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Spin interactions in nonconjugated organic multiradical systems are analyzed using semiempirical quantum
chemical computations. Implications of these results for an appraisal of the ferrocarbon model for organic
ferromagnets are discussed.

Introduction

A considerable amount of theoretical and experimental studies
have led to a sound understanding of the nature of spin
interactions inπ-electron conjugated organic diradicals and
polyradicals. Early work of Coulson, Rushbrooke, and Longuet-
Higgins1 on the prediction of spin states based on a count of
nonbonding molecular orbitals has been generalized by Tyutyul-
kov and co-workers.2 Ovchinnikov’s rule for the ground state
spin of alternant systems3 and Mataga’s predictions for poly-
carbenes4 have been verified by extensive computational and
experimental tests.5 Borden and Davidson6 have discussed the
spin states of conjugated radicals in terms of the disjoint nature
of the nonbondingπ-molecular orbitals. We have suggested
simple topological rules7 to predict the ground state spin of wide
varieties of polyradicals and empirical procedures to quantify
singlet-triplet energy gaps in diradicals.8 A large number of
conjugated organic diradicals and polyradicals have been studied
experimentally in recent years to determine their ground state
spin.9 Through these studies, basic insight has been gained into
cases of Hund’s rule violation10 and the relevance of polyradicals
in the design of organic ferromagnets.11

Compared to the extensive research that has been carried out
on conjugated radical systems, there have been relatively sparse
studies on the problem of spin coupling in nonconjugated
radicals,i.e. systems with radical sites separated by saturated
carbon atoms. Nonconjugated radicals are in general more
reactive than the conjugated ones, making them less amenable
to experimental studies. This is possibly the main reason why
less attention has been paid to nonconjugated systems. Another
reason for the paucity of interest in these systems is the relatively
weaker spin interactions between radical sites connected through
saturated carbon atoms. However, there are indications that
some of these systems may be quite interesting. For example,
in the crystals of Dupeyredioxyl,12 in which ferromagnetic
transition has been demonstrated, in addition to the intermo-
lecular magnetic interactions, the intramolecular spin coupling
between the nonconjugated radical sites has been shown to be
significant. There has been a number of reports of ferromagnetic
materials obtained by the pyrolysis of hydrocarbons and other
organic compounds.13 Though the origin of cooperative mag-
netic interactions in these systems is far from clear, an
understanding of spin coupling in nonconjugated systems would
be useful in analyzing the properties of such materials. It is
also noteworthy that several recent investigations14 on crystals
of stable nitronylnitroxide radicals have suggested the possibility
of intermolecular spin interactions mediated byσ-electrons.

The prototypical system for the study of spin interaction in
nonconjugated systems, namely, propane-1,3-diyl, has been the
subject of several theoretical investigations. Early studies15-17

have highlighted the relevance of considering different confor-
mations of the spin orbitals in analyzing the spin couplings in
this system; in particular, the cases of both CH2 groups being
in the C-C-C plane (0,0), one in and one orthogonal to the
C-C-C plane (0,90), and both orthogonal to the C-C-C plane
(90,90) were studied. Ovchinnikov proposed18 a few years ago
an interesting model for a carbon-based ferromagnetic material,
which he christened as “ferrocarbon”. He proposed that a phase
of carbon intermediate between graphite and diamond, wherein
quasi graphite layers of alternately connected sp2 and sp3-
hybridized carbon atoms are linked at the sp3 carbons to form
a 3-D lattice, would have a ferromagnetic alignment of the spins
at the sp2 radical sites. Quantum chemical calculations carried
out by Ovchinnikov on model fragments (propane-1,3-diyl and
butane-1,4-diyl) with different conformations relevant to the
ferrocarbon system indicated that the spins would be coupled
ferromagnetically. From the point of view of spin interactions
in nonconjugated systems, this model would be an interesting
and important testing ground.
We have carried out quantum chemical calculations to analyze

