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Abstract

The structure and the energy spectra of new classes of coupled polymethines (CP) (coupled cyanines, merocyanines
and oxonoles) were investigated theoretically. The CPs may be considered as being composed of two identical or two
different streptopolymethine fragments or as derivatives of poly(peri-naphthylene)s. All CPs display low-energy
S, —! S; transitions with a high transition probability. The transition energies are comparable with those of the
streptopolymethine substructures. The similarity of the energy spectra of streptopolymethines and CPs is determined
by the symmetry of the frontier MOs of the streptopolymethine fragments and the CPs. © 1999 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

After Williams [1] introduced the term cyanines
(1856), and Konig (1922) [2] defined the class of
polymethine compounds, these species were the
subject of intense theoretical and experimental
investigations [3].

The basic chromophores of polymethine dyes
are the streptopolymethines—the oxonole anions 1,
the cyanine cations 2, and the neutral merocyanines
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3 (except for special cases, hereafter and below
only one mesomeric formula of the corresponding
molecules is given):

-0 — (CH=CH),,~CH=0 (1)
RoN — (CH=CH),,~CH=N"R, @)
R>N — (CH=CH),,—CH=0 3)

The carbanions (carbocations, radicals) 4:

CH, — (CH=CH),,—CH=CH,]""" 4)
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also belong to the polymethines, being at the same
time a major structural unit of 1-3. The poly-
methines can be considered to be derivatives of the
simplest one-dimensional (1-D) w-systems, namely
odd polyenes, i.e. the polymethine dyes are o,w®-
substituted odd polyenes.

The poly(peri-naphthylene)s (PPN) and their

derivatives P
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are 1-D m-systems whose topology is similar to the
topology of even polymethines—polyenes and odd
polyenes, respectively. The symmetry groups of
PPNs and P are Dy, and C»,, respectively (here,
and below, we consider the symmetry of the -
electron framework). The frontier MOs, the
HOMO and LUMO of PPNs (n=1, 2, 3, ..),
belong to the irreducible representation ay
(HOMO) and b3, (LUMO), i.e. they are asym-
metric with respect to the reflexion at the sym-
metry plane o. The frontier MOs of the Ps (n=1,
2, 3, 4) are characterized by the irreducible repre-
sentation b;, i.e. they are also asymmetric with
respect to the reflexion at the symmetry plane o.
For both m-systems, the mirror plane o is a nodal
plane, and the frontier MOs are composed only
from the 2p AOs of the m-centers along the per-
iphery of PPNs and Ps.

The MOs constituting the frontier (HOMO and
LUMO) bands of PPNs with cyclic boundary
conditions (symmetry group D(y,)), investigated
in Refs. [4,5], belong to the irreducible repre-
sentation E;_:

{E],} = {E(2x)u} U {E(2X + 1)g}

The characters of these representations with
respect to the mirror symmetry plane (o;,) perpen-
dicular to the symmetry axis (C,,) have a value
x(on) = —1. Therefore, the MOs belonging to

E;_ are asymmetric with respect to the reflexion
at oy,.

Because the PPNs and Ps are alternant w-
systems, it follows that

E(HOMO) = —E(LUMO)

The HMO frontier orbitals a, and b3, of PPN(n)s
are isoenergetic with the orbitals of even polyenes
with 2n double bonds. This means that in
topological (HMO) approximation the HOMO-
LUMO gap AE of PPN(n)s is identical with those
of even polyenes, and the HOMO-LUMO gap
AE of P(n)s is identical with those of odd polyenes
(polymethines). It is remarkable that the deriva-
tives of PPNs, namely the coupled PPN-poly-
methines (CP) with C,, symmetry have the same

symmetry properties as the P(n)s:
0\‘/
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CP-C;

A general formula of the CPs with C,, symmetry
can be written in the following manner:
X. | X

IRE
ALY

The frontier MOs of this class of molecules belong
to the irreducible representation b, i.e. they are
also asymmetric with respect to the reflexion at the
symmetry plane o.

Hence, the HOMO-LUMO gap AF of the three
classes of polymethines Ox—-0x, Cy—Cy and Me-
Me is identical with the HOMO-LUMO gap AE
of the corresponding streptopolymethineoxonoles

9
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Ox, streptopolymethinecyanines Cy and strepto-
polymethinemerocyanines Me, respectively:
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The synthesis and the spectral properties of the
dyes A(n) with R=hydrogen, alkyl or aryl:

>
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A(m) D(n)

are well known [6] (see also Refs. [7,8]). The
HOMOs and LUMOs of this class of m-systems
are also asymmetric with respect to the reflexion at
the symmetry plane o. However, the molecules
A(n) do not belong to the polymethine dyes
because the number of the methine groups in the
polyenedione substructure D(#n) is even.

