.24a,40-44 For species12, we also located a local
minimum structure, as displayed in Figure 3. One can see that
this structure is quite different from that of the global minimum
12. In this structure, the right radical center has both nitro groups
planar, but the whole C(NO2)2 moiety is twisting 42° out of
the aromatic plane, and the left radical center is almost coplanar
with the aromatic plane, with one nitro group conjugated and
the other out of conjugation. This structure is 13.83 kcal/mol

higher in energy than that of12, and its S-T gap is calculated
to be only 0.31 kcal/mol, much lower than that in12 (7.67 kcal/
mol). The reason behind this dramatic change is that two
SOMOs in this local minimum (as seen from Figure 3) have a
disjoint topology, whereas two SOMOs in the global minimum
12 are nondisjoint, similar to those in the parent diradical1.
For diradicals, the topological character of two SOMOs is
essential for understanding their S-T gaps, we will delay the
discussions later in the subsequent section. Thus, this example
shows that the severe twisting of substituents out of the aromatic
plane may significantly decrease the S-T gap or even lead to
nearly degenerate triplet and singlet states.

The above analysis shows that for substituted diradicals the
use of the geometrical arguments is not enough for understand-
ing the dependence of the S-T gap on substituents. Now we
focus on a perturbative analysis in terms of molecular orbital
(MO) picture to get some qualitative understanding on the
calculated results. Within the Hu¨ckel molecular orbital (HMO)
theory, the nonbonding molecular orbitals (NBMOs) of1 are
sketched in Figure 4a. These two NBMOs (a2 and b1) are
degenerate and have a nondisjoint topology (some atomic
orbitals (AOs) are shared by both NBMOs). One SOMO has
large coefficients at two radical centers, and relatively smaller
coefficients at 4,6-positions ofm-phenylene, and the other
SOMO has large coefficients at two radical centers and relatively
smaller coefficients at 2-position ofm-phenylene. According
to Hund’s rule and Borden-Davidson’s criterion,38 an open shell
singlet in which one electron occupies each of these NBMOs
in opposite spin is destabilized because of large repulsions on
shared AOs, and thus, a triplet ground state is obtained (hence
NBMOs are singly occupied molecular orbitals, SOMOs). By
performing restricted open-shell B3LYP (ROB3LYP) calcula-

Figure 3. Global minimum structure and one of the local minimum structures for molecule12 in the triplet state. Their SOMOs calculated by
ROB3LYP in the triplet state are also given, respectively.

Figure 4. SOMOs of1 and their energy levels (ε) (au), as well as
SOMO-SOMO energy splittings (∆ε) (au), by (a) HMO and (b)
ROB3LYP.

DFT Study of Substitution inm-Phenylene Radicals J. Phys. Chem. A, Vol. 107, No. 29, 20035577



tions on the triplet state of1, we can obtain a more elaborate
picture of the two SOMOs, as shown in Figure 4b. The two
SOMOs of1 are, of course, not exactly degenerate, but they
are very close to each other, and they are topologically very
similar to those obtained at HMO level.

The introduction of asymmetric perturbations (here the word
“perturbation” means that they do not change the SOMOs’
nodisjoint feature) to the parent diradical is expected to open
up an energy gap between the SOMOs, thus diminish the
singlet-triplet splitting, and even result in singlet ground states.
However, one should note that the perturbative effect on the
energy levels of both SOMOs by donor or acceptor substituents
is quite different. A schematic depiction of onesomo(in the
parent diradical1) interacting with the orbitals of donor and
acceptor substituents is respectively shown in Figure 5a,b. In
case a, thesomoof the parent diradical and the highest occupied
molecular orbital (homo) of a typical donor, which is often
higher in energy than thesomoof the radical, interact mutually
and the resultant SOMO is higher in energy than thesomoin
the parent diradical. In case b, thesomoof the parent radical
interacts with the lowest unoccupied molecular orbital (lumo)
of the acceptor, which has a lower energy than thesomoof the
radical, yielding a SOMO that is lower in energy than the parent
somo. So the introduction of electron donor or acceptor
substituents into the parent diradical system will respectively
lift or lower the energy level of eachsomo of the parent
diradical. Furthermore, the energy lifting or lowering of the
resultant SOMO would be quite significant if donor and acceptor
substituents occur at those atoms having large coefficients in
the somoof the parent diradical and would be relatively less
significant if substituents are introduced into the atoms with
negligible coefficients in the parentsomo.

