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On entangled singlet pure diradicals

Georges Trinquier,” Grégoire David,* Elohan Veillon," and Jean-Paul Malrieu "

T Laboratoire de chimie et physique quantiques, IRSAMC-CNRS-UMR 5626, Université Paul-
Sabatier (Toulouse III), 31062 Toulouse Cedex 4, France
Institut des sciences chimiques de rennes, ISCR-CNRS-UMR 6226, Université de Rennes, 35000

Rennes, France

Abstract. This work addresses a class of conjugated hydrocarbons which are expected to be singlet diradicals
according to the topological Hiickel Hamiltonian, while possibly satisfying full on-bond electron pairing. These
systems possess two degenerate singly-occupied molecular orbitals (SOMO), but aromaticity brought by
properly-positioned six-membered rings do prevent Jahn-Teller distortions. Density functional theory (DFT)
calculations performed on two emblematic examples confirm the strong bond-length alternation in the closed-
shell solutions, and the clear spatial symmetry in the open-shell spin-unrestricted determinants, the latter
solution always being found of significantly lower energy. Since the SOMOs are here of different symmetry,
the wavefunction is free from ionic valence-bond component, and spin decontamination of the unrestricted
DFT solutions and wavefunction calculations at CASSCF-plus-2nd-order-perturbation level confirm the
expected pure diradical character of such molecules. In contrast to disjoint diradicals, the SOMOs of present
systems have large amplitudes on neighbor atoms, and we propose to name them entangled pure diradicals,
further providing some prescription rules for their design. Additional calculations point out the qualitative

contrast between these molecules and the related diradicaloids.



1. Introduction

The present paper addresses some molecular architectures of alternant conjugated hydrocarbons which
can be a priori considered as diradicals,'” i.e. preferably described with two singly-occupied molecular orbitals
(SOMOs), but which happen to exhibit special properties. Distinguishing between closed-shell and singlet
diradicals may turn problematic and requires to clarify the physics taking place between two electrons either in
the HOMO-LUMO set, or in the SOMO set.!° From the former set, it is always possible to define equivalent
orbitals localized on subsets of atoms of different “colors”, in the sense given in the alternant world. Then, one
may transfer the valence bond (VB) concepts of covalent and ionic components to the ground state
wavefunction. As in general this wavefunction is a variable combination of the components, clear distinction
between closed-shell and diradical molecules may sometimes prove rather arbitrary. The present work proposes
specific architectures free from ionic components. As such, they should be called “pure singlet diradicals”, in
contrast to most of the so-called diradicals, which accept ionic components, and should therefore be preferably

named “diradicaloids”.!’

Beyond this preliminary clarification, this work will consider conjugated hydrocarbons obtained by
connecting the outermost atoms of two different odd conjugated polyenyl chains through two aromatic

polycyclic units (Scheme 1). Two typical structures were specifically designed for this purpose. Their expected

odd polyene

odd polyene

Scheme 1

properties, drawn from simple topological arguments, as well as from chemical intuition, would first suggest to
consider them as diradicals. However, these architectures might in principle accept complete electron pairing
on double bonds just as well, as they correspond to Kekuléizable graphs, liable to give classical closed-shell
molecules. Actually, the topological Hiickel Hamiltonian,!! which considers equal CC bond lengths, predicts

for these systems two degenerate SOMOs, of strictly zero energy. In principle, a Jahn-Teller distortion should
2



take place to remove this degeneracy, but in the proposed designs, such geometry change, because it would
favor electron pairing on double bonds throughout almost the entire molecule, would cancel the benefit of
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aromaticity by destroying Clar’s sextets !> in some bridging six-membered rings. In other words, saving

aromaticity in all six-membered rings here compels the systems to remain diradical.

As we will show, in the proposed symmetrical molecules, the two SOMOs are of different irreducible
representations. This means that mixing between neutral and ionic components of the ground-state wavefunction
is zero, and that these systems behave as pure singlet diradicals. The preference for a singlet multiplicity is here

due to the spin polarization mechanism.®!3!4

Results of geometry optimizations at density-functional-theory (DFT) level will actually show that, in
such systems, closed-shell solutions lose spatial symmetry and exhibit strong bond-length alternation along the
polyenyl strings, in agreement with an electron pairing on their bonds, whereas only half of the polycyclic parts
retains its entire aromatic character. Even at this bond-alternating geometry, the restricted self-consistent
solution is spin unstable, and open-shell spin-unrestricted treatment leads to a lower energy, this minimum-
energy conformation keeping spatial symmetry. Methodological limits of the BS-DFT approach have however
to be discussed, and we will show that spin decontamination does not change the conclusions - the minimum-
energy geometry keeps symmetry. Multiconfigurational wavefunction calculations further support the
conclusions of DFT computations. These molecules therefore appear as pure singlet diradical, with entangled

SOMOs, and we propose to call such systems entangled pure diradicals.

Alternatively, if polyenyl strings have SOMOs of the same symmetry, the saving of aromaticity in the
six-membered rings still results in space-symmetry saving, but now the topological Hamiltonian no longer
predicts a zero HOMO-LUMO gap, and the BS solution exhibits important ionic component. Such molecules
may be considered as classical diradicaloids. The singlet-to-triplet excitation energy is here higher than in the

previous series, comfirming the singularity of entangled diradicals.

Organized along these lines, the paper is hence divided into the following sections. After a brief recall on
singlet diradicals (Section 2), we will present the two candidates, scrutinizing in particular their topology,
chromatic attributes and symmetry properties (Section 3). In Section 4, the results of DFT calculations are given,
analyzed, and discussed, with special emphasis on several computational challenges associated to accurate and
reliable descriptions of these entities. Next, in Section 4, diradicaloids alternatives are subject of the same
attention and treatments, allowing to plainly point the similarities and differences between both types of

diradicals. Last, the conclusion section will delineates some general questions about entangled diradicals and



will attempt to provide a comprehensive classification of spin-properties of even alternate conjugated

hydrocarbons.