the mode of spin coupling in several nonconjugated hydrocarbon
di- and multiradical systems.Ab initio calculations were carried
out on the trimethylene systems as benchmark studies for the
semiempirical calculations carried out on larger systems in the
rest of the investigations. We chose the cyclohexane, decalin,
bicyclo[3.3.1]nonane, and adamantane frameworks to place the
radical sites to analyze the dependence of spin coupling on the
relative orientation of the spin orbitals. Further examples for
the study were chosen from fragments of the ferrocarbon
framework. Our calculations indicated that the spin coupling
strongly depends on the relative disposition of the spin-bearing
orbitals. We have carried out a systematic study of this
dependence using cyclohexane-1,3-diyl as the model system.
The relevance of the cyclohexane-1,3,5-triyl system from an
experimental point of view is analyzed using some model
calculations on the potential energy pathway for 1-3 bond
formation.

Computational Methods

The semiempirical calculations were carried out using the
AM1 quantum chemical procedure;19 the MOPAC93 program
package was used.20 Open shell RHF procedure has been found
to provide better correlation of experimental data than the UHF
method8,21,22 and was used throughout this sudy. In general,
the geometries of the radicals were fully optimized for each
spin state under consideration; constraints imposed, if any, are
described at the appropriate places. Energies were computed
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using the configuration interaction scheme involving all excita-
tions within the manifold of five molecular orbitals (CI) 5)
bracketing the HOMO and LUMO (test calculations using CI
) 6 gave practically identical results). For the lower spin states,
the OPEN(n,n) keyword was used, wheren is the number of
unpaired electrons in the corresponding highest spin state; the
open shell condition led to a stabilization over the closed shell
situation for each of the lower spin states. The ground state
spin was determined on the basis of the results of these
calculations. The energy gaps that we present in the paper are
the differences in the energy of the various spin states of the
radical with the geometry of the ground state determined above.
If not explicitly stated otherwise, the energy gaps reported
between any two spin states are the values obtained by
subtracting the energy of the higher multiplicity spin state from
the energy of the lower multiplicity one.
We would like to draw attention to the following points in

support of using the AM1/CI semiempirical method for the
studies reported in this paper. This procedure has been found
to model spin interactions in organic polyradical systems rather
well. Several earlier investigations have shown that this
semiempirical method gives estimates of spin state energies in
good agreement with more sophisticated computational proce-
dures and experiments.7,21 We have also shown that the spin
densities and zero-field splitting parameters of organic diradicals
are estimated very successfully by AM1/CI computations.8,22

It was also demonstrated22 that the elusive problem of the ground
state spin of tetramethyleneethane, modeled by high-levelab
initio computations, could be reproduced by the AM1/CI method
when sufficient CI is invoked. We compare in detail the results
of AM1/CI calculations on some prototypical nonconjugated
radical systems with the results fromab initio calculations,
which lends further support to our use of the semiempirical
procedure for the problem presented in this paper. Primarily
we have used the CASSCF procedure with 6-31G** basis set
implemented in Gaussian 94.23 Further details on these calcula-
tions are presented when the results are discussed.
For analyzing the dependence of spin coupling on the mutual

orientation of spin orbitals, we have adopted the definition of a
pi orbital axis vector (POAV) suggested by Haddon.24 The
POAV used here is the vector that makes equal angles with the
three bond vectors around an sp2 carbon center bearing the spin.
For any pair of radical sitesi, j, we choose the direction of the
POAVs such that the POAVs at sitesi andj make acute angles
with the vectorsi f j andj f i respectively. We compute the
angle,θij, between these POAVs and utilize this angle as an
indicator of the mutual orientation of the spin orbitals. When
the two POAVs are parallel, theθij is taken as zero.
The computations reported in this study were carried out on

SUN Sparc 10 and Silicon Graphics Power Indigo 2 (R8000)
workstations.