Let us turn to our selected diradicals. Individually, in
diradicals of H-B-D and H-B-A types, four R2 groups are
symmetrically introduced at the two radical sites that have large
coefficients in both SOMOs, thus both SOMOs are simulta-
neously perturbed. It should have no strong effect on the
SOMO-SOMO splitting. In D-B-H and A-B-H types, two
R1 groups are introduced at the 4,6-positions ofm-phenylene
where there are larger coefficients in one SOMO (a2), and
negligible coefficients in the other. Thusa2 is strongly
perturbed, whereas the other is relatively weakly perturbed. This
should open up larger SOMO-SOMO splittings than those in
two former types. Similar effects should also be observed in
molecules of D-B-A and A-B-D types.

To see how the energy levels of two SOMOs of the parent
diradical are quantitatively affected by various substituents, we
tabulate energy levels of two SOMOs calculated at the
ROB3LYP/6-31G* level for the triplet state for all studied
molecules in Table 2. For the parent diradical1, the SOMO-
SOMO orbital energy splitting (∆ε) is very small (0.00144
hartree). Clearly, the changing trend of energy levels of two
SOMOs is in line with the qualitative description given above,
especially in those molecules of H-B-A (or D), D-B-D, and

A-B-A types. For example, the energies of two SOMOs (a2
and b1, respectively) of1 are -0.08548 and-0.08692 au,
respectively. The corresponding values become higher in
molecules3 (-0.04752,-0.04249),13 (-0.06179,-0.07912),
and 26 (-0.03579,-0.03725), with R1, R2, or both groups
being NH2 (donor substituent), and lower in molecules12
(-0.15062, -0.15740), 16 (-0.13397, -0.11433), and22
(-0.17885,-0.17169), with R1, R2, or both groups being NO2

(acceptor substituent). For molecules with both donor and
acceptor substituents, the substitution effect on the energy levels
of both SOMOs is still obvious. For example, A-B-D type
23 can be regarded as H-B-D type 3 with two R1 groups
replaced by two acceptor substituents (NO2). Indeed, when
compared to the energy levels of3, the corresponding values
in 23 (-0.09402,-0.07193) verify the energy lowering effect
of both SOMOs due to the introduction of two acceptor
substituents. On the other hand, the effects of substituents on
the SOMO-SOMO splittings, as seen from Table 2, are in
accord with the qualitative discussions in previous paragraphs.
For example, the SOMO-SOMO splitting in D-B-H type13
(0.01733 au) and A-B-D type23 (0.02209 au) is significantly
larger than that in H-B-D type 3 (0.00503 au).

The analysis described above shows the effect of substituents
on the energy levels of SOMOs. However, in some cases the
introduction of substituents has significant influence on the
spatial distributions of SOMOs. For some representative mol-
ecules we have shown their SOMOs in Figure 6. It is obvious
that for those diradicals of H-B-A (or D), D-B-D, and
A-B-A types their SOMOs are topologically very similar to
those of the parent diradical1 although they may have relatively
smaller components at R1 or R2 substituents. These diradicals
may be called typical nondisjoint diradicals for convenience in
later discussions. Whereas for those push-pull diradicals of
D-B-A or A-B-D type, their SOMOs are still topologically
nondisjoint, but the principal components of one or two SOMOs

Figure 5. Schematic drawing of the interaction of the parent radical
SOMO with (a) donor and (b) acceptor.