2. A brief recall on singlet diradicals

The molecules possessing a triplet ground state, such as meta-xylylene, must definitely be considered as
diradicals, their wavefunction requires considering two singly-occupied MOs, as it is clear for the m=1
component of the triplet. The distinction between closed-shell molecules and singlet diradicals in organic
chemistry is a matter of debate. It is usually recognized that there is no well-defined border between the two

types of molecules,'” and a variety of criteria or indices of diradical character have been proposed.’-!32!

As well-known from basic studies on single bonds like that in Hz, a same system may go from a closed-
shell nature to a diradical nature as soon as the bond is stretched. When does the molecule become diradical ?
The question concerns all single-bond breaking processes. The analysis is formulated differently according to
the types of MOs used. Expressing the wavefunction in terms of localized, atom-centered, orbitals a and b, the
singlet ground-state wavefunction involves a variable mixing between neutral (covalent) and ionic VB
components, the neutral (diradical) component taking increasing weight as the bond is stretched.??> On the other
hand, usual bond descriptions rather introduce delocalized molecular orbitals, a bonding one, g, and its
antibonding counterpart u. Restricting the wavefunction to a single determinant, with double occupancy of the
g bonding orbital, imposes equal coefficients to neutral and ionic components. However, the determinant
involving double-occupancy of the u antibonding orbital plays an increasing role when the bond length is
increased, and combining the two closed-shell determinants reduces the weight of ionic VB components.
Deciding when the molecule becomes a diradical is arbitrary, quite in contrast with triplet systems, which are
of open-shell nature. A qualitative signature of the entrance into the diradical regime might be spin instability
of the closed-shell wavefunction, i.e. the fact that a determinant of lower energy than the spin-symmetry adapted
one may be obtained by using non-orthogonal orbitals for the unpaired electrons. This tend to localize them in

different regions of space or on different sets of atomic orbitals.

The same discussion applies to molecular systems identified as singlet diradicals. Two electrons may be
distributed in nearly-degenerate HOMO and LUMO orbitals, equivalent to the g and u orbitals of the H»
problem, or in equivalent localized orbitals a and b, linear combinations of the above HOMO and LUMO.
These equivalent orbitals play the same role as atomic orbitals in Hz. In alternant hydrocarbons, these two

equivalent MOs are defined on different sets of atoms, corresponding to opposite colors. In that sense, they



may be considered as localized, despite the fact that they are spread throughout the whole molecular frame - a

point discussed in section 3.

The two-electron-in two-orbital problem of the H> molecule may be applied to the physics taking place
between two electrons distributed on the HOMO and LUMO of extended systems. The excited triplet state of
these molecules is purely neutral, with one electron in each of these two “localized” orbitals, while their ground
singlet state is predominantly neutral, with significant ionic contribution partly responsible for the
antiferromagnetic coupling of the two electrons. Hydrocarbons with a triplet ground state, such as meta-
xylylene, are strictly neutral, i.e. they are pure diradicals. It is frequently suggested to call “diradicaloids” the
systems which have a singlet ground state with a predominantly neutral component. Their closed-shell
description is usually subject to spin instability, leading to unrestricted or broken-symmetry (BS) single-
determinant solutions.?*=° These solutions introduce non-zero ionic components, and for this reason are called
“diradicaloids”, in contrast to “pure diradicals” whose wavefunctions are free from ionic components.’! In
trying to find a criterion to distinguish between closed-shell and diradicaloid systems, the spin-symmetry
breaking has the advantage of being a qualitative phenomenon, and not a matter of quantity. However, it is not
an absolute criterion, since by varying the exchange correlation potential, a system at a given geometry may

move from a stable regime to an unstable one.

A special class of singlet diradicals are disjoint diradicals,’ where the unpaired electrons occupy remote
SOMOs, localized on disjoint sets of atoms, or connected by atoms on which SOMOs have zero amplitudes.
The prototype of them is tetramethyleneethene (TME) or diallyle.*>® Due to the disjunction of the SOMOs,
the coefficient of the ionic component is here strictly zero, at least in a tight-binding Hamiltonian. One may
consider such molecules as “pure diradicals”, and their antiferromagnetism is due to spin-polarization effects. '
It is important to notice that the known disjoint diradicals built from conjugated hydrocarbons do not accept
on-bond electron pairing - they are not Kekuléizable. Another family of almost pure diradicals are

bis(monoradical) systems where the two monoradicals are so far that they no longer interact with each other.*’

The challenge of the present work is the tentative conception of conjugated alternant hydrocarbons which
(1) would be of singlet ground state, (i1) would be Kekuléizable, but (iii) would have zero ionic components.
This means that they should have two SOMOs of zero energy in the tight-binding Hamiltonian. Their equivalent
localized orbitals should not interact, not because of their distance, but for another reason, namely symmetry.
As these systems can in principle be subject to a Jahn-Teller effect,*® removing the HOMO-LUMO degeneracy,

they can regress to closed-shell or standard diradicaloid character. However, from old studies of Chichibabin

39-42 43-55

series, and other works, one knows that aromaticity in six-membered rings objects to the pairing of
unpaired electrons, which may counteract the above Jahn-Teller effect. The present work will exploit this
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physical effect in designing candidate molecules which, should they exist, would represent a new class of

diradicals that we propose to name entangled diradicals, as opposed to disjoint diradicals.

3. Candidates and their specifications

This section does not report numerical calculations, it simply calls well-known properties of conjugated
hydrocarbons. Most of them have been established in the early days of quantum chemistry from topological

’S,56’57

tight-binding Hamiltonians, such as Hiickel’s,® Pariser-Parr-Pople or Hubbard’s,’® all considering only

mono-electronic interactions between adjacent carbons.

A) The two nominees.

The two compounds selected for this study are pictured in Figure 1. These conjugated hydrocarbons are
composed of two linear polyenic radicals, connected to one another by their extremities through aromatic
bridges, phenantrene units in the first case, diphenylene units in the second case. The lengths of the polyenic
chains are of five and seven —CH- links in the first compound, and three and nine —CH- links in the second
one. They will hence be labelled flake 5-7, and flake 3-9 respectively. Importantly, these chains are attached to
atoms of different colors, which avoids a triplet ground state. Additionally, in order to evade steric hindrance,
one has introduced sp® carbon atoms in CH units inside the conjugate systems, making them partially
graphanized. We have checked that this stabilizing chemical change does not affect the properties of the
conjugated system, which remains very close to planarity (see the supporting information SI1-SI6). At this
point, notice in Figure 1, left, how the molecules accept an on-bond electron pairing, which would tend to
suggest closed-shell singlet ground states. A more detailed analysis is necessary to decide which of the two

pictures - closed-shell or diradical - is the best electronic depiction.