Results and Discussion

For the purpose of testing the efficiency of semiempirical CI
calculations for studying the nonconjugated radicals, we have
carried out pilot calculations on the three main conformations
(0,0), (0,90), and (90,90) of propane-1,3-diyl using the AM1/
CI method and compared with the results ofab initio computa-
tions. The calculations were full optimizations except for
enforcing of the specific conformations and the imposition of
C2V symmetry for the (0,0) and (90,90) structures andCs

symmetry for the (0,90) conformation. Since the (90,90)
structures show special behavior, we consider first the other
two conformations. The AM1/CI calculations showed that the
triplet is preferred in the (0,0) and (0,90) conformations with

the singlet-triplet gap being 2.1 and 2.8 kcal/mol respectively.
Ab initio calculations by Doubledayet al.25 using the 4-31G
basis set have shown that the triplet is favored over the singlet
by 0.61 and 2.04 kcal/mol respectively in the (0,0) and (0,90)
conformations. We carried out CASSCF(2,4) (two electrons
in four orbitals)/6-31G** calculations with full optimization of
the triplet geometry in the (0,0) and (0,90) conformations. The
triplet was found to be favored over the singlet (with the triplet
geometry) by 0.62 and 1.88 kcal/mol respectively, in good
agreement with the earlierab initio results and showing the same
trends as in our AM1/CI calculations. The singlet-triplet gap
did not show any marked change when the energies of the fully
optimized singlet geometries were used. We note that the
MCSCF calculations of Ovchinnikov18 showed very large triplet
state stabilizations of the order of an electronvolt in all the
conformations; we have found such large singlet-triplet gaps
only in HF and CISD calculations where the singlet optimiza-
tions led to unrealistic structures with C-C-C angles of about
130°.
In the (90,90) conformer, optimization of the singlet led to

1-3 bond formation (C-C-C angle) 70.4°), and the AM1/
CI singlet-triplet gap at this geometry was-73.9 kcal/mol.
Since the diradical species can be obtained only at the triplet
optimized geometry (C-C-C angle ) 111.8o), we have
evaluated the singlet-triplet gap for this structure, which turns
out to be 3.3 kcal/mol. However, theab initio calculations of
Doubledayet al.25 had indicated that the singlet is preferred in
the (90,90) conformation by 4.2 kcal/mol. Since the singlet
(90,90) conformation shows a tendency to form a bond, we have
investigated the singlet and triplet state energies as a function
of the C-C-C bond angle, using CASSCF(2,4) and AM1/CI
calculations. The geometries were fully optimized in all cases
except for fixing the bond angle and imposing the relevant
conformation withC2V symmetry. The energy surfaces had
similar shapes in both calculations with the singlet energies
decreasing almost linearly with the C-C-C angle and the triplet
energies showing a minimum at about 112° for the AM1 and
at 115° for theab initiomethod. However, the AM1/CI shows
that the triplet is energetically favored over the singlet at the
minimum of the triplet surface in agreement with the data given
above, but theab initio calculations indicated that the singlet is
energetically lower by 2.7 kcal/mol, at the C-C-C angle
corresponding to the triplet minimum. Since the 6-31G** basis
set provides for greater spatial extension of orbitals, we repeated
these calculations using STO-3G basis set. Interestingly, the
results were qualitatively similar to the results of the AM1/CI
computations, showing the triplet to be stabler byca.0.4 kcal/
mol over the singlet at the minimum of the triplet curve. Thus
the semiempirical computation appears to be similar to a
minimal basis setab initio calculation and shows a preference
for the higher spin state, which we attribute to the shorter
expansion of the spin orbitals that leads to poorer overlaps and
lower tendency for bonding interaction. The complete results
of these calculations are presented in the Supporting Information.
The main focus of our study in this paper involved spin

orbitals oriented toward each other at angles that are constrained
by the underlying cyclohexane or related framework and thus
have some resemblance to the (0,0) conformer of propane-1,3-
diyl but none at all to the (90,90) conformer. To obtain a
relevant appraisal of the efficacy of the AM1/CI method in
relation to theab initiomethod in describing the spin coupling
within this constrained enviroment, we next compared the results
of the studies on the cyclohexane-1,3,5-triyl system. The AM1/
CI calculation was carried out with full optimization of the
doublet and quartet states underC3V symmetry constraint. The
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quartet was found to be energetically lower by 2.2 kcal/mol,
and the quartet-doublet energy gap at the quartet geometry was
found to be 2.3 kcal/mol. Since the optimization of the
cyclohexane system at theab initio level was found to be
computationally very expensive, we have used the AM1/CI
optimized quartet geometry and carried out single-point calcula-
tions for the CASSCF(3,6)/6-31G** energies of the doublet and
quartet states. The quartet was found to be stabler by 0.7 kcal/
mol. On the basis of this result and the calculations on the
propane-1,3-diyl system, we conclude that the AM1/CI method
predicts correctly the ground state spin and provides a qualitative
and nearly quantitative estimate of the spin state energy gaps
in these nonconjugated multiradical systems; it appears to fail
only in those cases that are close to bonding situations.
First we considered the set of radical systems represented in