Theoretically more attractive are the spectral
properties of the CPs whose sub-structures are
streptopolymethines with N m-centers and (N+ 1)
n-electrons [3]. There are two sub-groups of poly-
methines which are derivatives of PPNs. The
molecules of the first sub-group Ox—0x, Cy—Cy,
and Me-Me belong to the symmetry group C,.
The molecules with Cy; symmetry (CP-Cyy,):
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CP-Cy,

form a second sub-group of coupled polymethines
which are isomeric with the molecules of the first

group.
The molecules with the symmetry Cy, CP-Cy:
®
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Ox-Cy Ox-Me Cy-Me
CP-C;
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belong to a third sub-group of CPs.

The symmetry properties of the frontier MOs
(HOMO and LUMO) of the molecules of the sec-
ond and the third sub-group are different in com-
parison with the molecules of the first sub-group,
but all the three sub-groups are CPs.

The PPN polymethines can be considered to be
coupled polymethines from the standpoint of
Déhne’s polymethine conception [9] (see also the
papers of Fabian et al. [10,11]. The theoretical
investigation of the structure and the energy spec-
tra of this new class of polymethines is the aim of
the present paper.

2. Methods of investigations

The energies of the singlet—singlet 7—n* electro-
nic transitions have been calculated by means of
the PPP method using a geometry optimized with
the quantum-chemical all-valence electron AMI
method [12,13].

A set of parameters was used [14]: Bo(C—C)
=-2318¢eV at Ry=1.40A; Bcn = —2.30 eV, and
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Bco=—2.6¢eV. The relationship between the reso-
nance integrals between neighboring carbon atoms
on the bond lengths R has been calculated using
Mulliken’s formula [15]: B(R) = By S(R)/So, where
S are the overlap integrals (calculated with
ZC = 325)

The two-center Coulomb integrals have been
calculated using Mataga—Nishimoto potentials [16]
with ycc=10.84eV, ynn=11.42¢V and yoo=
14.52¢eV. The configuration interaction includes
all mono-excited singlet configurations. The fol-
lowing values of the valence state ionization
potentials were used: Ic=11.42eV, IN=19.42¢V,
and Ip=15.42¢V.

3. Numerical results and discussion
3.1. Equilibrium geometry

A characteristic feature of the structure of
streptopolymethines is the equalization of bond
lengths within the polymethine chain. This con-
cept of Konig [2] was confirmed later by Kuhn [17]
and by Déahne et al. [18] (see also the references
given in Ref. [3] and the paper of Mehlhorn et al.
[19]) on the basis of quantum-chemical calcula-
tions, and experimentally by X-ray analyses
[20,21]. The bond length equalization between the
carbon atoms is typically expressed in the struc-
tures of streptopolymethinecyanines and strepto-
polymethineoxonoles with all-trans configuration
[18,20,21]. The streptopolymethinemerocyanines
show a more a polyene-like molecular geometry
with alternating C—C bond lengths [3,18].

The nonamethineoxonole sub-structure Ox, the
nonamethinecyanine sub-structure Cy, and the

RN NR
2 2 MRy

Fig. 1. MO scheme of P(1) and the odd polyene 4 (m=2), and
of the CP-C,, (n=1) merocyanine and the streptopolymethi-
nemerocyanine 3 (m=2).

nonamethinemerocyanine sub-structure Me of the
investigated CPs shown in Fig. 2 have a trans, cis,
trans, cis, trans, cis, trans, cis configuration.
Nevertheless, the bond lengths correspond quali-
tatively to those of the streptopolymethines with
all-trans configuration, with the tendency of bond
length equilization. For all CPs investigated in this
paper, the bond lengths along the periphery of the
peri-naphthylene framework show a more marked
alternation.

3.2. Electronic excitation energies

In Tables 1-5 are collected the results of the
calculated values of the longest-wavelength sing-
let—singlet transitions AE (Sy; — S)) of the differ-
ent types of CPs with different polymethine chain
lengths (peri-naphthylene units n). The corre-
sponding values of the streptopolymethines are

Fig. 2. Equilibrium geometry of different types of CPs
obtained by means of the AM1 method (bond length in A).
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Table 1
Calculated values AE (Sp — S;) (in eV) of the longest-
wavelength singlet—singlet transitions and the oscillator
strengths f of Cy—Cy polymethines, and calculated AE(2) and
experimental values AFEp(2) [30] of streptopolymethinecya-
nines 2.