B) Coloring and symmetry preliminaries.

The molecules here designed and scrutinized hold a remarkable combinations of properties:

(1) They are alternant hydrocarbons, since one may attribute one of two colors - say red and blue - to
each carbon in such a manner that an atom of a given color is only bonded to atoms of the other color. Said in
graph-theory language, the corresponding graph has a chromatic number of two. Practically, this condition is
satisfied as soon as the graph is free from odd-numbered rings. In the following, red and blue atoms and
coefficients will be labelled by subscripts » and b respectively (seeing red as amaranth, you get back classic
starting indexes a and b).

(2) They have the same numbers of red and of blue carbon atoms, n, and n,, respectively.
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(3) According to Ovchinnikov’s rule, their ground state is of singlet multiplicity.*® The rule states that the
ground-state multiplicity of an alternant hydrocarbon is equal to |n,-mp|+1. It has been established from
magnetic descriptions of  electron systems, assuming their wavefunctions may be described from a Heisenberg
spin-Hamiltonian, with antiferromagnetic couplings between neighbor atoms only.%%-? In this sense this spin
Hamiltonian also keeps a tight-binding character. This model is efficient and may even be used as a quantitative
predictive tool,®® provided that bond-length dependence of interatomic spin coupling has been fitted on ab initio
calculations of the ethylene molecule.’* Ovchinnikov’s rule may be demonstrated from MO approaches as well,
and from Hubbard,® or Pariser-Parr-Pople Hamiltonians.%® It does not require bond lengths to be equal, and, to
the best of our knowledge, no counterexample to its predictions has ever been reported.

67,68

(4) Alternant hydrocarbons obey the “mirror theorem”, formulated years ago by Longuett-Higgins,

It establishes a one to one correspondence between bonding ¢, and antibonding ¢, orbitals:

o) =2.e, 1)+ 2 e,
P 9p

0)=2cplp )+ 2eslan)
Py 9»

On red atoms, antibonding (pi* and bonding ¢, have equal coefficients, whereas on blue atoms, both orbitals

Qb>

have opposite coefficients:

This is true, in particular, for the HOMO and LUMO of alternant hydrocarbons (labeled ¢, and ¢, respectively).
Performing a 45° rotation between these two MOs, one gets an orbital entirely localized on the red atoms
?, =(9, "'%1)/\/E >

and an orbital entirely localized on the blue atoms:

@, = (¢, _(Dh)/\/z'

These statements remain true when on-bond hopping integrals are not equal, and the definition of red and blue
equivalent orbitals is valid for diradicaloids as well as for the presently-discussed pure diradicals.

(5) Purely topological Hamiltonians are tight-binding Hamiltonians, which consider all on-bond
interactions as equal. On our proposed molecules, it can be checked that solutions of the topological Hiickel
Hamiltonian exhibit two degenerate MOs of zero energy (Figure 2), whereas a gap exists between the HOMO
and LUMO in diradicaloids. It is then rational to consider they are singly-occupied MOs (SOMOs), since



putting two electrons in the same SOMO would increase bi-electronic repulsion. If the existence of the two
zero-energy eigenvalues can be obtained numerically from the Hiickel Hamiltonian, this can also be established
analytically on the back of an envelope, and such a deductive approach also provides the corresponding on-site
amplitudes, as detailed below.

Although symmetry-adapted, the two SOMOs run on atoms of different colors, and may therefore be
considered as “localized” (or color-localized). From above considerations, the two SOMOS can therefore be

localized on red and blue atoms respectively, with their coefficients obeying the eigen-equation
i) = Olgp) = 0

meaning the action of the Hamiltonian on a SOMO kills it. For obvious reasons illustrated in Figure 3, these
localized SOMOs can be termed the red and blue SOMOs, labeled @r and @b respectively. Let us consider the

red SOMO, first. As the action of intersite-hopping operators of the Hamiltonian on its blue atoms sends
electrons to their red neighbors, the coefficients of this red SOMO on blue atoms are all equal to zero, thus
conferring zero amplitude to the blue set. Given that hopping integrals are all equal, this simply means that the
sum of coefficients on all red atoms connected to a given blue atom is equal to zero. Similarly, for the blue
SOMO, the action of H on the red atoms send electrons to their blue neighbors, conferring zero amplitude to

the red set. On our graph one may easily find a SOMO entirely defined on the 7 atomic orbitals of the red atoms

0.)=2.,
P

and another one defined on the blue atoms

|¢b>zchb|qb>-
qp

both being eigenvectors of the topological Hiickel Hamiltonian with zero energy. As the red SOMO has zero

p.)

coefficients on blue atoms, the eigen-equation simply concerns each of the blue atoms, and becomes

ZC% =0,Yk,,

p,bonded to k,

with the summation running over all red atoms chemically linked to the given blue atom.

It is possible to generate straight the corresponding amplitudes without computer aid. For the red SOMO
of flake 5-7 (Figure 3, upper right), we begin by fixing arbitrarily the coefficient of a given red atom - for
instance a coefficient of +1 on an atom with only two blue neighbors like that at far right. Then the coefficients
of second neighbors are all set to -1. Thus progressing along the molecular graph, one only needs to solve by
hand very simple linear equations involving at most three coefficients. A similar treatment can be applied to

the blue SOMO as well, leading to the so-derived integer coefficients given in Figure 3, lower right, with the
8



smallest ones being +1 or -1, and the larger ones +5 or -5. For convenience, let us further call “red polyenyl”
the polyenyl chains bearing more red atoms than blue atoms, ie the left pentadienyl and allyl chains in flakes
5-7 and 3-9, respectively, and “blue polyenyl” that with more blue atoms than red ones, ie the right heptatrienyl

and nonatetraenyl chains in flakes 5-7 and 3-9, respectively (Scheme 2). As mentioned for flake 5-7, for the red