Figure 1 consisting of cyclohexane-1,3,5-triyl radicals and
related systems in the decalin, bicyclo[3.3.1]nonane, and ada-
mantane frameworks. The radicals considered in this set have
pairs of radical sites separated by a saturated carbon atom with
the spin orbitals sampling a variety of mutual orientations. The
cyclohexane framework in particular also provides radical pairs
analogous to the prototypical propane-1,3-diyl system but now
in a constrained environment that is more relevant to a
discussion of cases like that of ferrocarbon presented later. The
AM1/CI optimized structures of these molecules (in terms of
z-matrices) are provided in the Supporting Information. Table
1 lists the energy gaps for the relevant spin states of the different
multiradical systems represented in Figure 1. The table also
provides the various anglesθij between the POAV at radical
sitesi andj in these systems. The singlet-triplet gaps are found
to be about 2.5 kcal/mol in cyclohexane-1,3,5-triyl as well as
its methylated derivatives. In the pentaradicals,4 and5, based
on thetransandcis-decalin framework, the sextet state is the
ground state and the doublet-sextet gap is found to be 3-3.5
kcal/mol. In the bicyclo[3.3.1]nonane framework, the pent-
aradical6 is found to have a sextet ground state, whereas the
tetraradical7 has a singlet ground state. The tetraradical8 based

on the adamantane framework also was found to have a low-
spin ground state. Due to the program limitations, we could
not optimize the high-spin heptet state of the hexaradical that
can be obtained by placing the radical sites at the nonbridge
atoms of the adamantane framework; hence it is not included
in Table 1. However, the CI calculations on the optimized
singlet state of this multiradical indicated that the heptet was
the ground state. Thus among the systems considered in this
group, the spin couplings are found to be predominantly
ferromagnetic, the only exceptions being7 and8. The dominant
ferromagnetic coupling of the spins at radical sites separated
by one saturated carbon atom is reminiscent of the case of (0,0)
conformation of propane-1,3-diyl. The basic mechanism of spin
coupling could be visualized using the spin polarization involv-
ing theσ-electrons schematically depicted in Figure 2. AM1/
UHF calculations (necessary to reproduce negative spin den-
sities) on the (0,0) conformer of propane-1,3-diyl gave
approximately+1.1 and-0.2 as the spin densities on the sp2

and sp3 carbons respectively, in support of this spin polarization
picture. This model is conceptually similar to the spin polariza-
tion involving onlyπ-electrons in conjugated polyradicals.
The exceptional behavior of7 and 8 is interesting. The

obvious difference between these systems and the rest is that
only these have more than one radical site occuring on the bridge
atoms. The mutual orientation of the spin orbitals at the bridge
sites is quite different from the mutual orientation of other
orbitals. Theθij values listed in Table 1 can be used to discuss

Figure 1. Nonconjugated multiradicals based on the cyclohexane,
decalin, bicyclononane, and adamantane frameworks used in this study.
The labeled sites are sp2 carbons, and the unlabeled ones represent sp3

carbons; H atoms are omitted for clarity.

