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Abstract: High-spin organic structures
can be obtained from fused polycyclic
hydrocarbons, by converting selected
peripheral HC(sp®) sites into H,C(sp?)
ones, guided by Ovchinnikov’s rule.
Theoretical investigation is performed
on a few examples of such systems, in-
volving three to twelve fused rings, and
maintaining threefold symmetry. Unre-
stricted DFT (UDFT) calculations, in-
cluding geometry optimizations, con-
firm the high-spin multiplicity of the
ground state. Spin-density distributions

studied through geometry-dependent
Heisenberg—Hamiltonian diagonaliza-
tions and explicit correlated ab initio
treatments, which all agree on the
high-spin character of the suggested
structures, and locate the low-lying
states at significantly higher energies.
In particular, the lowest-lying state of
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lower multiplicity is always found to be
higher than k7 at room temperature
(at least ten times higher). Simplifica-
tion of the ferromagnetic organization
based on sets of semilocalized non-
bonding orbitals is proposed. Molecu-
lar architectures are thus conceived in
which the ferromagnetically-coupled
unpaired electrons tally up to one third
of the involved conjugated carbons.
Connecting such building blocks should
provide bidimensional materials en-
dowed with robust magnetic properties.

and low-energy spectra are further

Introduction

Magnetic properties of materials have received intense at-
tention, both as an intellectually challenging problem, and
for their technical potentialities. Ferromagnetism was initial-
ly the privilege of metallic lattices or metal oxides until co-
ordination chemistry provided molecular complexes with
paramagnetic ground states, and the possibly of high-spin
multiplicity.'>! Later on, the possibility to arrange these
complexes into 1D, 2D, or 3D lattices with ferromagnetic or
ferrimagnetic order has been investigated and achieved.["®
Magnetic materials involving metallic centers, as spin carri-
ers, present fascinating properties: High-T, superconductors
are obtained by doping spin lattices;'?! other systems ex-
hibit colossal magneto-resistance.'>"! Lattices of organome-
tallic complexes, such as Prussian-blue analogs, present bist-
ability with hysteresis, and offer the possibility to behave as
information bits."® Similar properties may be obtained at
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the molecular or cluster scale as in single-molecule mag-
nets.'”'¥ The question we would like to raise from the pres-
ent work and forthcoming ones concerns the possibility to
conceive metal-atom free, purely organic analogues of these
materials.

The conception of high-spin organic molecules has a
rather long history and contains significant successes. The
most popular stable organic radicals are the nitroxide radi-
cals, and tentative ferromagnetic couplings of polyradicals of
this type have been proposed.'”"! With pure conjugated hy-
drocarbons, one strategy consists in coupling either triplet
ground-state carbenes or -CH- sites through conjugated
bridges, such as meta-connected benzene rings (note that
meta-xylene has a triplet ground state).?’?! On these
grounds, Rajca et al. conceived, synthesized, and character-
ized ferromagnetic assemblies of one-half spin free radicals
that achieve quite sizeable total moments.***" Although
most of these molecular architectures are dendrimeric and
have limited sizes, these authors have opened a rather fasci-
nating domain, encompassing spintronics and nonlinear opti-
cal responses.*!)

The present work proposes organic paramagnetic mole-
cules with both a high-multiplicity ground state and high-
spin nuclearity, or high density of ferromagnetically coupled
unpaired electrons—one unpaired electron for three conju-
gated carbon atoms.’” Rather than being polyradicals with
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unpaired electrons located on well-identified sites, these mo-
lecular systems all exhibit several parallel spins on the same
conjugated frame, without possible localization in definite
and separated regions.

The principle of this conception is presented below. It is
based on the vision of & electrons, as an assembly of spins,
ruled by a Heisenberg—Hamiltonian with inter-site antiferro-
magnetic coupling. Starting from fused aromatic hydrocar-
bons with a singlet or doublet ground state, high total-spin
multiplicity is created or enhanced by changing the hybridi-
zation of appropriate peripheral carbons from sp” into sp’,
that is, by changing selected peripheral CH groups into CH,
groups. The qualitative predictions are put to the test by
using computations at both ab initio level and by using semi-
empirical Hamiltonians. Ground-state spin multiplicities,
spin densities, and vertical transition energies to states of
lower spin multiplicity are also addressed. Moreover, we dis-
cuss these results and outline the strategy to be followed in
conceiving ferromagnetic assemblies of the proposed organ-
ic units, which will be the objective of forthcoming work.

Qualitative conception from fused polyaromatic molecules

Ovchinnikov’s rule and the coloring problem: The m-electron
population of a conjugated hydrocarbon can be seen as an
assembly of S="'/, spins. This sounds paradoxical, as these
populations are usually considered to be highly delocalized
(a nearly metallic half-filled band system), however the
magnetic descriptions are estimated to be relevant only in
strong-correlation limits for which the electronic repulsion is
large and severely restricts the fluctuation of the electronic
population close to its mean value—in our case one m-elec-
tron per carbon. When this is valid, the leading valence-
bond (VB) space configuration is the neutral one. Playing
only with the spin distributions on different sites, the possi-
ble antiferromagnetic (AF) spin exchanges between adja-
cent spin carriers come from weak delocalization effects,
which introduce some influence on ionic VB structures that
are coupled with different neutral spin distributions.

