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It is shown theoretically that the ground state of a new class of non-Kekulé polymethine molecules
can be a triplet state with non-degenerate singly occupied MOs. The investigated polymethine cyanine
cations, polymethine oxonol anions, and neutral polymethine merocyanines are derivatives of the
stable 2-azaphenalenyl radical whose pentamethine fragment is part of the polymethine chain.
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Introduction

The organic molecular systems with triplet ground
state — triplet diradicals —are usually molecules with 7-
systems featuring degenerate frontier molecule orbitals
(MOs), in particular non-bonding MOs (NBMO).

The presence of NBMOs in alternant non-classical
(non-Kekulé) radicals and polyradicals is determined
by the topology of the molecule, as it follows
from the Coulson-Rushbrooke-Longuet-Higgins the-
orem (CRLH) [1,2] and the extended CRLH theo-
rem [3,4]. Examples are the m-quinodimethane [5]
and the stable Schlenk triplet diradicals [6] shown in
Scheme 1.

Scheme 1.

According to the extended CRLH theorem, NBMOs
are present even if the m-system is non-alternant, and
if the m-centers belonging to the non-starred subset
{R°} are heteroatomic [3,4]. A very important ex-
ample of a stable monoradical with one NBMO is 2-
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azaphenalenyl radical which has been synthesized by
Rubin et al. [7] (Scheme 2).

In the one-electron approximation the condition for
the existence of a triplet ground state in a molecule is
(see Scheme 3):

E(S)— E(T) = AEst > 0
E(S) — E(T) =er—ex+lpp—lp—Kp

=Ae+1l11—l1p—Kp >0
or

Ae—lp > 111 — Ky 1)

In eq. (1), lik and K, are two-electron Coulomb and
exchange integrals, respectively. For the singlet-triplet
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Scheme 4.
gap one obtains (if Ae=0):
E(S) —E(T) =1 — l12+Ky2 (2

Obviously, eg. (1) is satisfied for molecules with de-
generate NBMOs (Ae =0, and I > Iq7). It would
also be satisfied for some molecules without degen-
erate frontier MOs if the energy gap Ae < 1 (if the
energy gap tends to zero: Ae — 0). A more precise
condition for the existence of a triplet ground state in
a molecular system must (should) include the electron
correlation (see Section 3). Theoretical predictions for
molecules without singly occupied degenerate frontier
MOs with triplet ground states or very small singlet-
triplet gaps are given in the refs. [8—10]. In a recent
paper of Wudl et al. [11] it has been shown theoreti-
cally that the ground state of large polyacenes corre-
sponds to an open-shell singlet diradical. Experimen-
tally produced hydrocarbons with triplet ground states
have been investigated in refs. [12-14].

In this paper, which has preliminary character, we
consider a special class of non-Kekulé molecules
which can have a triplet ground state, namely polyme-
thine molecules with non-degenerate singly occupied
MOs.

Structural Principleof thelnvestigated Non-K ekulé
Polymethine M olecules

The molecules with classical polymethine systems
(PS) (polymethine dyes) consist of a one-dimensional
(1-D) polymethine chain (OPC) with an odd num-
ber of methine groups linked by atoms of elements
of the groups Ill, V or VI of the Periodic Ta-
ble in o and o positions [15-17]. The three main
groups of 1-D polymethines (streptopolymethines)
are the polymethine-streptocyanine cations (PC), the
neutral polymethine-streptomerocyanines (PM), and
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Scheme 5.

the polymethine-streptooxonol anions (PO), shown in
Scheme 4.

The monoradical OPC is the essential structural
fragment within the PSs. A characteristic feature of the
OPC is the presence of an NBMO, which follows from
the topol ogy of these systems.

The fundamental idea determining the structural
principle of this new class of PSs, namely non-Kekulé
polymethines (NPM) investigated in the present pa-
per, is related to the polymethine concept of Déhne
and Kulpe [18]. In accordance with this conception,
the PC, PM and PO follow the “structural principles
of unsaturated organic compounds” [18].

In ref. [19] it has been shown that the OPCs exhibit
m-conjugated systems with NBMOs. The structure of
these systems can be represented by intramolecular or
intermolecular perturbations of the 1-D polymethine
chain.

As in the case of classical polymethine systems,
the NPMs are also derivatives of OPCs. One struc-
tural moiety is the pentamethine chain. However, the
pentamethine system is for itself a structural frag-
ment within the 2-azaphenalenyl radical possessing a
NBMO. This is shown in Scheme 5.

In Fig. 1 the NPMs investigated in this paper are
presented.