TABLE 1: Relative Energies of Different Spin States of
Multiradicals in Figure 1 a

structure
number

spin
state

relative energy
(kcal/mol) angleθij (deg) [i-j]

1 quartet 0.0 37.9 [1-2]; 37.8 [1-3]
doublet 2.3 37.8 [2-3]

2 quartet 0.0 35.2 [1-2]; 35.6 [1-3]
doublet 2.9 34.5 [2-3]

3 quartet 0.0 27.2 [1-2]; 27.5 [1-3]
doublet 2.4 31.4 [2-3]

4 sextet 0.0 11.3 [1-2]; 33.5 [1-5]
quartet 1.3 13.7 [1-3]; 41.5 [1-4]
doublet 3.0 17.5 [2-3]; 55.2 [3-4]

27.1 [4-5]
5 sextet 0.0 27.6 [1-2]; 9.7 [1-3]

quartet 1.9 40.1 [1-5]; 33.6 [2-3]
doublet 3.5 46.9 [3-4]; 48.6 [3-5]

20.8 [4-5]
6 sextet 0.0 55.6 [2-4]; 24.0 [1-2]

quartet 3.0 55.1 [3-4]; 24.0 [3-5]
doublet 4.2 56.0 [4-5]; 58.6 [1-4]

7 quintet 0.0 60.6 [1-2]; 61.3 [1-4]
triplet -2.1 60.9 [2-3]; 75.9 [2-4]
singlet -2.1 60.3 [3-4]

8 quintet 0.0 108.9 [1-2]; 109.9 [1-3]
triplet -2.6 108.8 [1-4]; 109.6 [2-3]
singlet -14.2 108.9 [2-4]; 110.6 [3-4]

a The mutual orientation of spin orbitals at the sitesi andj separated
by one saturated carbon atom (labeled in Figure 1) are also provided.

Figure 2. Schematic picture of the spin polarization in a nonconjugated
diradical, involving theσ-bonds.
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this more quantitatively. In the ferromagnetically coupled spin
systems, this angle is usually about 30-40° with a few cases
of lower (10-20°) and higher (55-60°) angles. In7 these
angles are found to be about 61° with the 2-4 angle (between
bridge atoms) being approximately 76°. In 8 all the angles are
close to 109°. A careful observation of the optimized geometries
indicates that, in the cyclohexane framework,θij values close
to or higher than 70° are associated with a decrease in the
distance between the radical sites, which possibly leads to some
weak overlap of the spin orbitals and bonding interaction that
would result in an antiferromagnetic coupling of the spins. We
analyze below, more systematically, the correlation between the
nature of spin coupling and the orientation of spin orbitals.
Cyclohexane-1,3-diyl is chosen as the model system to

analyze the variation of the singlet and triplet state energies as
a function of the folding of the planes defined by carbon atoms
2,1,6 and 2,3,4 (see Figure 3 for the labelings). Geometries
were optimized with aCs symmetry constraint, the plane of
symmetry passing through carbon atoms 2 and 5 and the four
hydrogen atoms attached to them. The angle between the planes
defined by carbons 2, 1, and 6 (or 2, 3, and 4 by symmetry)
and the plane defined by carbons 2, 4, and 6 was varied from
180° to approximately 120° (thez-matrix and the definition of
the dihedral angle using some dummy atoms are provided in
the Supporting Information). When this angle was decreased
below 120°, carbons 1 and 3 get almost bonded, and hence such
points were not considered. At each fixed value of the angle,
the singlet and triplet state geometries were optimized (optimized
geometries are provided in the Supporting Information). Figure
4 provides a plot of the heats of formation of the singlet and
triplet states as a function ofθ13. It is clearly seen that the
triplet state is preferred when the mutual orientation angle of
the POAVs is below 70° and that the singlet-triplet gap
becomes the largest when this angle is about 47°. Above 70°,
the singlet state is lower in energy, eventually leading to a bond.
This result is in very good agreement with the observations made
in Table 1. Thus, this model provides a logical background to
visualize spin interactions in nonconjugated multiradicals based
on the cyclohexane and related frameworks.
Next we considered four important fragments from the

ferrocarbon model proposed by Ovchinnikov (Figure 5). The
fragments were incised from the molecular mechanics optimized
geometry of the ferrocarbon framework reported by Ovchin-
nikov.18a Each fragment along with all the atoms directly
connected to it was incised from the lattice; the atoms connected
to the fragment were then replaced by H atoms, and the C-H
distances alone were optimized in the AM1 calculation. Thus
the model multiradical systems preserve the relevant bond
lengths and all bond angles and dihedrals from the ferrocarbon
lattice. 9 and10are model systems for the basic sofa and boat
units in the proposed ferrocarbon phase.11 models a larger
fragment made up of two sofas within the quasi graphite layer.