We therefore face two models for half-filled bands. One is
the independent-particle approximation, as encountered in
the Hiickel picture, the Hartree—Fock method, or the Kohn-
Sham version of the density functional theory (DFT). The
other one is the Heisenberg Hamiltonian, which only con-
siders on-site spins. The domains of applicability of these
models are not mutually exclusive, because a same system
of electrons can be treated from both entries, as illustrated
in conjugated hydrocarbons.

In these systems, the ratio of the absolute value of the
hopping integral ¢, moving the electrons from one site to its
adjacent one, to the effective on-site repulsion U, that is, the
energy difference between neutral and ionic VB structures,
is around 0.7, which pushes them preferably to the strong-
delocalization side. Nevertheless, the magnetic description
proved to be relevant and able to furnish qualitative and
quantitative information.”**! A geometry-dependent Hei-
senberg Hamiltonian has been developed from ab initio cal-

Chem. Eur. J. 2010, 16, 8762—-8772

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

culations on the ground state and the low-lying triplet state
of ethylene.’ Applied to conjugated hydrocarbons, it
proved capable of predicting ground-state and excited-state
geometries, energies, and rotational barriers.””) Under the
label MMVB (molecular mechanics with valence-bond), the
model has been extensively exploited by Robb et al. on pho-
tochemical processes of conjugated hydrocarbons.***/

A qualitative consequence of this magnetic view is the
possibility to predict ground-state spin multiplicities. As
inter-site exchange is antiferromagnetic, the lowest-energy
spin distribution avoids, as much as possible, spin frustra-
tions between adjacent sites. The determinant of lowest
energy, associated to the largest coefficient in the ground-
state wavefunction, is the one in which each atom bearing
an a spin is surrounded by adjacent 3 spins, and reciprocally.
This distribution offers the possibility for inter-site delocali-
zation through electron hopping on each chemical bond
(spin exchange), whereas no delocalization can occur be-
tween two parallel spins located on adjacent atoms, owing
to the Pauli principle. A distribution insuring spin alterna-
tion on all bonds is always possible, except when odd-mem-
bered rings are present in the molecular graph. All other
systems, open chains, branched systems, four- and six-mem-
bered rings and their combinations, are called “alternant”
by chemists, and “bipartite” by physicists. A coloring feature
characterizes them, associating a given color to any starting
atom, then a different color on its first neighbors and so on,
two atoms of the same color are never first neighbors—the
definition of a chromatic index of two.

The most-alternant spin distribution does not necessarily
correspond to M,=0 (even number of sites), or M,="/, (odd
number of sites), and may exhibit more o than 3, as illustrat-
ed below. As it is energetically favored, Ovchinnikov has
speculated that the ground-state total spin is given by the
difference between the number of sites of different colors
(S='4|N,~N,|), resulting in a spin-multiplicities singlet
when N,=N,, a doublet when N,=N,+1, a triplet when
N,=N,+2, and so on.>*! As far as planar alternant conju-
gated hydrocarbons are concerned, there is no counterexam-
ple to this rule.*”! For non-alternant frames, its exploitation

may turn ambiguous, in a context of singlet—triplet bistabili-
ty [48,49]

Application to fused polyaromatic hydrocarbons: Benzene,
naphthalene, anthracene, and larger polyacenes have a sin-
glet ground state for which N,=N,. The nature of the
ground state does not change if a second rank of hexagons
is added to the first one, keeping a same number of hexa-
gons in the two ranks, and any number of superposed ranks.
Taking a z axis perpendicular to the ranks, the z coordinate
of the atoms will be 0, r/2, 37/2, 2r, (2+1/2)r and so on (see
Scheme 1), the atoms of a same z keeping the same color,
and colors changing between closest z. To create unbalance
between N, and N,, different ranks of hexagons must have
different lengths. This can be fulfilled by adding an hexagon
on top of naphthalene, giving the phenalene radical (1a in
Scheme 2),5% characterized by its D, symmetry, odd
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Scheme 1.

number of carbons, and doublet spin multiplicity, as N,=
Ny+1.

In turn, a larger compound of regular triangular shape
can be built by adding the previous free radical on top of
anthracene, 2a. As N,=N,+2, one may expect here a trip-
let ground state for a total of 22 conjugated carbons. The
next triangular architecture, 3a, would superpose four ranks,
with expected quartet ground state since N,=N,+3. One
may go on and increase the ground-state spin multiplicity by
adding one unpaired electron at each step. In this way,
N,—N, is equal to the number of superposed ranks minus
one, but the density of parallel electrons, (N,—N,)/(N,+N,),
remains low, decreasing as the inverse of the number of con-
jugated atoms. These architectures differ from usual poly-
radicals in that there is no precise localization of the un-
paired electrons, they coexist over delocalized regions and
cannot be attributed to precise sites. Regardless of the
equivalent Lewis depiction, Kekulé structures always leave
(N,—N,) atoms outside the double bonds.

Except at the corners, all peripheral atoms have the domi-
nant color. As corner atoms have the minor color, changing
their nature by transforming them into sp® carbons (by
adding one hydrogen or halogen), or subtracting them from
the conjugated system will lead to significantly higher spin,
as (N,—N,) is increased by 3. Scheme 2 illustrates the ob-
tained molecular structures for two, three, and four super-
posed ranks of hexagons. For the smaller system, 1, the ex-
pected ground-state multiplicity is a quintet, corresponding
to four parallel spins on ten conjugated carbons, to result in
a density of unpaired electrons of (N,—N,)/(N,+N,)=2/5.
This density decreases when increasing the size of the
system, as illustrated by the sextet ground state of 2, for
which five unpaired electrons of parallel spins spread over
19 conjugated carbons, leading to a density of 5/19.