The new types of polymethines under consideration
are non-Kekulé r-electron systems, because no classi-



184 N. Tyutyulkov et al. - A New Type of Non-Kekulé Diradicals with Triplet Ground States

p.q =0, 1,2,3,..

A B

PMC ,X=Y= NH, ,r=0@
PMO ,X=Y=0 ,r=o©
PMM  X=NH_ ,Y=0 ,r=0

PMO  Xx=Y=0
PMCC ,X=Y=CH2,r=@

N
~ 9

9@
H2N 0
Scheme 6.

cal (no Kekulé) formula can be attributed to the mole-
cules as illustrated in Scheme 6.

The NBMO in these NPMs is strictly localized
within the 2-azaphenalenyl fragment. This important
structural feature follows from the consideration given
below. In the case of homonuclear alternate radicals R ®
the same result was obtained by Dewar [20].

Let us consider a monoradical R*® for which the
CRLH theorem or the ECRLH theorem [1-4] is valid,
i.e, R*® has one or more NBMOs and is linked to one
(or more) subunit(s) M:

R*-—M

The subunit (fragment) M can be a closed-shell or an
open-shell -system. We denote by @, and by @, the
MOs of the separate (non-interacting) fragments R*®
and M:

D = zcru(l),m Dy = ZCmVQOV
m v

and by @, the -corresponding NBMO (with
(®n|H|Dn) = E(NBMO). According to refs. [1-
4] the NBMO of the radical fragment contains AOs

PMCC ,X=Y=CH2,r=@

PMC ,X=Y= NH, ,r=©
,r=0
PMM  X=NH_ ,Y=0 ,r=0

Fig. 1. Investigated NPM molecules.

only of the starred basis set {R*}:
@y = Z Ch i Pu
u

In LCMO representation the wave function of the poly-
methine molecule R®* — M is given by:

Y =AY Ad+BY An®n+Cay
r m

If the m-center r of R*®, which is connected to the
n-centers m of M, belongs to the set of the non-
starred atoms {R°} (the MO coefficients are Ciu =
0, Scheme 7), then the matrix elements of the one-
electron Hamiltonian H are given by

<<Dr(m)‘H|d)n> =0

and the energy matrix of the molecule R®* — M has the
following block form:

(Dr[H[Dr)  (Dr|H|Pm) (0]
E= <‘pm|H|(Dr> <‘Dm‘H|(Dm> [0]
(0] (0] (NB[H|NB)
M>—°< R’
T *  Scheme?7.

This means that the NBMO is strictly localized within
the radical fragment R*®. The subsystem M includes all
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Fig. 2. Localization of the NMBO wave function within the
2-azaphenalenyl fragment of the polymethine A-PMM (p =
gq=1) (see Fig. 1).
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Fig. 3. Energy level schemes of NPMs of A and B type (see
Fig. 1).

coefficients Cyy, (M) = 0. Obviously, the above consid-
erations are valid also for NPMs, i.e, forM —R*—M
systems. This is illustrated in Fig. 2 for the structure
A-PMM (p =q=1)shown in Fig. 1.

In the case of the NPMs of type B (the number of the
n-centers N in fragments M is even, N = 2n, see Fig. 1)
the NBMO is occupied, i. e., the NBMO is the HOMO.
For NPMs of type A (the number of the m-centers N in
M is odd, N =2n+1, see Fig. 1) the NBMO is vacant,
i.e, the NBMO is the LUMO (see Fig. 3).

The excitation of NPM molecules is associated with
a substantial charge-transfer from the 2-azaphenalenyl
fragment R* to the fragments M for NPMs of type B,

mM

hy

M-R-M M-R-M

A
and from the fragments M to the 2-azaphenalenyl frag-
ment R* for NPMs of type A,

hy )

M-R-M
A

In the ground state the total spin density of the 2-aza-
phenalenyl fragment of type A, PMC (p =q =1, see
Fig. 1) is equal to (PPP method [21, 22]):

Q=Y qi=12.264,
i

M-R-M

and in the excited state (HOMO-NBMO transition):
Q" =Y q" =12.948.
i

Table 1. Values of the energy differences, Ag(S) (CISD cor-
rection of the closed-shell singlet energy), and Ae(T) =
3E — Eg (triplet energy minus closed-shell singlet energy)
of PMC, PMO, PMCC, and PMCA, type B molecules
(p =q =1, see Fig. 1 and Scheme 9), calculated by means
of the PPP-CI method [20 —22]. Two-center atomic Coulomb
repulsion integrals were calculated with the approximations
of Mataga-Nishimoto (M) [24], and Ohno (O) [25], respec-
tively. Aecyc and Aégeyp are the calculated (PPP method)
and the experimental excitation energies (of the longest-
wavelength singlet-singlet transition) of the streptopolyme-
thine cyanine and streptopolymethine oxonol, respectively,
with 11 methine groups. All values are in eV.