12 is the model fragment that represents a unit cell connecting
two quasi graphite layers in the ferrocarbon phase. Table 2
provides the energies of the various spin states of each fragment
as well as the relevantθij angles. It is seen that fragments9
and11 show clear preference for a ferromagnetic alignment of
spins, and the mutual orientations of the spin orbitals are either
nearly parallel or about 55°. 10 shows antiferromagnetic
coupling of the spins since the radical sites are separated by
two saturated carbons and theθij is about 123°. Extension of
the spin polarization picture in Figure 2 to a 1,4-diradical would
indicate antiferromagnetic coupling of the spins; butane-1,4-
diyl is known to have a singlet ground state in most of its
conformations.6c Usually this spin coupling is weak; however,
in the present systems, the special conformations lead to stronger
interactions. The case of12 is interesting. The mutual
orientation between orbitals at 1 and 2 (as well as 3 and 4),
which are separated by one saturated carbon atom, is ap-

Figure 3. Schematic representation of the folding of cyclohexane-
1,3-diyl used in the study of the singlet and triplet state energies as a
function of spin orbital orientation.

Figure 4. Plot of the AM1/CI heats of formation of the singlet (O)
and triplet (b) states of cyclohexane-1,3-diyl as a function of the mutual
orientationθ13 of the spin orbitals (see text for definition ofθ13). The
line is only a guide to the eye.

Figure 5. Nonconjugated multiradical fragments incised from the
ferrocarbon framework (ref 18a). The labeled sites are sp2 carbons,
and the unlabeled ones represent sp3 carbons; H atoms are omitted for
clarity.
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proximately 58°. This is expected to lead to ferromagnetic
coupling of spins within each of these pairs of radical sites.
However these pairs are in turn separated by two saturated
carbons, and theθ between 1 and 4 (as well as 2 and 3) is
approximately 123°. This leads to overall strong antiferromag-
netic spin interaction and a singlet ground state. This is
reminiscent of the application of the rules for extended spin
coupling developed by us forπ-conjugated multiradicals.7aThus
we find that the calculated spin states of the ferrocarbon
fragments are quite consistent with the analysis of the cyclo-
hexane-1,3-diyl folding problem discussed above. Significantly,
in the proposed ferrocarbon model, even though within the quasi
graphite layers one may realize ferromagnetic interaction of
spins, these model calculations predict an antiferromagnetic
interaction between the layers. Therefore the realization of a
bulk magnetic ferrocarbon is questionable on the basis of these
results.
The cyclohexane skeleton is seen to be an interesting

framework to install radical sites and study spin couplings to
understand the problem of spin interactions in nonconjugated
systems. The first set of multiradical systems we studied
illustrates interesting cases of ferromagnetic and antiferromag-
netic spin interactions. These systems also provide an insight
into the magnetic interactions in the ferrocarbon model. From
the point of view of experimental studies, we believe that the
cyclohexane radical systems should prove very informative.
Even though the calculated energy gap between the doublet and
quartet states is only moderate, the high spin state arising from
the cooperative interaction of three pairs of diradical components
is found to be consistently stabler than the lower spin state. If
a suitable synthetic strategy could be devised to generate1 or
its derivatives from an appropriately trisubstituted cyclohexane,
the ground state spin could be determined. We believe that
Kemp’s triacid (1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic
acid) or its derivatives could prove to be interesting starting
points for such studies. The triradical3 should be particularly
interesting since the permethylation should prevent any possible
1,2 hydrogen atom migrations that could take place in the case
of 1 or 2.
We have calculated the potential energy pathway to model