In a context of selective polyaromatic reductions,” "
these ideas should not be limited to the above series. Re-
stricting ourselves to D, symmetries, let us consider coro-
nene 4a. Saturating six peripheral atoms at appropriate po-
sitions will transform it into an hexa-substituted benzene 4,
which has a septet ground state in which six unpaired elec-
trons of the same color spread on 18 conjugated carbons,
conferring a density of parallel spins as high as 1/3.

8764 —— www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An alternative view to this building strategy consists in
first starting from aromatic or polyaromatic systems bearing
exocyclic methylene groups at positions known to confer
high-spin character. Then the hindrance, owing to two C—H
bonds belonging to nearby radiating methylenes, is relieved
by fusing these two hydrogens into a bridging methylene
group -CH,-. In this way, the high-spin property of the start-
ing system is preserved, whatever its alteration in size and
shape, as illustrated in the left part of Scheme 2. From this
perspective, 4 derives from the fully-conjugated subgraph
4b, whereas 5b, the superior analog of 2b, gives system 5 an
octet ground state and bears seven unpaired electrons.

Naive Hiickel point of view: In such regular architectures
one may expect that the polyradicalar character will natural-
ly emerge from degenerate levels of zero energy in a
Hiickel treatment. Their number is equal to the number of
unpaired electrons predicted by Ovchinnikov’s rule. This is
numerically checked by diagonalizing the topological Hamil-
tonian, but the correct number of orthogonal molecular or-
bitals (MOs)—the eigenvectors associated to zero eigene-
nergy—may be produced straightforwardly as well (see
Polycyclic candidates with threefold symmetry). These ei-
genvectors may be semilocalized through a unitary trans-
form of the symmetry-adapted ones and furnish an interest-
ing view of the distribution of unpaired electrons. By using
the eigenequation (H—FE)¢$ =0, which becomes H¢=0, any
orbital cancelled by the action of H is a nonbonding eigen-
vector. Acting on a given orbital, the Hamiltonian sends the
amplitude Ci on atom i to adjacent atoms j with an ampli-
tude ¢ (or B). For the given atom i, the eigenequation re-
quires a zero value for the sum of coefficients on adjacent
atoms j [Eq. (1)]:

2. G0 o

jadj.toi

This is satisfied when all minor-color atoms have zero am-
plitudes and are surrounded by two major-color atoms of
opposite amplitudes, as in allyl radical in which the orbital
that has +/0/— amplitudes along the frame satisfies the
above equation. The same is true with the singly-occupied
orbitals responsible for the triplet ground state of trimethy-
lene-methane, as illustrated in Scheme 3 (but for normaliza-
tion).

Because the above statements keep qualitative and specu-
lative character, they need to be confirmed by wavefunc-
tions or DFT calculations.

Before doing it, let’s clarify a point we will rely on, later
in this work. As developed in textbooks on magnetism,” a
set of two unpaired electrons in two localized orbitals ¢; and
¢; undergoes two essential effects: i) a direct exchange Kij,
positive, ferromagnetic, significant only if the orbitals have
non-negligible amplitudes in the same region of space, and
ii) an effective exchange, called “kinetic exchange”, of oppo-
site sign, antiferromagnetic, originating in the possible de-
localization of electrons over the two sites, providing they
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Scheme 2. Convergent strategies for building high-spin hydrocarbons.
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the Fock operator). When this

integral is zero, the coupling is

— /L)\ ferromagnetic, as in the present
P cases for which our semilocal-

ized nonbonding orbitals are ei-

b s=2 genfunctions of the Hiickel or

Fock monoelectronic Hamilto-
nian. Evaluation of the former

direct exchange integrals Kj
from coefficients of nonbonding
== orbitals is straightforward, as
long as the bielectronic Hamil-

tonian is assumed to be of the
Hubbard-type, that is, reduced
to on-site repulsion integrals U.
This is completed in the Appen-
dix for compounds 1, 2, and 4.

Numerical methods

Beyond Hiickel calculations,
which merely give the number
of nonbonding orbitals, one

should endeavor to assess
ground-state multiplicities and
excitation energies to the
lowest states of different multi-

plicities. The most rigorous pro-
- cedure handles the exact Ham-
iltonian and non-minimal basis
sets. Since the states in competi-

tion are of open-shell character,
it is necessary to start with a
complete active space (CAS)
dealing with the expected
number of unpaired electrons
in the same number of MOs.

2b  S=5/2

4b S=3

These orbitals can be obtained
by a CASSCEF calculation of the
= highest-spin multiplet. Then, di-
agonalization of the corre-
sponding CI matrix gives a first

evaluation of energy spacing
between states of different mul-
tiplicities (CASCI calculations).
As dynamical correlation may
play a significant role in the
amplitudes of these spacings, a
post CASSCEF calculation using sufficiently large basis sets is
next required.’”) Different methods are available to this
end. In the CASPT2 method, all the simple and double exci-
tations are taken into account in a second-order perturba-
tive way.*® The difference-dedicated CI method (DDCI), a
CAS-SDCI method that discards the purely inactive double
excitations, can be considered as the most reliable method

5b S=7/2

have different spins. This contribution is proportional to the for estimating energy transitions in systems of chemical in-
square of the integral <¢;|H|¢;> (H is for this instance terest at reasonable expense.’’) Two spaces of smaller size

Chem. Eur. J. 2010, 16, 8762—-8772 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 8765


www.chemeurj.org

CHEMISTRY

J.-P. Malrieu et al.