Scheme 2

SOMO, starting with a coefficient 1 on a red atom of the blue polyenyl, one gets coefficients of 5 on red atoms
of the red polyenyl. A same ratio is obtained for the blue SOMO. Renormalizing these coefficients would lead
to the strict HMO coefficients. Even more, once normalized and summed over the two SOMOs, these numbers
can be advantageously confronted to the triplet-state spin densities, as obtained for instance from a RODFT

calculation, as shown in Figure 4. The same procedure applied to flake 3-9 leads to integer coefficients from 1
to 4, as detailed in Figure 5. From the integer coefficients of Figure 3, the red symmetrical SOMO ¢, is mainly
localized at 63 % on the “red” pentadienyl part, at 35 % on the aromatic rings and at 3 % on the “blue”
heptatrienyl part. Oppositely, the blue antisymmetrical SOMO ¢, is essentially localized at 69% on the “blue”
heptatrienyl group, at 29% on the aromatic group, and at 1% on the “red” pentadienyl group. For flake 3-9, a
similar treatment leads to similar trends. For ¢b, the repartition of squared coefficients is now 72 %, 27 % and
1 % on the 9-carbon polyenyl, the aromatic part, and the 3-carbon allyl parts respectively. For ¢, these

percentages are now 6 %, 36 %, and 42 % respectively, emphasizing here more significant tails on aromatic

groups. More generally, as each SOMO is centered on one of the two odd polyene chain with significant



delocalization tails, the position of its center of mass could be easily calculated, as well as the distance between

these two centers in terms of mean-CC-bond-length-unit.

(6) The degeneracy of the two SOMOs implies that they do not interact, as < ¢, ‘ h | @» > =0, and they
are indeed of different symmetries. As can be checked in Figures 2 and 3 for flake 5-7, @, is symmetrical with
respect to a plane of symmetry perpendicular to the conjugated frame and passing through outermost carbons,
while ¢ is antisymmetrical with respect to this plane. For flake 3-9 (Figures 2 and 5), @ is now
antisymmetrical with respect to the plane of symmetry, while @, is symmetrical. We immediately note the

crucial tendency that polyenyl chains bearing the symmetrical layout of coefficients have always lengths of

type (4n+1), while those carrying the antisymmetrical layout of coefficients have always lengths of type (4n-
1). More explicitly, in flake 5-7, the pentadienyl part, mainly borne by ¢@,, of length 5 (=4n+1), is symmetrical,
while the heptatrienyl part, mainly borne by ¢, of length 7 (=4n-1), is antisymmetrical. In the same way, in
flake 3-9, the nonatetraenyl chain, borne by @5, of length 9 (=4n+1) is symmetrical, while the allyl chain, borne

by ¢,, of length 3 (=4n-1) is antisymmetrical (see Figures 2, 3, and 5). A key point, here, is that the difference

between the lengths /; and /> of the two odd linear chains (Scheme 3) is and must be equal to 4m+2,

Scheme 3

or equivalently that the sum of their lengths is a multiple of 4. Satisfying this condition precisely defines the
“entangled diradicals”, in particular differentiating them from diradicaloid species - a point that will be
addressed subsequently.

(7) Other types of graphs exhibit two degenerate SOMOs, but they are deeply different from present
molecular skeletons. Those who are of triplet ground state, such as trimethylene methane (TMM), or meta-
xylylene, are not Kekuléizable, and have a difference |1,-15/=2. Their SOMOs run on atoms of the same color,
and their coefficients can still be obtained according to the above recipe. Another family of graphs have two

SOMOs of opposite colors, namely the so-called disjoint diradicals, mentioned in the preceding section. They
10



can be defined by connecting two radical moieties through atoms where SOMOs have zero amplitudes. For

instance, TME is composed of two allyl radicals connected by their central carbons, where the SOMOs have a

node.>?32 SOMO disjunction satisfies the relation <(0r |h| (0b> =0, at least for a tight-binding Hamiltonian.

Disjoint diradicals are expected to be singlets, according to Ovchinnikov’s rule, but with a small singlet-to-
triplet gap.

(8) The SOMOs of our compounds are not disjoint but entangled. A given SOMO has here non-negligible
coefficients on atoms connected to those where the other SOMO has also non-negligible coefficients (see Figure
2). Unlike in disjoint diradicals, nullity of the interaction between the two orbitals is not due to their spatial
separation.

(9) Referring to the physical effects contributing to antiferromagnetism in molecules,>* in magnetic
systems, the preference for singlet ground state is usually due to the so-called “kinetic exchange”, i.e. to the
stabilizing effect of the “ionic” component of the wavefunction. Here, we extend the valence bond vocabulary,
calling neutral the configuration where the two SOMOs bear a single electron, and ionic those where the two
electrons occupy the same SOMO. The dominant VB component is neutral, and ionic components, which are
pure singlets, are only present in the singlet state. The resulting antiferromagnetic contribution may be

perturbatively expressed as

2
£ = _4<(p,. e, ) ,

AE,,

where the denominator represents the energy difference between neutral and ionic configurations, while the
numerator expresses their interaction. This contribution is almost zero in disjoint diradicals and strictly zero if
the SOMOs are of different spatial symmetries, as in present systems. In this case, the physical effect stabilizing
the singlet state is the spin polarization of the other 1 MOs and of the ¢ bonds.!*!>*° The unpaired electrons of
opposite spins, being located on different sets of atoms (red or blue), create an “exchange field” on the electrons
of the closed shells and polarize them, the a spin electron of a closed shell feels less repulsion by the unpaired
electron of a spin than does the  spin electron of the same shell. The spin orbitals of the closed shell react to
this difference and become slightly different, as manifest in UDFT treatments. The process stabilizes the
energy.