the recombination of two of the spin sites (1 and 3) to form
bicyclo[3.1.0]hexane-3-yl radical. The geometries were fully
optimized at different fixed distances between C atoms 1 and 3
in both the doublet and quartet states. The energy profile is
shown in Figure 6 with different energy scales for C-C distance
below and above 2 Å to show clearly the situation near the
quartet minimum. Interestingly, the doublet also shows a
minimum at the geometry corresponding to the quartet mini-
mum, but at a higher energy (cf. 1 above). There is a barrier

of ca. 6 kcal/mol to go from this minimum to the bonded state
along the doublet pathway. It is seen that there is a higher
barrier ofca.8 kcal/mol for the quartet triradical to go over to
the doublet bicyclic system. Hence if the triradical can be
generated at low temperatures, it will be protected by a
moderately high barrier from immediate intramolecular recom-
binations.

Conclusion

We have studied the spin coupling in nonconjugated organic
multiradical systems having different frameworks, using semiem-
pirical quantum chemical calculations including configuration
interaction. On the basis of earlier studies as well as the present
comparisons withab inito results, we believe that these methods
are optimal procedures to carry out such analysis. The detailed
analysis of the prototypical propane-1,3-diyl system has provided
a fair appraisal of the efficacy of AM1/CI method to analyze
the problem of spin interaction in nonconjugated systems in
general. We have focused our attention primarily on multi-
radicals based on the cyclohexane framework for the following
reasons: (i) they provide several cases of 1,3-nonconjugated
radical pairs in different mutual orientations, (ii) they are relevant
as model systems for an appraisal of the ferrocarbon concept
proposed recently, and (iii) they are interesting prototypes for
experimental studies. These studies led to a logical analysis of
the ferrocarbon model for organic ferromagnets and the conclu-
sion that strong antiferromagnetic interaction between the quasi
graphitic layers may preclude the realization of ferromagnetism.
Our studies have shown that the spin interaction across saturated
carbon atoms is relatively weak compared to the case of
π-conjugated systems. It is also observed that the mutual
orientation and associated spatial separation of the spin orbitals

TABLE 2: Relative Energies of Different Spin States of
Ferrocarbon Fragments in Figure 5a

structure
number

spin
state

relative energy
(kcal/mol) angleθij (deg) [i-j]

9 quartet 0.0 57.5 [1-2]; 57.6 [1-3]
doublet 1.7 0.2 [2-3]

10 triplet 0.0 122.6 [1-2]
singlet -3.4

11 sextet 0.0 0.1 [1-2]; 57.3 [1-5]
quartet 1.2 57.4 [2-3]; 57.3 [2-4]
doublet 2.9 54.4 [4-5]; 57.2 [2-5]

0.1 [3-4]
12 quintet 0.0 57.4 [1-2]; 122.6 [1-4]

triplet -1.1 122.5 [2-3]; 57.5 [3-4]
singlet -7.8

a The mutual orientation of the spin orbitals at sitesi andj (labeled
in Figure 5)are also provided.

Figure 6. Plot of the AM1/CI heats of formation of the doublet (O)
and quartet (b) states of cyclohexane-1,3,5-triyl as a function of the
C1-C3 distance. They-axis scales are different for the data points
corresponding to C1-C3 distance below and above 2 Å. The line is
only a guide to the eye.

Spin Coupling in Nonconjugated Organic Radicals J. Phys. Chem. A, Vol. 101, No. 16, 19972977



crucially control the mode of spin interactions and can be
analyzed in a logical way. We have delineated the general
trends in the cyclohexane framework using model calculations
on the cyclohexane-1,3-diyl system.
The results of this study may be relevant in gaining an insight

into the magnetism of pyrolitic carbon materials based on
molecules such as adamantane. In studies of pyrolitic carbons,
many instances have been reported where ferromagnetic materi-
als were obtained. The actual species that give rise to such
magnetism are poorly understood. We propose that several
random spin sites are generated during the pyrolysis of
hydrocarbons and that these multiradical systems may involve
several ferromagnetically coupled spins. In individual cases,
if one can determine possible multiradical species that are likely
to be formed, analysis similar to what we have carried out above
may be utilized to investigate the spin coupling pathways and
thus obtain an insight into the factors that lead to the bulk
magnetic properties.
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