A EUROPEAN JOURNAL

are also used, namely CAS+S (including CAS and all single
excitations to it) and DDCI2 (including CAS+S and two-
electron excitations from closed-shell orbitals to active
space ones, and from active-space orbitals to unoccupied
ones). All these calculations provide true-spin eigenfunc-
tions, but do not achieve geometry optimizations.

Density functional theory (DFT) calculations, on another
hand, are efficient for geometry optimization. For the pres-
ently-considered systems, geometry optimizations have been
performed on high-spin states, treated by an unrestricted
DFT (UDFT) process.”! The expected maximum S, value is
kept in these computations, which of course suffer from
some spin contamination, owing to the spin polarization of
the supposedly closed-shell MOs. Nevertheless, mean values
of the S? operator indicate that spin contamination remains
moderate. The states of lower S, are intrinsically multideter-
minantal and as such they are not directly accessible in
Kohn-Sham formalism. A common practice in this domain
is to perform broken spin-symmetry single-determinant cal-
culations.®!! If the system is to bear n open shells or un-
paired electrons, one calculates first the solution corre-
sponding to §,,.,=n/2. Starting from the MOs of this high-
est §, solution, one may reverse the spin of one or two
singly-occupied MOs, and optimize the energy for this new
spin distribution. The so-obtained energy is usually assigned
to that of an Ising Hamiltonian, that is, the diagonal energy
of a Heisenberg Hamiltonian. The energy difference be-
tween the high-spin solution and these low-S, solutions lead
to the effective exchange between unpaired electrons. Back
to the Heisenberg Hamiltonian, these quantities can be used
to estimate the true spectrum of the system.

Being easy to use, this technique is frequently employed
for systems in which unpaired electrons are located on dif-
ferent sites or regions of space. It becomes more ambiguous
when the unpaired electrons are delocalized over a same
region of space. In this case, the corresponding exchange in-
tegrals have no reason to be equal, and their amplitudes are
not easy to obtain. Actually, in what follows, UDFT energies
for S,<S,ma are only reported as rough estimates for the
vertical gaps between ground states and states of lower spin
multiplicity. As shown below, if spin contamination remains
weak for high-spin ground states for which (Sg¢)~'/ S-
(§+1), this is no longer true for solutions of lower S,. For
the first excited states, assuming spin contamination only
originates from ground-state components, it is possible to es-
timate the excitation energy AE by exploiting the deviation
of the mean value of §? operator for UHF (or UDFT) solu-
tions (SZ,:) with respect to its expected pure-spin excited-
state value (S2 ), through the relationship in Equation (2):

(Stmr) = 2(Seee) + (1= 27)(S5s) (2)
which leads through Equation (3):

AFE
AE = ;HF (3)
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to Equation (4):

B (S25) — (820
AE = ABur T N ) @)

Incidentally, singlet-triplet energy differences in simple
diradicals are known to strongly depend on the chosen den-
sity functional. For instance, in d° copper complexes,® the
B3LYP exchange-correlation potential may overestimate
this energy gap by a factor of 1.5 to 2. As this ratio is not
universal, the reliability of UB3LYP calculations has been
tested on two typical organic biradicals. For trimethylene-
methane, the UDFT approach gives a vertical (adiabatic)
singlet-triplet separation of 1.10eV (0.99 eV), to be com-
pared with the accurate abinitio result of 1.18eV
(0.94 eV)® and the experimental value of 0.79eV.* In
meta-xylylene, our S-T energy difference is calculated at
0.61 eV (0.57 eV), to be compared with ab initio values of
0.60 eV (0.49 eV)® and experimental adiabatic value of
0.42 e V. Apparently B3LYP, therefore, does not overesti-
mate the magnetic coupling in organic diradicals, as it does
in transition-metal complexes.

An alternative way to address the problem and estimate
the low-energy spectrum is by using a Heisenberg Hamilto-
nian. A geometry-dependent Hamiltonian of this type has
been proposed in which the o system is treated through a
sum of bond potentials R;, and the interaction between m
electrons is expressed in terms of bicentric antiferromagnet-
ic exchanges J; between sp? atoms.’®) Summing over the
pairs of linked atoms in Equation (5) with all st electrons
being treated equally, gives:

H= Z Zlij(si'Si_l/4)+Rif (3)

linked i,j

The size of the vector space in which this Hamiltonian is
developed is C;, for a system involving 2n conjugated car-
bons, so that diagonalization is easy up to 24 sites. One
might perform a geometry optimization for each state in this
formalism, or use the UDFT optimized geometry for the
ground sate and calculate the vertical spectrum. A qualita-
tive answer is given when taking a uniform value of the
inter-atomic exchange integral, taken for the distance of
1.40 A, namely 1 eV.