(10) One should also consider possible symmetry losses and Jahn-Teller distortions. While disjoint
diradicals cannot accept electron pairing on double bonds, i.e. a Kékulé (or Lewis) writing, our graphs do so,
as manifest from Figure 1. Actually, when two degenerate orbitals appear at the Fermi level, one expects a
Jahn-Teller distortion will stabilize, as a first-order effect, one of the two orbitals and destabilize the other one,

so that the system will accept to become closed-shell with double occupancy of the stabilized orbital. While

11



disjoint diradicals do not accept such stabilizing geometry change, the here-proposed entangled diradicals do
so. They are in principle subject to such distortion, indeed, as single and double bonds can be drawn on the
corresponding graphs, insuring perfect on-bond electron pairing, and a closed-shell wave function. Example of
such Jahn-Teller distortion are Cy, rings, which exhibit entangled SOMOs when bond lengths are equal. In this
ideal geometry, they may be seen as perfectly entangled diradicals, but bond-length alternation stabilize them
and make them return to a closed-shell wavefunction.! Our graphs a priori do accept such distortion, with
bond-length alternation in the odd chains and one aromatic subunit, as pictured in Figure 1, the system losing
symmetry and diradical character, and the polyenyl chains entering closed-shell organization. In present
compounds, a key point is that bond alternation here destroys aromaticity on at least two six-membered rings.
Yet, it has been deduced from DFT calculations that two radical regions cannot be fused into a closed-shell as
long as the price to pay is the loss of two or more Clar sextets.***** While para-xylylene is a closed shell
molecule,’®’! higher analogs, from Chichibabin’s RoC-(CsHa)2-CR2,*° to Muller’s R,C-(CeHa)s-CR;*:#
become more and more diradical as quinonization of two or more benzene rings proves too costly energetically.
Quantum chemical calculations have evaluated the six-membered ring aromatic contribution at around 20

kcal/mol,”?

and reluctance to loose this benefit might force the molecular architecture to keep symmetry and
entangled diradical character.

The design of the two architectures presented and briefly described in the preceding section was of course
governed by this preliminary knowledge, as well as by trial explorations. As these molecules a priori accept
two deeply different descriptions and wavefunctions, variational calculations, with complete geometry

optimizations, are expected to take into account pro-and-con arguments and deliver a decision to this dilemma.

4. Numerical study
A- Standard DFT results

Two representations of these molecules are in competition. If the geometry presents a strong bond
alternation, the wavefunction should be of closed-shell character and should be approached by closed-shell
standard calculations. In geometries keeping the axial plane symmetry, the wavefunction should be of open-
shell character, and should be approached through unrestricted treatment, at least in a first step. One may
optimize the geometries of either a closed-shell determinant or of an m=0 BS determinant. To this end, RDFT
and UDFT calculations were carried out. They were performed using the B3LYP functional and standard 6-

311G** basis set, as implemented in the Gaussian 09 software suite.”> Geometries were optimized with

12



gradients better than 10~ au, and harmonic vibrational frequencies were systematically calculated to insure that

real minima were obtained. These treatments led to the following main features:

(1) The closed-shell solution converges on a geometry leaving the axial plane of symmetry, in which the linear
polyenic parts exhibit strong bond alternation, and one of the two polycyclic units keeps its aromatic character

while the other one is strongly quinonized.

(2) The spin-unrestricted treatment keeps the axial plane of symmetry, with the polyenic chains no longer
showing bond alternation and more reflecting polyenyl radicals, and with now both polycyclic units exhibiting
aromatic geometry (see Figure 1, middle). This solution has significantly lower energy than the former one, as
shown in Table 1, which gives the relative energies calculated for various solutions, together with a recall of

the structural features of our two compounds.

A compact measure of geometrical trends can be obtained by dividing bonds into four groups, namely
the long and short polyenyl chains, the polycyclic part supposed to remain aromatic, and the one which
quinonizes in the closed-shell solution. Table 2 reports the mean bond lengths within each group, together with
their corresponding standard deviations (a complete list of optimized bond lengths is given in the supporting
information SI7). This latter quantity is always smaller in the BS solution, for which bond lengths are rather
uniform. More specifically, Figures 6 and 7 visualize bond-length changes occurring from BS geometries to
closed-shell ones. The points close to the diagonal correspond to those phenyl groups remaining aromatic in
the closed-shell solution. The points above the diagonal concern those bonds that are formally single - hence
longer - in the closed-shell picture. The points below the diagonal concern those bonds that are formally double
- hence shorter - in the closed-shell picture. It is conspicuous that in the closed-shell solution the two aromatic
systems are different, one remaining composed of two regular phenyl units, while the other is subject to strong
quinonization of diphenylene groups. Lateral chains exhibit strong bond alternation, and obviously there exist
two degenerate bond-alternating closed-shell solutions, while the unrestricted solution is unique, with its two-
fold axis. If closed-shell minima were lower than open-shell minima, this symmetrical geometry would be seen

as a saddle point between these minima, which is not the case.

The optimized geometries of the BS m=0 solutions exhibit small bond-length differences for conjugated
CC bonds. Spatial symmetry is kept, and surprisingly enough the energy is much lower (by 10 kcal/mol) than
that of the closed-shell function. Comparing BS m,=0 energies at diradical geometry with closed-shell energies
at closed-shell geometry is not fair, since the physics involved in the two treatments are not the same. The BS
calculation treats, at least approximately, some correlation between the two electrons of the HOMO-LUMO

subset (neutral/ionic ratio components), and the spin-polarization of the other electrons, which may be
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considered as an exchange correlation between the electrons of the SOMOs and the electrons of the almost-
closed shells. Fixing to one the neutral/ionic VB component ratio, the closed-shell treatment ignores the
correlation between the two upper-energy electrons and their spin correlation with the core electrons. One may

nevertheless wonder whether a spin-symmetry breaking occur at closed-shell geometries.

Indeed, BS m;=0 solutions are found at these geometries, but they remain higher than the same solution
for the diradical symmetry by around 4 kcal/mol (see Table 1). Here, the two geometries are treated with the
same methodology, and the energy difference becomes relevant. Still rather large, this quantity seems to
confirm our speculation: the system resists to any Jahn-Teller distortion and prefers to keep pure diradical
character. One might further wonder whether a barrier could take place between the two geometries. Figure 8
picture the section of the potential energy surface corresponding to a linear synchronous transit between the
two minima (for the moment, ignore the dashed curves). Clearly, there are no barriers nor humps in these paths,
which further illustrate the high instability of closed-solutions at BS geometries, and the instability of BS m=0
and ms=1 solutions at closed-shell geometries. Not unexpectedly, the singlet-to-triplet gaps remain low at

diradical geometries (= 1 kcal/mol).