TABLE 2: Energy Levels (E1 and E2) and Absolute Values
of Energy Splittings (∆E) of Singly Occupied Molecular
Orbitals Calculated by Using ROB3LYP/6-31G(d) for the
Triplet Statea

molecules ε1b ε2b ∆εb ∆EST
c

1 -0.08548 -0.08692 0.00144 13.15
2 -0.04695 -0.04265 0.00430 7.64
3 -0.04752 -0.04249 0.00503 9.43
4 -0.07379 -0.07297 0.00082 9.39
5 -0.06359 -0.06066 0.00293 11.93
6 -0.06208 -0.05866 0.00342 12.48
7 -0.08495 -0.08265 0.00230 11.68
8 -0.09980 -0.10133 0.00153 9.83
9 -0.11780 -0.12381 0.00601 8.29

10 -0.14024 -0.14418 0.00394 4.88
11 -0.14468 -0.15063 0.00595 5.90
12 -0.15062 -0.15740 0.00678 7.67
13 -0.06179 -0.07912 0.01733 6.06
14 -0.06653 -0.07885 0.01232 10.13
15 -0.12305 -0.11165 0.01140 11.31
16 -0.13397 -0.11433 0.01964 3.50
17 -0.11444 -0.14019 0.02575 -8.44
18 -0.12266 -0.13930 0.01664 -0.56
19 -0.16453 -0.16366 0.00087 6.85
20 -0.13049 -0.15398 0.02349 -8.08
21 -0.13218 -0.14633 0.01415 0.51
22 -0.17885 -0.17169 0.00716 3.10
23 -0.09402 -0.07193 0.02209 -19.42
24 -0.08399 -0.06138 0.02261 -4.11
25 -0.03532 -0.03554 0.00022 11.21
26 -0.03579 -0.03725 0.00146 5.86

a S-T energy gaps given in Table 1 are also listed for the purpose
of comparison.b Values are in au.c Values are in kcal/mol.
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are quite different from those of two SOMOs in the diradical
1. Thus we call these diradicals nontypical nondisjoint diradicals.
For example, one SOMO of20 is similar to thea2 SOMO of
1 in topology but it also has large coefficients at 1,3-positions
of the aromatic ring, whereas for23 its two SOMOs are spatially
dramatically different from the corresponding SOMOs of1.

On the basis of the ROB3LYP energy levels and spatial
distributions of both SOMOs for the triplet state, now we will
give some qualitative discussions on the results tabulated in
Table 1. First, one can see that for those typical nondisjoint
diradicals such as3 and11 they have robust triplet ground states.
Whereas for those push-pull molecules with one or two
SOMOs topologically quite different from those of the parent
diradical1 like 17and18 they are found to have singlet ground
states or nearly degenerate ground states. Thus, for substituted
diradicals the topological features of their SOMOs are found
to be the most important factor for determining the ground-
state multiplicities.

Second, for a homologous series of typical nondisjoint
diradicals their S-T gaps are closely related to the calculated
splitting of two SOMOs according to Borden-Davidsion’s
rule.38 From Table 2 and the plot of S-T gaps vs SOMO-
SOMO splittings (∆ε) (Figure 7, several nontypical nondisjoint

diradicals are excluded), it seems that in most cases a smaller
SOMO-SOMO splitting is likely to give rise to a larger S-T
gap, although there is not a clear proportion between the
splittings of SOMOs and S-T gap values. For instance, for
molecules1-12of H-B-D and H-B-A types their SOMO-
SOMO splittings are quite small, thus they are found to have
triplet ground states with significant S-T gaps.

Figure 6. Contour plots of SOMOs (top view) of some representative molecules calculated by ROB3LYP in the triplet state.

Figure 7. UB3LYP S-T gaps vs the absolute values of SOMO-
SOMO splittings∆ε calculated with ROB3LYP for the triplet state in
studied typical nondisjoint diradicals.
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Third, it can be seen that even for typical nondisjoint
diradicals their S-T gaps depend on, to a considerable degree,
the extent which SOMOs overlap in space. For example, two
SOMOs in each of11and15are typically nondisjoint (as shown
in Figure 6). Like the parent1, two SOMOs in15 have large
coefficients at two radical centers, leading to the large repulsions,
and thus a larger S-T gap. But both SOMOs in11 are more
delocalized into the regions of AOs in four CN groups, and
thus are substantially coextensive in space. Thus two electrons
with antiparallel spins would have more chance to escape away
from each other in the shared regions, resulting in lower
repulsions. As a result,11 has a smaller S-T gap than15,
although the SOMO-SOMO splitting in 15 (0.01140 au) is
larger than that in11 (0.00595 au).