If two sp>carbon atoms are bridged through a -CH,-
methylene group, some interaction between them might be
taken into account. Actually, calculations of the magnetic
coupling between the remote unpaired electrons in CH,-
CH,-CH, point to a rather low ferromagnetic value around
0.02 eV. This weak amplitude is owed to cancellation effects
between anti-ferromagnetic delocalization originating in hy-
perconjugation, and ferromagnetic spin polarization along
the o skeleton, favoring Hund’s rule at each carbon center
(Scheme 4).

Among the above methods, the strict ab initio CI calcula-
tion is the most rigorous, as it uses the exact electronic
Hamiltonian, provides eigenstates of S%, and may give posi-
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Scheme 4.

tive and negative local spin densities. UDFT calculations
also provide negative atomic spin densities, as they incorpo-
rate spin polarization, but the spectrum is here barely acces-
sible. Advantages of this method are its low computational
cost and its efficiency for geometry optimization. The Hei-
senberg Hamiltonian, on the other hand, gives estimates of
energy separations at low cost, and positive/negative spin
densities. Last, the Hiickel Hamiltonian provides a qualita-
tive entrance to the problem and gives the singly occupied
MOs with their spatial localization, but cannot furnish on-
site negative spin densities.

Polycyclic candidates with threefold symmetry

Calculated energies, geometries and spin densities are gath-
ered in Tables 1-3, respectively, with corresponding labeling
defined in Scheme 5.

Three-ring structures: The fully-conjugated structure la is
the well-known phenalenyl free radical.”” It is easy to see
that its nonbonding MO is peripheral, with zero amplitude
on the minor color sites and on the central atom, as illustrat-
ed from Hiickel, UDFT and correlated ab initio spin densi-
ties reported in Table 3. Note that Heisenberg spin densities
do not quite support this view, locating in this case a rather
large density on central atom 2 (this originates in that Hei-
senberg treatment works with neutral forms only). As men-
tioned, saturating the three corners of 1a produces 1, a con-
jugated system of tri-allyl-methane type, kept planar by the
CH, saturated groups connecting the allyl fragments, with a
ground state corresponding to S =2. Of the four nonbonding

FULL PAPER

Table 2. UDFT-calculated bond lengths (in A, see Scheme 5 for label-
ing).

Definitions Values Definitions Values
1la 1 4a 4
2-3 1.429 1.448 2-5 1.426 1.441
1-3 1.417 1.403 2-4 1.419 1.456
14 1.390 1.492 3-5 1.396
2a 2 1-4 1.422 1.397
2-5 1.422 1.424 3-6 1.497
2-4 1.431 1.445 1-6 1.369 1.483
3-4 1.408 1.415 5a 5
14 1.419 1.392 5-8 1.423 1.435
1-6 1.390 1.493 2-8 1.420 1.423
2-7 1.423 1.442
2-6 1.429 1.449
1-6 1.429 1.388
1-9 1.368 1.485
3-9 1.423 1.498
3-7 1.423 1.389
4-6 1.403 1.410

eigenvectors of the Hiickel matrix, three are directly ob-
tained as the allyl nonbonding MOs associated to each frag-
ment, the fourth one is symmetrical and centered on the
central atom, as pictured in Scheme 6, left and right, respec-
tively, prior to amplitude normalization.

This molecule may be seen as four spins in ferromagnetic
interactions with negative J° between the central and exter-
nal spins. Solutions of this Heisenberg Hamiltonian are
easily calculated: Above the quintet ground state, there are
three triplet states, two of them degenerate at energy —J°,
and one symmetrical at energy —4 J°, the first singlet state
lying at —3 J° above.

The spacing regularities in relative energies of these low-
lying states calculated from Heisenberg Hamiltonian could
be a clue for a simplified view of 1, as a four-site magnetic
skeleton of trimethylene-methane type (Scheme 7). This is
supported by the nature of nonbonding orbitals, three of
them peripheral and non-interacting, the fourth one at the
center. In this scheme, the only interaction at work is the

Table 1. Summary of calculated vertical transition energies (in eV), with spin-operator characteristics for the UDFT solutions.

UDFT Heisenberg Correlated ab initio
S. <8>,., <S> g TAW corrected CASPT2 CASCI CAS+S DDCI2 DDCI
0 2.00 2.03 0.63 singlet 1.03 1.35 2.24 1.09 1.00 1.62
1 3.00 3.05 0.31 0.41 triplet 0.33 0.57 0.78 0.40 0.36 0.41
1 2 6.00 6.09 0.0 0.0 quintet (CA’,) 0.0 0.0 0.0 0.0 0.0 0.0
1.00 1.04 0.29 0.59 singlet 0.82 0.30 1.60 0.81 0.71 0.76
2a 1 2.00 2.11 0.0 0.0 triplet A’} ) 0.0 0.0 0.0 0.0 0.0 0.0
12 2.75 2.79 0.87 doublet 0.95 1.18 2.00 1.15 1.01
32 4.75 4.85 0.49 0.62 quartet 0.43 0.84 0.96 0.54 0.49
2 5/2 8.75 8.93 0.0 0.0 sextet (°A,") 0.0 0.0 0.0 0.0 0.0
0 3.00 3.09 0.77 singlet 0.90 1.09 1.25 0.93
1 4.00 4.10 0.52 triplet 0.51 0.59 0.89 0.58 0.52
2 7.00 7.14 0.24 0.30 quintet 0.22 0.28 0.41 0.26 0.23
4 3 12.00 12.17 0.0 0.0 septet ("A’,) 0.0 0.0 0.0 0.0 0.0
Chem. Eur. J. 2010, 16, 87628772 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 8767
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Table 3. Calculated spin densities on carbon atoms for high-spin states (see Scheme 5 for labeling).