NPM Ag(S) Ag(T) Aé€calc Aexp
PMC (M) —0.55 0.62 1.34 1.69 [30]
PMC (O) -0.38 1.09 1.60

PMO (M) -0.75 -1.00 1.60 1.83 [31]
PMO (O) —0.65 -0.79

PMCC (M) -0.37 0.85 1.55

PMCA (M) —0.45 0.95 1.55

Methods of I nvestigations

Because the structural principles of the investigated
non-Kekulé polymethine molecules (NPMs) were in-
troduced as a n-electron model, the first numerical re-
sults have been obtained in m-electron approximation
with the Pariser-Parr-Pople (PPP) method [21-23].
For our calculations, the configuration interaction in-
cludes all the singly and doubly excited configurations
in the (5/5) active space. The calculations were carried
out using standard parametrization of the resonance in-
tegrals [23]. The two-center atomic Coulomb repulsion
integrals were estimated using the Mataga-Nishimoto
approximation [24] and the Ohno approximation [25],
respectively.

Numerical results were obtained also with the semi-
empirical AM1-ClI method [26-28] (see Table 3,
AM1-CI/CAS(m,m) method [27], considering all the
excited configurations within the subspace of m occu-
pied MOs and m unoccupied MOs, m = 5 in the case
of PMM systems, and m = 6 for PM O and PM C sys-
tems, respectively).

Ab initio [29] geometry optimizations and CI calcu-
lations were carried out using the 6-31G* standard ba-
sis set. The CI includes singly and doubly substituted
configurations (frozen-core (CISD)).

Numerical Results and Discussion

In Tables 1- 3 are presented the calculated values of
the energy differences, Ag(S), as CISD corrections of
the closed-shell singlet energy, and Ae(T) = °E — Eq,
the triplet energy minus the closed-shell singlet energy,
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Table 2. Values (in eV) of the energy differences, Ag(S)
and Ag(T), for the PMM, type B molecules, with differ-
ent values of p and q (see Fig. 1), calculated by means of
the PPP-CI method [20—22] (see the text in Table 1). Two-
center atomic Coulomb repulsion integrals were calculated
with the approximations of Mataga-Nishimoto (M) [24] and
Ohno (O) [25], respectively.

Table 4. Calculated values (ab initio method, CISD/6-31G*,
in a. u.) of the total energies of the lowest lying singlet (E(S))
and triplet states (E(T)), the singlet-triplet splittings, AEsT =
E(S) — E(T) (closed shell singlet state energy — triplet state
energy, also in eV) of the NPM, type A molecules,p=q=0
(see Fig. 1).

NPM ES) ET AEst  AEsr (&Y)
p q Method Ag(S) Ae(T) PMO —662509569 —662537272  0.027703 0.75
1 1 M —1.30 —150 PMM —643.197050 —643.251843  0.054793 1.49
1 1 0 —1.22 136 PMC —623.790403 —623.781959 —0.008444  —0.23
0 1 M ~139 —156
0 1 o} 1.28 —1.45 N
2 1 M ~0.85 —1.50
2 1 o} -0.79 -1.32
3 1 M —1.41 —1.45
3 1 o} -1.21 —1.32

Table 3. Calculated values (in eV) of the energy differences,
Ag(S)and Ag(T) (see Scheme 9) and the singlet-triplet split-
ting energies, AEgt, of the PMO and PMM, type A mole-
cules, with different polymethine chain length (p, g, see
Fig. 1). The results are obtained by means of the AM1-CI
method.

NPMs P q Ae(S) Ae(T) AEsT
PMO 0 0 “122 ~0.95 —0.27
PMO 1 1 -1.28 -1.37 0.09
PMO 2 2 —1.04 ~1.18 0.14
PMO 3 3 —0.87 ~1.05 0.18
PMM 0 0 -1.01 ~1.10 0.09
PMM 1 1 ~1.09 —167 058
PMM 2 2 -0.97 ~153 0.56
PMC 0 0 ~1.19 ~0.25 ~0.94
PMC 1 1 —0.99 0.10 ~1.09
PMC 2 2 ~0.90 0.06 —0.96
PMC 3 3 —0.60 0.28 —0.88
PMC 4 4 ~0.35 047 —0.82

* AEsT = Ae(S) — Ag(T).

for the investigated molecules. From the data of Table 1
it follows that the ground states of PMC, PMCC, and
PMCA, type B, (p(q) < 3, see Fig. 1 and Scheme 9),
should be singlets, but a triplet state should be the
ground state of PM O, about 0.2 eV below the singlet
state.