@
(CH3)2N= — = —); N (CH3)2

2

n AECy-Cy) f AE2) m f AEexp(2)
1 2728 0.263% 2982 2 1311 2981

2 2223 1389 2.096 4 2038 1984
301927 2180 1.622 6  2.628 1.462
4 1737 2864 1321 8 3068 -

4 The transition Sy — Sy has a value f=1.617.

Table 2

Calculated values AE (Sp — S;) (in eV) of the longest-
wavelength singlet—singlet transitions of Ox—Ox polymethines,
calculated AE(1) and experimental values AFE.p(1) [30] of
streptopolymethineoxonoles 1. f is the oscillator strength

1

n  AEOx-Ox) f AEL) m f AEeyp(1)
1 3111 0.179* 3273 2 1.139 3.421
22479 1.098 2280 4 1.820 2.265

3 2.086 2013 1777 6 2382 -

4 1816 2698 1472 8 2820 -

2 The transition Sy — Sy has a value f=1.617.

also given in the Tables for comparison. All
the coupled polymethines display low-energy
ISy —1S; transitions with a high transition prob-
ability. The oscillator strength is /> 1 for n>2.
The lowest electronic excitation for all CPs is a
strongly allowed transition to the 'A; excited
state. As in the case of streptopolymethines, the
longest-wavelength transition is the HOMO-
LUMO transition. The dominant electronic con-
figuration corresponds to the HOMO-LUMO
one-electron excitation. The contribution of other
configurations is small. This is illustrated by the
CI wave function of the 'A; state for Cy—Cy with
n=2:

Table 3

Calculated values AE (Sp — S;) (in eV) of the longest-
wavelength singlet-singlet transitions of Me-Me-C,, poly-
methines and calculated AE(3) and experimental values
AEp(3) [30] of streptopolymethinemerocyanines 3. f is the
oscillator strength

R,N — (CH=CH)_ - CH=0

3
n  AE(Me-Me) f AEQ3) m f AExp(3)
1 3141 0.627 3.513 2 1.038 3.430
2 2490 1.351 2.792 4 1474 2.681
3 2112 1.946 2.494 6 1.872 2.420
4  1.887 2.498 2.356 8 2291 -
5  1.750 3.012 2285 10 2740 -
Table 4

Calculated values AE (Sp — S1) (in eV) and oscillator strengths

f of the longest-wavelength singlet—singlet transitions of Me—

Me-Cy, (AE-Me) and Cy-Cy-Cy, (AE-Cy) polymethines and
experimental values of the longest-wavelength singlet-singlet
transitions of A(2) and A(4) [7]

n  AEMe) f AECy) f AE, [A(n)]
1 3.006 0.630 2.427 0.703

2 2.288 1.148 1.486 0.744  2.340

3 2033 1.793  1.236 0.898

4 1.869 2.448 1.179 1.239 1.627

®~0967 <1|14—15]—0.131 <1[13—16 |
0119 < 1] 12517

where < 1 | i —j| are the singlet electronic con-
figurations corresponding to an excitation from
the ith to the jth MO.

The longest-wavelength transition of CPs with
C,, and C; symmetry, respectively, has also a
HOMO-LUMO character.

In all cases, the transition energies of the CPs
are comparable and not essentially different from
the transition energies of the streptopolymethine
sub-structures. This is an indication that the
streptopolymethines which compose the CPs are
the basic chromophores, i.e. the CPs may be con-
sidered as being composed of two streptopoly-
methine moieties.

These qualitative considerations can be illu-
strated quantitatively using the MIM (molecule in
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Table 5

Calculated values AE (Sy — S) and oscillator strengths f of the
longest-wavelength singlet-singlet transitions of Cy-Me (AE-
CM) with Cs symmetry®

n AE(CM) f

1 2.438 0.432
2 1.977 1.419
3 1.621 2.253
4 1.375 2.955

2 The structures of other CPs with Cs symmetry, namely
Ox-Cy and Ox-Me are not realistic.

molecule) method developed by Longuet-Higgins
and Murrell [22] (see also Ref. [23]). We denote by
A, B and E,« the subunits which constitute the
Cy—Cy(n=2) molecule:

<) €]
HZN\ /NHZ
7 llTl N
N 7
N E, 7
HZN NH2
A B

The analysis of the CI wave functions, which
involves the MOs of the A, B and E,sub-units as
basic functions, shows that the streptopolymethine-
cyanines A (B) are the basic chromophore of the
Cy—Cy(n=2) molecule.