Method Center 1la 1 2a 2 4 Sa 5
Hiickel 1 0.17 0.60 0.18 0.53 0.58 0.06 0.52
2 0.0 0.40 0.06 0.25 0.33 0.01 0.22
3 0.0 0.0 0.24 0.36 0.51 0.06 0.45
4 0.0 0.0 0.0 0.0 0.12 0.35
5 0.0 0.0 0.0 0.0 0.17
6 0.0 0.0 0.0
7 0.0 0.0
8 0.0 0.0
9 0.0
Heisenberg 1 0.37 0.80 0.20 0.73 0.79
2 0.35 0.75 0.20 0.68 0.72
3 —0.28 —0.51 0.24 0.71 0.73
4 —0.25 -0.07 —0.50 —0.50
5 -0.03 —0.56 -0.52
6 —0.04
UDFT 1 0.30 0.75 0.34 0.67 0.73 0.13 0.66
2 0.06 0.62 0.18 0.50 0.58 0.07 0.47
3 —0.13 —0.30 0.39 0.57 0.61 0.15 0.55
4 —0.14 —0.13 —0.16 —0.28 —0.30 0.23 0.55
5 —0.14 -0.30 —0.31 0.15 0.46
6 —0.17 —0.12 —0.13 —0.08 -0.27
7 —0.07 -0.27
8 —0.08 —0.30
9 —0.09 —0.11
CASCI 1 0.16 0.54 0.18 0.44 0.53
2 0.00 0.45 0.04 0.27 0.43
3 0.01 0.04 0.22 0.37 0.31
4 0.01 0.02 0.01 0.03 0.04
5 0.00 0.02 0.03
6 0.01 0.02 0.02
CAS+S 1 0.28 0.71 0.31 0.59 0.67
2 0.04 0.63 0.12 0.43 0.57
3 —0.10 —0.23 0.36 0.51 0.50
4 -0.12 -0.10 -0.12 -0.17 -0.19
5 —0.09 —0.18 —0.19
6 —0.13 —0.08 —0.07
DDCI 1 0.21 0.62 0.23 0.50
2 0.00 0.54 0.07 0.34
3 —0.04 —0.09 0.27 0.44
4 —0.04 —0.05 —0.04 —0.05
5 —0.02 —0.06
6 —0.04 —0.03
odd-electron number
total 1 4 2 5 6 1 7
per site 0.08 0.40 0.09 0.26 0.33 0.03 0.23

ferromagnetic coupling J°" between the center and the pe-
riphery. Confronting the six eigenenergies calculated in this
4-site simplified set to the six lowest eigenenergies of the
10-site original set actually shows a good agreement. The
Heisenberg calculations on the full 10-site system locate the
low-lying states of 1 at 0.33, 1.03, and 1.33 eV, a degenerate
triplet, a degenerate singlet, and a triplet, above the quintet
ground state, respectively. In the simplified 4-site model,
these values come out as J°U, 3/ and 4 J respectively,
which, when setting J*" to —0.335 eV, correspond to 0.33,
1.01, and 1.34 eV, respectively. This illustrates how prior
identification of semilocalized spins in doublet ground-state
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fragments can simplify a magnetic pictures, in the spirit of
real space renormalization group (RSRG).[%

The UDFT lowest solution is actually obtained for S,=2,
corresponding to optimized bond lengths and spin densities
reported in Tables 1 and 2, respectively. This four-electron—
four-orbital system gives rise to triplet and singlet excited
states. The §,=1 solution is calculated at 0.41 eV above the
quintet state, and the S,=0 solution is calculated at 0.63 eV
above the quintet state. For the former gap, the ab initio CI
approaches confirm this value (0. 41 eV at the DDCI level).
For the transition toward the singlet state, Heisenberg,
CAS+S and DCCI2 levels suggest a value around 1eV,
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Scheme 5. Numbering scheme used in Tables 1-3, also applying to the a-

suffixed compounds.
) -V
1
Ve Ve
Ve Sz

Scheme 6.

Scheme 7.

whereas the reference DDCI value comes out larger, at
1.62 eV. The three approaches therefore agree on both
ground-state spin multiplicity and transition energies toward
the first low-lying state of lower spin multiplicity.

Six-ring structures: The fully conjugated triangular structure,
2a, sometimes called triangulene,™ is expected to have a
triplet ground state, as the Hiickel Hamiltonian gives two
nonbonding orbitals, the shape of which may immediately
be assigned D,, symmetry. The resulting spin densities can
be compared with those predicted by the Heisenberg treat-
ment and the S,=1 UDFT calculations (Table 3). Not unex-
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pectedly, the geometry predicted by this calculation indi-
cates some relationship between the length of a given bond,
and its spin alternation, defined as the product of spin densi-
ties on the two concerned atoms. We will go back to this
point later on. The UDFT calculation for S,=0 gives an
energy 0.29 eV higher than that associated to §,=1, con-
firming the nature of the ground state. Approximate spin
decontamination raises this value to 0.59 eV, a gap not too
much different from that obtained from the best ab initio
DDCIT calculation (0.76 eV), or the crude Heisenberg calcu-
lation 0.82 eV.