In Table 2 are summarized the CISD corrections of
the lowest-lying singlet and triplet states, respectively,
of compounds PM M, type B, with different values of
p and g (Scheme 10). For all the PMM molecules the
triplet states lie below the closed-shell singlet states,
i.e, the ground state is clearly the triplet diradical
state.

Values of the correlation correction of the singlet
and triplet states, respectively, and the singlet-triplet
splittings calculated with the AM1-CI method in Ta-
ble 3 show that the merocyanines (PMM) and the

v}'

PMO,X=Y=0,r= @

{x
PMC,X=Y=NH,r= @

PMCC,X=Y=CH,r=® PMCA X=Y=CH,,r=0

Sy

S, -4 (S)

S, -Ag(T)

Schemes 8 and 9.

H,N (o}

Scheme 10.

oxonols (PMO), both of type A, should have triplet
ground states. With an increase of the length of the
polymethine chain the singlet-triplet splitting increases
and the stability of the triplet ground state is increased.

In Table 4 the values of the total energies of the low-
est lying singlet and triplet states are collected, and the
singlet-triplet splitting energies of the type A polyme-
thine cyanines (PM C), polymethine oxonols (PM O),
and polymethine merocyanines (PMM) withp=q=0
(Fig. 1). The ground state of the polymethine cyanine
(PMC, p =q=0) is a singlet state, but the ground
states of the corresponding oxonol (PMO) and mero-
cyanine (PM M) are clearly triplet states with relatively
large singlet-triplet splitting energies.

The relative stability of the singlet and triplet ground
states of the considered NPMs was also examined at
the DFT level of theory using a B3LYP hybrid func-
tional and a 6-31G™ basis set. The results (see Table 5)
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Table 5. Energies (in eV) for the singlet-triplet gaps (between
the optimised triplet states and the open-shell singlet states,
AE(T-0S), and the optimised triplet state and the closed-shell
singlet states, AE(T—CS}), spin contaminations for the open-
shell singlet states ({S¢)), and energy differences between
open-shell and closed-shell singlet states (AE(OS-CS)) ob-
tained with B3LYP functional (6-31G™ basis set).

NPM p q AE(1-0S) AE(1-CS) (S?) AE(OS-CS)
PMO 0 0 0.14 004 063 ~0.10
PMO 1 1  -015 —052 098 —0.37
PMM 0 0  —0.06 —027 075 —0.22
PMM 1 1  -038 081 093 —0.43
PMC 0 0 0.89 089  0.00 0.00
PMC 1 1 0.44 044 0.0 0.00

are in perfect agreement with those obtained through
the AM1-CI method (Table 3). Additionally, unre-
stricted broken symmetry B3LYP calculations have
also been performed for the singlet states. The ground
state of PMCs (p = q =0, 1) is obtained to be a closed-
shell singlet state. It was found that for systems PMM
there is a low lying open shell singlet state below the
closed-shell singlet state. However, the ground state is
predicted to be a triplet state. For PM O systems the
B3LYP calculations show that the ground state is an
open-shell singlet (p = q = 0), but as the number of
ethylene units is increased (p = q = 1), it becomes a
triplet state.

The numerical results obtained with different meth-
ods lead to the same qualitative conclusions concern-
ing the character of the ground state of the investigated
NPMs: For PMC, PMCC, and PMCA (p(q) < 1), the
ground state is a closed-shell singlet state. With the
number of methine groups (p = g > 0) increasing, the
ground state of the PM O molecules also becomes a

triplet state. The largest Ae(T) values have been cal-
culated for PMM molecule in which the fragments M
are of donor-acceptor type (see ref. [32]).

Investigations are in progress to develop PM deriva-
tives of other radicals, e. g., substituted diphenylmethyl
radicals as shown in Scheme 11, or other alternant or
quasialternant systems with NBMO.

* * * * r
%* q* * * 'n * * P

X=Y=NH ,r=@
X=Y=0 ,r=0
X=NH_,Y=0 ,r=0

X=Y= CH2 ,r=@
Scheme 11.
Conclusions

The numerical results presented in this paper char-
acterize potential structures of a new class of non-
Kekulé polymethine systems (NPM) possessing very
low excitation energies and longest-wavelength ab-
sorptions in the visible or NIR spectral region. In
some cases the ground state is a triplet state with non-
degenerate singly occupied MOs. This new type of PSs
is a very large class of z-electron systems of which the
results have been given only for NPM systems which
are derivatives of the 2-azaphenalenyl radical.
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