The frontier SCF MOs are degenerate and
asymmetric (with respect to the reflexion at the
symmetry plane o). They are constructed only
from the 2p AOs of the fragment A: W4 and Wy,
and from the 2p AOs of the fragment B: W3 and
‘1’152

B

A
\1115 \116
L >< L
CT

— e
RER Fia A

There are two degenerate ““Local Excitations™
[22,23] L within the unit A and within the unit B,
respectively. The correct CI wavefunctions:

D(1)~0.680 <1|14—16]—0.704 < 11315 |

and

B2)~0.695 < 1| 14— 16 4+0.664 < 1| 13— 15 |

correspond to the excitation energies: AE(l)=
1.637eV (f=0.019) and AE(2)=2.450 ( f=2.029).

There are two degenerate “Charge Transfer
Excitations” [22,23] CT from unit B to unit A, and
from unit A to unit B, described by the CI wave-
functions:

®(3)~0.995 <1 14— 15 |

and

D) ~0.995 < 11316 |

with an excitation
1.975eV and f=0.

energy AEQB)=AE4)=

3.3. Electronic properties

The uncharged CP molecules Me-Me display
very large dipole moments. The values calculated
using the AM1 method are collected in Table 6.

The static electronic polarizabilities in the ground
and excited states are molecular characteristics

Table 6

Calculated values of the dipole moments p (in Debye units) in
the ground state of Me-Me CPs calculated by means of the
AM1 method

0

HN\/NH
n u
1 6.68
2 8.17
3 9.11
4 9.42
5 9.91
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connected with the electronical and optical prop-
erties of extended m-electron systems [24,25]. The
first-order and higher-order polarizabilities of
streptopolymethines in the ground and excited
electronic states were investigated theoretically in
Ref. [26]. A systematical investigation of the elec-
tronic polarizabilities of CPs is in progress [27].
Here, we want to compare the results of the theo-
retically determined polarizabilites in the ground
and the excited singlet states of CPs-C,, with
those of compound A(2), which has been investi-
gated experimentally by Langhals [28].

Y
07 N7 o
H

AQ)

The calculations were carried out in m-electron
approximation, i.e. only the m-components of the
polarizabilities of first and higher orders were
determined. The sum over states (SOS) approach
[29] was realized within the PPP-CI algorithm
described in detail in Ref. [26].

The input geometry for the calculation of the
polarizabilities in the ground state was obtained
by means of the AM1 method. This geometry was
also used for the calculation of the polarizabilities
in excited states.

Table 7 shows data for the change of the polar-
izability upon excitation from the ground to the
first and second excited singlet states for the CPs-
C»,, and the molecule A(2).

Table 7

n-Electron components of the polarizability (« in A3) in ground
(1Sp), first ('S;) and second ('S,) excited singlet states for
different CP and A(2) molecules

Molecule a (1Sp) a('S) a('S,)

Cy-Cy (1=2) 77.04 25503 —145.66
Ox-0x (n=2) 65.89 90.05 92.82
Me-Me (7 =2) 59.37 57.87 57.16
A(2) 69.07* 69.07 51.14

@ a1 Sp)exp = 224; Ref. [28].

The significant change of the polarizability in
the excited states in relation to the ground state of
Cy—Cy is determined by the closely lying 'S, and
1S, excited states

1

Sy ———

lsl _ | 0.682ev, f=0.212
223 eV, f=1.389

I

0

A more correct calculation of the polarizabilities
in the excited states requires a geometry optimiza-
tion, investigations of which are in progress [27].

4. Conclusions

Based on Dihne’s polymethine concept, poly
(peri-naphthylene) polymethines can be con-
sidered as coupled polymethines which are com-
posed of streptopolymethines. The bond lengths
along the periphery of the peri-naphthylene fra-
mework show a more marked alternation, while
the streptopolymethinecyanines and streptopoly-
methineoxonoles are characterized by an equal-
isation of the bond lengths within the polymethine
chain. As in the case of the streptopolymethines,
the longest-wavelength transitions of poly(peri-
naphthylene) polymethines are HOMO-LUMO
transitions. The transition energies and the oscil-
lator strengths of the coupled polymethines inves-
tigated in this paper are in the same order of
magnitude as those of the corresponding strepto-
polymethines. Therefore, the streptopolymethines
are the basic chromophores of the poly(peri-
naphthylene) polymethines. The uncharged dyes
composed of streptopolymethinemerocyanines
display very large dipole moments. In the case of
the coupled cyanines, the m-components of the
first-order static electronic polarizabilities change
significantly in the excited singlet states in relation
to the ground state.
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