Saturation of the three corner carbons leads to 2, a mole-
cule with five unpaired electrons, of sextet ground-state spin
multiplicity, the five nonbonding orbitals again being pre-
dicted by Hiickel theory. Actually, three of them may be de-
fined from sets of peripheral conjugated atoms identifiable
to the nonbonding orbitals of pentadienyl radicals (see
Scheme 8, left). The two remaining orthogonal nonbonding

3x1/2+ 1x1 = 5/2 3x1/2+1x3/2 =3 3x12+ 1x2 =712

Scheme 8. Picturing 2b, 3b, and 5b as three peripheral polyenyl mono-
radicals interacting with a central polyradicalar kernel. Total-spin decom-
position is made explicit.

orbitals are centered in the molecular core region, and can
be seen as the nonbonding orbitals of a trimethylene-meth-
ane moiety, with outward delocalization tails. Interestingly,
this evokes a d’ metallic center in octahedral environment,
with 3t,, and 2e, degenerate orbitals. Changing the electro-
affinity of the central atom would further split here the cen-
tral/periphery energy difference, in the same way crystal
field plays with #,,/e, energy splitting in coordination chemis-
try. Scheme 8 illustrates how the center/periphery breaking
down holds for all our compounds with three-fold symmetry,
in which peripheral polyenyl monoradicals are associated to
different central parts. Here again, semilocalization of non-
bonding orbitals suggests a renormalized vision in terms of
five S,=1/2 spins located on the vertices of a trigonal bipyr-
amid. The three in-plane vertices do not interact directly,
but are ferromagnetically coupled with the two axial ones,
which in turn are coupled to each other (Scheme 9).

www.chemeurj.org — 8769


www.chemeurj.org

CHEMISTRY

J.-P. Malrieu et al.

A EUROPEAN JOURNAL

As expected, the UDFT cal-
culation for §,=5/2 gives the
lowest-energy solution—the
S§,=3/2 solution is 0.49eV
above—and spin decontamina-
tion has only a moderate effect
(0.62 eV). The spatial symmetry
of the wavefunction is broken,
as the lowest quartet state is de-
generate in the Ds, geometry. Geometry relaxation does not
significantly lower the energy of the corresponding determi-
nant. The ab initio CI and Heisenberg Hamiltonian calcula-
tions confirm the order of magnitude of the sextet-to-quar-
tet vertical excitation energy (0.49 eV and 0.43 eV, respec-
tively). The UDFT calculation of the lowest S,=1/2 solution
locates the doublet state above 0.87 eV (Equation (4) is
here no longer relevant for spin decontamination), a value
in line with both Heisenberg and DDCI results, around
1 eV. For this example, let us have a look on how the spin-
density distributions of Table 3 are predicted by the various
methods. If they agree on locating major spin carriers, they
differ on the other centers, and on the amplitudes of the
contrasts. Negative spin densities, linked to spin polariza-
tion, are of course absent in Hiickel and CASCI calcula-
tions, which give similar values. Including spin polarization
creates negative densities on minor-color atoms, while in-
creasing the positive densities on the other set. In this way,
it tends towards the spin distribution of a fully-alternant VB
single determinant. Owing to the absence of ionic compo-
nents in the wavefunction, Heisenberg description overesti-
mates the contrasts. The UDFT spin distribution appears as
intermediate between the Heisenberg and the extended CI
descriptions, which tempers the amplitudes.

Scheme 9.

Septet ground state from coronene: Higher multiplicity can
be obtained from closed-shell coronene 4a by transforming
six peripheral atoms of the same color into sp® carbons. The
resulting conjugated system 4 implies 18 atoms and bears six
unpaired electrons. It can be seen as a radialene ring, in
which three exocyclic CC bonds in meta bear two methylene
groups, or as an hexa-radicular structure, with a central ben-
zene ring bearing alternatively methylene and allyl groups,
4b. This last view is closer to the Hiickel solution, giving six
nonbonding orbitals. Three of them are localized on the pe-
ripheral allyl fragments, whereas the three other ones have
their largest amplitude on the peripheral methylene carbons,
with important delocalization tails (Scheme 10, left and
middle). This picture suggests viewing the system as un-
paired electrons semilocalized in distinct molecular regions

Y

Scheme 10.
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interacting with one another in a ferromagnetic way through
the central benzene ring. The 18-site molecule is then re-
duced to a hexagon of alternating allyl/methylene magnetic
entities. The equivalent simplified frame would be here a set
of two intricated triangles with ferromagnetic-coupling links,
as in Scheme 10 right. Again, this transformation from 18
sites to six pseudo-sites is in RSRG spirit, and the effective
magnetic interactions between the latter would deserve to
be determined from the exact spectrum.

The UDFT calculations confirm the septuplet spin multi-
plicity of the ground state. Increasing the size of the system
and the number of unpaired electrons should result in lesser
excitation energy toward the state of immediate lower mul-
tiplicity. Actually the excitation energy to the lowest quintet
is calculated to be around 0.23 eV, with a good agreement
between the various methods (see Table 1)—a quantity
much larger than k7T at room temperature (0.026eV at
25°C). Given such energy gaps between lowest states, the
molecule can definitely be seen as a high-spin moiety.