B- Methodological scrutiny

One may first wonder whether similar results would be obtained from different exchange-correlation
potentials. We have repeated the calculations with the M06-2X potential, which is supposed to be relevant for
the study of open-shell systems.”*”> As can be seen in Figure 8 (dashed curves), the main alteration concerns
energy differences between BS m =0 and the closed-shell solutions, larger for the M06-2X potential than for
B3LYP, certainly due to the larger part of HF exchange in M06-2X.

These calculations suffer from the spin-contaminated character of their wavefunctions. This defect has
been considered by various authors, and spin decontamination procedures have been proposed. The most
popular one is the Yamaguchi correction, which exploits the mean values of the S? operator for different spin-
polarized determinants.’® Actually, spin contamination has different origins, as it comes from both (i) mixing
between magnetic orbitals, which introduces some ionic components in the wavefunction, and (i7) from the spin
polarization of the “core” MOs under the exchange field of unpaired electrons. The two effects act oppositely
on <S§%> the first effect diminishes it, while the second one increases it. The use of a unique correction to treat

the two effects is not grounded and may lead to irrelevant values of the singlet to triplet energy gap.

Methodological efforts have been produced to reach reliable estimates of the spin-decontaminated energy.
The proceed by breaking up the main corrections to magnetic coupling between unpaired electrons into (7)

direct exchange (ferromagnetic), (i7) kinetic contribution coming from the mixing between neutral and ionic
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valence components of the wavefunction, and (iii) spin-polarization of core electrons. It is possible to identify
these three contributions through constrained DFT calculations, and a rational procedure to eliminate any spin
contamination bias has been recently proposed.””’® Applied to flake 5-7, this procedure led to a difference
between the spin-decontaminated energies of closed-shell and diradical in their optimized geometries, of 2.2
kcal/mol in favor of the diradical. This is close to the value given by direct comparison of the BS m,=0 solutions,

and in view of this agreement, spin decontamination has not been repeated on other hereafter reported systems.

C- Difficulty of wavefunction calculations

Further evaluation of energy differences between diradical and bond-alternating geometries may proceed
through wavefunction calculations. The simplest treatment would consist in mean-field Hartree-Fock (HF)
calculations, where a same spin-instability phenomenon takes place, even more dramatically than in DFT.
Subjected to such treatment, bond alternation of closed-shell solutions is increased, leading to values close to
the ideal limit around 1.35/1.45-A, as evidenced from the comparatives plots given in the supporting

information SI& and SI9.

Multi-configurational wavefunction calculations enable to avoid the symmetry-breaking problem. Since
the diradical ground state requires a two-determinant description (two electrons in two SOMOs), the
corresponding description of the closed-shell geometry must be a complete active space (CAS) with two
electrons in the HOMO/LUMO set. This CAS-SCF(2,2) is the minimal-balanced description. At this stage, the
BS mg=0 structure of flakes 5-7 and.3-9 is more stable than the closed-shell one by 3.5 and 1.7 kcal/mol
respectively. Post-CAS correlation effects was further treated at NEVPT2 second-order perturbative level,
which, in contrast to CASPT2, is parameter free.””®" The diradical geometries of flakes 5-7 and 3-9 are then
more stable than the closed-shell ones by 2.6 and 3.1 kcal/mol for flakes 5-7 and 3-9 respectively. The results

of this treatment are consistent with those of BS-DFT approach, before and after spin-decontamination.

These wavefunction results must be considered critically since a previous work devoted to Cy4, rings has
shown that the relevance of CAS(2,2)+PT2 or NEVPT2 for such systems may be questioned.®' Spin
polarization (or spin correlation) plays a key role in both geometries, and another previous work has
demonstrated that the spin-polarization phenomenon is cooperative, as there is positive interference between
spin polarizations of the various closed-shell orbitals.®> According to this work, a correct treatment would
require performing a full © valence CASSCF calculation, followed by a 2™-order perturbation. Such a

calculation cannot be performed for our molecules, the  system of which involves more than 30 electrons.
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5. Parent diradicaloid architectures

A key point in our explorations is the symmetry of polyenyl SOMOs, since their degeneracies are
precisely due to their symmetry difference. As stated above, in the proposed architectures, the two polyenyl
lengths were of 4n+1 and 4m-1 types, respectively, meaning their SOMOs are of different symmetries with
respect to a plane orthogonal to the molecular plane. One may wonder whether similar architectures with
polyenyl strings of the same type (say 4n+1) would behave similarly. To this end, architectures analogous to
flakes 5-7 and 3-9, where polyenyl SOMOs have now the same symmetry, have been studied through the same
approaches as in Section 4. These are flakes 5-5 and 3-7 (Figure 9). Again, to preserve a singlet ground state,
the chains are attached to atoms of different colors as in scheme 3. For these systems, the HOMO and LUMO
of the topological Hamiltonian are no longer degenerate, being separated by 0.17 |B|, and 0.21 |B| for the two
systems respectively (B is the hopping integral between adjacent atoms). Is this qualitative difference in
symmetries and in mono-electronic spectra correlated with significant differences in the properties predicted
by the same DFT treatments applied to the two previous diradicals ?