Fourth, when splittings of SOMOs are relatively large, either
very small positive S-T gaps are obtained (e.g.,16 and21), or
even the sign of the S-T gap value is inverted (thus singlet
ground states are obtained). Diradicals such as17, 20, 23, and
24of either D-B-A or A-B-D types provide such examples.
They are all nontypical nondisjoint diradicals and have SOMO-
SOMO splittings larger than 0.020 au, and thus UB3LYP
calculations reveal that they have singlet ground states.

Summarizing above discussions, one can see that a pertur-
bative analysis based on the ROB3LYP energy levels and spatial
distributions of two SOMOs obtained for the triplet state is very
helpful for us to understand the spin coupling in studied
diradicals. On the other hand, we feel that the population of
spin densities in the triplet state may provide further support to

Figure 8. Population of spin densities for triplet states of some representative molecules calculated by UB3LYP/6-31G(d) (hydrogen atoms are
omitted for clarity).
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our above-described analysis. Figure 8 gives schematic illustra-
tions of the population of spin densities of some representative
molecules calculated by the UB3LYP method in triplet states.
As illustrated in Figure 8, the parent1 has an alternate
distribution of spin densities, and so do11 and15 with R1 or
R2 acceptor substituents (CN). This is in conformity with the
spin polarization effect52a,65 through m-phenylene via the
π-network, being characteristic of a triplet ground state. As
pointed out in above discussions, two SOMOs in11 are much
more delocalized than those in15. This is confirmed by
calculated spin densities, which show stronger spin delocaliza-
tion effects in11 than those in15.

However, one can see that the spin alternation rule is broken
down to some extent in diradicals with very small S-T gaps
such as18 and 21 but is severely violated in diradicals with
singlet ground states such as17, 20, 23, and24. For example,
in 18 and21 the spin densities on the carbons (C4 or C6) of
the m-phenylene and the connected oxygen atom of OMe
substituent have the same sign. For diradicals with singlet
ground states, a common feature of these diradicals is that they
have negligible spin densities on carbons (C1 and C3) of
m-phenylene connected to the radical sites (e.g.,-0.032,-0.032
for 20). Meanwhile, the spin densities in these molecules are
significantly delocalized into external donor and acceptor
substituents, leading to smaller spin populations on carbon
radical centers (C7 and C8) (e.g., 0.493, 0.493 for species20).
Thus, by checking the UB3LYP spin densities calculated for
the triplet state of a diradical, one is also able to give a
qualitative estimate on whether a diradical is a robust triplet
state or not (without performing calculations for the singlet
state).

4. Conclusion

The lowest singlet and triplet states of a series ofm-
phenylene-bridged diradicals with various substituents have been
studied by using UB3LYP calculations with the spin-projection
procedure to investigate the effects of substitution on the
singlet-triplet energy gaps and the ground-state spin multiplici-
ties. Our calculations show that the introduction of electron-
donating (or electron-withdrawing) substituents on the 4,6-
positions of them-phenylene moiety or on the radical centers,
or on both positions, generally leads to a triplet ground state,
although the singlet-triplet energy gaps are smaller than that
of the parentm-xylylene diradical to some extent. However,
the simultaneous substitution of electron-donating and electron-
withdrawing groups atm-phenylene and radical centers, and
vice versa, will result in a singlet ground state or a very small
positive S-T gap. Using the ROB3LYP SOMOs and the
UB3LYP spin densities obtained for the triplet state, we have
shown that the ground-state multiplicity in studied diradicals
can be well interpreted by the spatial distributions of SOMOs,
but the S-T gap is found to depend on both the spatial
distributions of SOMOs and the SOMO-SOMO energy split-
tings.
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