Twelve-ring structures: On systems S5a and §, only UDFT
calculations could be performed. If 5 derives from 5b, the
higher analogue of 2b, note that 5a is not the higher analog
of 2a. Both 5b and 5 bear seven unpaired electrons, whose
spin densities are given in Table 3. The first excited state of
5, a sextet, is located at 0.45 eV, amended to 0.54 eV after
proper treatment from (S, calculated at 9.97 instead of
8.75, making 5§ a sure high-spin candidate. Returning to the
geometrical trend analyses, from Tables 2 and 3, it is clear
that concentrating parallel spins on (or rising the probability
of triplet arrangement between) adjacent atoms significantly
increases the corresponding bond length, as mentioned
above. Further margin reduction and quantification of this
relationship, however, turned out to be poorly effective. On
the other hand, gathering all C—C bond lengths in high-spin
ground states offers interesting trends. In fully conjugated
1a, 2a, 4a, and 5a, the C—C bond lengths are lie around the
typical aromatic value (1.37-1.43 A). After the procedure of
corner saturation, the C—C bond lengths in 1, 2, 4, and §
now splits, with a C(sp?)—C(sp?) subset tending towards typi-
cal single-bond values, while the remaining conjugated
bonds range between aromatic bonds (1.39 A) and single
bonds in conjugated hydrocarbon (1.45 A).

Conclusion

Obtained from fused aromatic hydrocarbons, the molecular
systems proposed in this work have a ground state of high-
spin multiplicity, and are very compact. The conceptual
guide to conceive such magnetic architectures is rather
simple, and rests on the coloring partition of atoms over al-
ternant graphs. From pure polycyclic aromatic systems, the
higher density of unpaired and parallel electrons can be ob-
tained by chemical saturation of carbons of a specific color,
which subtracts them from the conjugated frame. These
structures can hardly be considered as polyradicals in the
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usual organic-chemistry sense, as unpaired electrons here
occupy a same portion of space. Although they may be lo-
calized to some extent, their domains still overlap. Yet, de-
spite this overlap, their coupling is ferromagnetic, as a result
of orthogonality constraints applying to the lower-energy
closed-shell orbitals. The overall spin multiplicity definitely
appears as a collective property.

The present work has made use of different fundamental
pictures pertaining to the panoply of quantum chemistry.
We have invoked the Hiickel model to directly produce
semilocalized nonbonding MOs. The qualitative arguments
applied to guess the ground-state spin multiplicity belong to
the valence-bond way of thinking. The related Heisenberg
Hamiltonian provides a reliable spectrum of states associat-
ed with a same space part and different spin multiplicities.
The UDFT computational tool gives reliable geometries for
the ground state and a rough estimate of excitation energies
to states of lower multiplicity. The ab initio CI calculations
furnish a reliable excitation spectrum. Selective and discern-
ing use of these tools, some of them now forgotten in most
textbooks, exploits the richness of the cultural background
of quantum chemistry and the persisting relevance of its his-
torical apportations.

As we subsequently intend to address 2D space covering,
the compounds chosen here for illustrating our building
strategy have a suitable threefold symmetry. However, this
is in no way a requirement, as surface filling can proceed
from fourfold or sixfold symmetries as well. Taken separate-
ly, such building blocks can be planned to be adsorbed on
surfaces,™ but for our part we will study in a next work
how to couple them straight into periodic ferromagnetic ar-
rangements.

Appendix

Evaluation of ferromagnetic coupling from the amplitudes of Hiickel
nonbonding orbitals: The nonbonding molecular orbitals (NBO) given by
the Hiickel Hamiltonian may be localized on different domains of the
molecule, with spatial overlap between these domains. Given two NBOs
¢; and ¢, their expansion on the atomic 2p, orbitals p, q..., is written as
Equation (6):

|¢A> :chlp‘p> (6>

The direct exchange integral between ¢; and ¢;, leads to Equation (7):

Ky = (008,2)1

6 (16:(2) )

This may be calculated in terms of bielectronic integrals between atomic
orbitals. If the bielectronic repulsion operator is the bielectronic part of
the Hubbard Hamiltonian, that is, restricted to on-site interactions, then
Equation (8):

1

T2

(p(M)q(2)|—|r()s(2))=Ud(p,r)0(q,5)0(p, q) (8)

Then the exchange integral K;; in Equation (9):

K; =UZ,c.c 9)

P=ipTip
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From this expression, the exchange keeps a zero value if the domains of
definition of the two NBOs do not share any atomic orbital. This is why
we may assume that unpaired electrons do not interact in our peripheral
semilocalized NBOs.

Evaluation of exchange integrals between peripheral and central NBOs
is straightforward, as long as their amplitudes are known. We thus ob-
tained the following results for the above-addressed compounds. In 1, the
exchanges are of the same type, which concerns the interaction between
the central NBO and peripheral ones, and K;=U/10. Taking U=3 ¢V,
then K;=0.3 eV, which coincides with the value of J* fitting the calcu-
lated low-energy spectrum of the whole molecule. Compound 2 presents
two types of exchanges (cf. Scheme 9). That between one peripheral
NBO and the central ones is calculated at J,=2/45 U. That between the
two central NBOs is larger since they are defined in the same region of
space: J,=9/75 U, just above the value of J*" in 1. In compound 4, the ex-
change integral between internal sites is rather large, (/,= U/I1), whereas
that between a peripheral allylic site and its closer central ones is smaller
(J,=U/32). The interaction between a peripheral site and its remote in-
ternal site is even smaller, J', = U/51, justifying its neglect in the graph of
Scheme 10.
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