Here again, the lowest energy is obtained from a broken-spin symmetry wavefunction, keeping spatial
symmetry and saving the aromatic character of six-membered rings (Table 3). These systems are however
deeply different from the previous ones. While it is still possible to write on-bond electron pairing to the price
of formal space symmetry breaking (Figure 9, left), it appears that closed-shell solutions here no longer exhibits
bond-length alternation, and keep full symmetry with respect to the central perpendicular plane, like the BS
solution, as illustrated in Table 4 and Figures 10 and 11 (again, for a complete list of calculated bond lengths,
see the supporting information SI10). Such closed-shell geometry suggests seeing the corresponding electronic
structure as a resonance between two mesomeric forms, just as benzene can be written as a mean structure
between two Kekulé forms (Scheme 4). An important feature not to be missed in Figures 10 and 11 is that for
these closed-shell geometries, both left and right six-membered rings exhibit a tendency - moderate, but clear
- to quinonization, i.e. a shortening of “vertical” bonds and a lengthening of the “oblique” ones. In a way, the
closed-shell symmetrical geometry would be also consistent with two radicals on the polyenyl strings, although
the solution is of closed-shell character. In summary, both closed-shell and BS m~0 geometries are here

symmetrical and very close together - a feature quite distinctive from the previous series.
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Let us further compare spin operator mean values, <$7>, for BS solutions in the two series. <§?> is strictly
equal to one for a determinant with a closed-shell core, two orthogonal open shells, and m,=0 value. It deviates
from one when variational BS calculations are performed. As recalled in Section 3, two opposite effects
contribute to this deviation. On one hand, spin-polarization of core orbitals increases <S%>, while on the other
hand, non-orthogonality of variational magnetic orbitals, by mixing covalent and ionic VB components,
diminishes <$?>. In flakes 5-7 and 3-9, due to SOMO symmetries, there is no ionic component in the BS
solution, so that deviation from one of <S’> is only due to spin polarization. As this effect introduces
components with four open shells, <S°> is expected to be larger than one, and it is actually calculated to be so,
as shown in Table 1, bottom. In contrast, for flakes 5-5 and 3-7, <S°> is smaller than one (cf Table 3, bottom).
Here, spin polarization of core orbitals is also present in BS n,=0 solutions, and this small value of <$”> points

important mixing between neutral and ionic component in the singlet ground state.

The HOMO-LUMO gap is here sufficient to prevent a Jahn-Teller effect in favor of bond alternation. As
shown in Table 10, energy differences between BS m=0 and closed-shell solutions are lower than in the
previous flakes (3 vs 10 kcal/mol), and energy differences between the two geometries calculated with the same
BS formalism are also much lower than those of the previous entangled pure diradicals. A CAS(2,2)+NEVPT2
treatment also gives almost the same energy, within 0.5 kcal/mol, to BS and closed-shell geometries. Finally,
singlet-to-triplet excitation energies are here significantly larger than in the former architectures (5 vs 1

kcal/mol), as triplet geometries are expected to be closer to those of pure diradicals.

The difference between entangled pure diradicals and diradicaloids can also be related to the parity of
their peripheral total lengths (consider for instance the inner periphery). In all cases, by construction, each of

the two aromatic bridges runs over an even number of carbon atoms. As the sum of polyenyl conjugated centers
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are 4n and 4n+2 for entangled and diradicaloid cases respectively, so are the lengths of their corresponding
total closed circuits, as summarized in Table 5. These pseudo annulenes are therefore associated to antiaromatic
and aromatic lengths respectively. From the antiaromatic path of entangled systems, one expects clear bond
alternation, while from the aromatic path of diradicaloids, one expects full symmetry and equal bond lengths.
The latter trend is rather in line with the above observations. On the other hand, if entangled diradicals keep
symmetry and decline bond alternation despite their 4n-site periphery, this is obviously due to the presence of

flanking aromatic six-membered rings within these anti-aromatic Cy, annulenes.

6. Conclusion

We have identified a specific type of singlet diradical in the world of alternant conjugated hydrocarbons.
Let us further try to establish some schematic landscape or typology of these hydrocarbons. According to
Ovchinnikov’s rule, color count enables one to distinguish between singlet, doublet (radicals) and triplet
architectures. Among singlet ones, one can distinguish between those who accept a Kekulé-type electron
pairing - the large majority - and those who do not. The later are disjoint diradicals, with a wavefunction free
from ionic components, and spatially disjoint SOMOs. Most of Kekuléizable singlet molecules are correctly
described through a closed-shell single determinant, but many of them exhibit some diradical character. One
can define as diradicaloids the molecules whose wavefunctions are indeed predominantly diradical while
exhibiting significant ionic components. The existence of spin-instability of the closed-shell determinant could
thus define the entrance in diradical regime, while suitable quantitative features of the BS solution would further
provide some measure of this diradical character. The here-presented entangled pure diradicals are
Kekuléizable but they must be considered as pure diradicals since their wavefunction is free from ionic
components, as in disjoint diradicals. In contrast to them, however, their SOMOs are spatially entangled.
Finally, we propose in Figure 12 a tentative of typology which helps to position the present entangled species

within the diradical realm.

From an epistemic point of view, our research was guided by simple arguments established long ago from
topological models, and makes an heuristic use of rather primitive tools. Although these tools, with resulting
associated theorems, are rarely taught to chemistry students, they nonetheless keep strong predictive power.

Topology, parity and symmetry appear here as determining features, as they do in Woodward-Hoffmann rules.

The present work has only proposed two examples of entangled pure singlet diradicals. Their conception
follows the rather intuitive building logics pictured in Scheme 1. One may wonder whether other types of singlet

Kekuléizable frames may present the same properties. An ensuing article will soon furnish deeply different

18



molecular architectures behaving as the present systems. It will further consider some remaining questions: (i)
what are the topological conditions to have strictly-degenerate SOMOs in singlet systems ? (ii) is this condition
sufficient to have entangled pure singlets ? (iii) is symmetry-keeping compulsory ? (iv) what is the role of

aromaticity saving in the preference for pure diradical character ?

Last, a few words about specific potential properties of the present molecules. One of them is the
exceptionally low singlet-to-triplet energy gap. Besides, their ions should have interesting properties, as
ionization may concern one SOMO or the other. As a consequence, these ions should have close energies and
different physical content. Due to spatial localization of the SOMOs, the ions differ by interchange of charge
and spin between the two sides of the molecule. A small external electric field could then flip the system from
one state to the other, the molecule behaving as an electrically-addressable magnetic device - a speculation

confirmed by preliminary calculations.
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Table 1. Flake characteristics and calculated relative energies for various solutions.

flake 5-7 flake 3-9

carbon atom count

polyenic 12 12
polycyclic 28 24
total conjugated 40 36
graphanized * 5 12
empirical formula CasH2 CasH3zo

relative energies (kcal/mol)

closed-shell singlet (vertical) 14.9 13.3
closed-shell singlet 10.2 9.0
triplet 1.0 0.9
BS m=0 (vert. closed-shell) 3.9 3.7
BS m~=0 0. 0.

<§7> 1.13 1.13

2 CH or CHz saturated groups introduced for hole filling, or to prevent clashing

between close CH bonds.
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Table 2. Mean values of CC bond lengths within relevant subsets.?

BS m~=0 cl.-sh. singlet
subsets N mean std. dev. mean  std. dev.
flake 5-7
short polyene 6 1.410 0.027 1.406  0.032
long polyene 8 1.408 0.027 1.406 0.038

aromatic group 1 12 1.408 0.020 1.407 0.018
aromatic group 2 12 1.408 0.020 1.415 0.032

total conjugated 46 1.410 0.024 1.410 0.030
flake 3-9

short polyene 4 1.422  0.018 1.418 0.033
long polyene 10 1.410 0.028 1.408 0.034

aromatic group 1 12 1.404 0.015 1.402 0.011
aromatic group 2 12 1.404 0.015 1.413  0.033

total conjugated 40 1.411 0.024 1.411 0.030

“In A; N is the number of conjugated CC bonds within each set.

27



Table 3. Characteristics and relative energies for diradicaloid flakes.

flake 5-5 flake 3-7

carbon atom count

polyenic 10 10
polycyclic 28 24
total conjugated 38 34
graphanized * 4 9
empirical formula CaHzo Ca3Hase

relative energies (kcal/mol)

closed-shell singlet (vertical) 3.0 4.8
closed-shell singlet 2.5 4.0
triplet 4.5 2.5
BS m=0 (vert. closed-shell) 0.5 0.7
BS m=0 0. 0.
<S§7> 0.79 0.94

2 CH or CHz3 saturated groups introduced for hole filling, or to prevent clashing

between close CH bonds.
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Table 4. Mean values of CC bond lengths within relevant subsets for diralicaloid flakes. *

BS m~=0 cl.-sh. singlet
subsets N mean std. dev. mean  std. dev.
flake 5-5
polyene 6 1.408 0.023 1.404 0.016

aromatic group 12 1.409 0.021 1.411 0.024
total conjugated 44 1.410 0.024 1.410 0.024

flake 3-7
short polyene 4 1.420 0.016 1.414 0.009
long polyene 8 1.408 0.025 1.404 0.016

aromatic group 1 12 1.404 0.016 1.407 0.011
aromatic group 2 12 1.404 0.016 1.407 0.033

total conjugated 38 1.410 0.023 1.410 0.022

In A; N is the number of conjugated CC bonds within each set.
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Table5. Combination rules for the lengths of the two odd polyenyl chains.?

entangled diradicaloid

polyene-1 dn- 1 4n -1
polyene-2 dm + 1 dm - 1
polyene-1 4n + 1
polyene-2 dm + 1
total polyenes 4p 4p + 2
difference polyenes 4p +2 4p

length of the loop over the 4k + 2 4k

entire system °

 Integers n,m,p,k refer to the number of polyenic conjugated carbon atoms.

® This annulene length takes into account that, by construction, each aromatic bridge contributes

an even number of conjugated centers to the path.
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\

flake 5-7

flake 3-9

Figure 1. The two conjugated hydrocarbon flakes addressed in this study. Left: closed-shell bond
pairing Kekulé arrangement; middle: open diradical form, with the two polyenyl chains and
maximum aromatic rings; right: the partly graphanized forms, expected to relieve steric

hindrance, that were actually studied.
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¢r ¢b

Figure 2. The set of SOMOS, as arising from simple HMO calculations on flakes 5-7 (top) and 3-9
(bottom). Here, colors only reflect wavefunction phases, regardless of any graph coloring

considerations.
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Figure 3. Grouping the colors in flake 5-7. Left: making explicit the chromatic number of two. Right: the
two SOMOS, with schematized color and symmetry properties, and handwave-obtained integer

coefficients.
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Figure 4. Conparring the handwave-obtained coefficients, suitably normalized and summed over the
two SOMOs of flake 5-7 (top) with RODFT-calculated total spin densities in the triplet state
of the flake (bottom).
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Figure 5. Grouping the colors in flake 3-9. Letf: making explicit the chromatic number of two. Right: the two
SOMOS, with schematized color and symmetry properties, and handwave-obtained integer

coefficients.
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Figure 6. Comparing the calculated CC bond lengths in flake 3-9. Abscissa refers to the diradical

geometry, ordinate to the closed-shell geometry. Black points correspond to polyene bonds,

red points to oblique aromatic bonds, green points to vertical aromatic bonds.
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Figure 7. Comparing the calculated CC bond lengths in flake 3-9. Abscissa refers to diradical
geometry, ordinate to closed-shell geometry. Black points correspond to polyene bonds,

red points to oblique aromatic bonds, green points to vertical aromatic bonds.
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Figure 8. DFT-calculated energies along the linear synchronous transits from BS m~=0
geometries to closed-shell ones. Comparison of functionals B3LYP (full lines)

and MO62X (dashed lines).
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Figure 9. Diradicaloids alternatives addressed in this study. Same comments as in Figure 1.
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Figure 10. Comparing calculated CC bond lengths in flake 5-5. Abscissa refers to diradical geometry,
ordinate to closed-shell geometry. Black points correspond to polyene bonds, red points to

oblique aromatic bonds, green points to vertical aromatic bonds.
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Figure 11. Comparing calculated CC bond lengths in flake 3-7. Abscissa refers to diradical geometry,
ordinate to closed-shell geometry. Black points correspond to polyene bonds, red points to

oblique aromatic bonds, green points to vertical aromatic bonds.
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Figure 12. An attempt to categorize even alternate conjugated hydrocarbons with respect to shell opening.
Bifurcation points correspond to the following alternatives. “K” refers to on-bond electron
pairing, giving either Kekulé (K) or non-Kekulé (NK) structures; “C”, refers to spin instability,
reflecting an opening induced by Clar-Chichibabin type driving force; “S” refers to strict SOMO
degeneracy; “O” refers to Ovchinnikov’s criterion, according to which a diradical is prone to be

singlet (OS) or triplet (OT).
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