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valence bond calculations
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Cyanine dyes are interesting molecules due to their optical properties, in particular their absorption in
the near infrared window. Odd/even effects for these dyes were observed [N. P. Neme, T. L. C. Jansen
and R. W. A. Havenith, Phys. Chem. Chem. Phys., 2024, 26, 6235-6241], due to interaction with the
polymethine chain. Here, we present a study of the aromatic properties of oxidized cyanine dyes 1(n)
using the ipsocentric method to calculate induced ring currents and using valence bond theory. The
even members of this series show an induced diatropic ring current, while the odd members show an
indued paratropic ring current. Hence, for n even, the ring is aromatic. The aromatic behaviour of the
five-membered ring aligns with the possibility to draw ionic resonance structures in the five-membered
ring that allows the delocalization of a negative charge within the ring, leading to a six © electron ring.
For n odd, the induced ring current is paratropic, while a positive charge delocalizes in the five
membered ring (a 4n electron circuit), hence, its aromatic behaviour. This steering of aromatic/
antiaromatic properties can have a profound effect on the reactivity of the molecules, and impact their
photophysical properties. This may be an extra handle for the design of organic molecules for electronic

rsc.li/pccp devices.

Introduction

Cyanine dyes belong to the class of fluorescent dyes, that
absorb in the near infrared region. Such dyes have been used
in various applications, such as molecular switches for surface
and electronic applications," sensitizers in organic solar cells,
and they are applied in the field of biological imaging and drug
delivery.> The heptamethine cyanine dyes are frequently used
for these applications, as they possess high molar absorption
coefficients, and have a tunable structure. This particular dye
consists of a polymethine chain and two heterocyclic end-
groups, and thus have an extended, linear m system. As a
consequence of this extended n system, these dyes have unique
photophysical properties; it typically has an intense and narrow
absorption band in the near infrared I window (700-1000 nm),
combined with a blue shifted shoulder, typically assigned to the
0 — 1 vibronic transition.® A rigid, cyclohexene or cyclopen-
tene, bridge can be introduced into the polymethine chain
to prevent photoinduced cis-trans isomerizations, thereby
increasing the thermal and photostability of the dye.
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Here, we denote the cyanine dyes by the length of the
cyanine, and in our notation 1(n), the number of carbon atoms
(N¢) in the main chain is equal to Nc =2n + 1, withn =1, 2,. ...
In previous work, the cyanine dye 2(2) (Scheme 1) has been
synthesized.>” As a by-product, the oxidized dye 1(2) was
found. Interestingly, this dye has, despite having more unsatu-
rated bonds, a blue-shifted main absorption peak compared to
its parent. A computational study to explain this unexpected
behaviour was conducted and it was shown that this was
caused by the interaction of the extra n-bond with the linear
conjugated m-system of the polymethine chain.® For pristine
cyanine dyes in C,, symmetry, the symmetries of the HOMO
and LUMO alternate, and for even n the HOMO has a, sym-
metry and the LUMO b,, while for odd n the HOMO has b; and
the LUMO a, symmetry. As the symmetry of the additional
bonding m-orbital in the bridge is b, and of the anti-bonding
orbital a,, an odd/even effect is expected as the interactions of
the bonding/anti-bonding m-orbitals will alternate with the
alternating HOMO/LUMO symmetries of the polymethine sys-
tem. This odd/even affect with changing length of the poly-
methine chain prompted us to study the properties, and in
particular the aromaticity, of the five-membered ring as a
function of the length of the polymethine chain.

Aromaticity, though not always well-defined,’ is, according
to the magnetic criterion for aromaticity, the ability to sustain a
diatropic ring current, induced by an external magnetic
field.” ™ Antiaromaticity is defined as the opposite, the ability
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Scheme 1 The structure of the cyanine molecules 1(n), and 2(2).

to sustain a paratropic induced ring current. The induced ring
current can be calculated using the ipsocentric CTOCD-DZ'>°
approach.'”'® This approach has many advantages, such as
well-converged maps with modest basis sets," interpretable
orbital contributions,*® and an even further breakdown of these
contributions in terms of virtual transitions.>’ The diatropic
contributions to ring current are caused by virtual translational
excitations from occupied to unoccupied orbitals, while
paratropic contributions are determined by virtual rotational
transitions.'”'®

A complementary view to aromaticity is given in terms of
resonating Lewis structures. The wavefunction of a system can
be written in terms of resonating Lewis structures using valence
bond theory.”>?* In this way, the contribution of each reso-
nance structure can be calculated, together with a resonance
energy, using different orbital models.>*** In this work, we will
study the aromaticity of the bridging five-membered ring in the
cyanine dyes 1(n), with n = 2-11. We present plots of the
induced current density, together with a detailed orbital analy-
sis, and we interpret the electronic structure of the molecules in
terms of contributing resonance structures. We show that an
odd/even effect exists, and that the five-membered ring is
alternating aromatic/antiaromatic, shown by a diatropic/para-
tropic ring current. This behaviour can be explained in terms of
the orbital contributions and virtual transitions governing the
ring current. Furthermore, the valence bond analysis shows an
odd/even effect, due to contributions of ionic structures and
that the number of n electrons in these ionic structures in the
five-membered ring alternates between four and six.

Computational information

The geometries for the molecules 1(n), with n = 2-11 were
optimized within the C,, point group, using the PBEO
functional®®*?° combined with the 6-311G** basis set.’® All
stationary points were characterized as genuine minima by
hessian calculations (no imaginary frequencies). For each mole-
cule, UPBEO and UHF calculations were performed in order to
find broken spin symmetry solutions with a lower energy than
the closed shell solution. All calculations were performed with
the GAMESS-UK>! package, except the TDDFT>*** calculations,
which were performed using Gaussian16®! (the PBEO and
6-311G** basis set were used here as well).

The ring current calculations were performed using the
CTOCD-DZ method'®#3%3¢ a5 implemented in GAMESS-
UK?*"*” and SYSMO®® using the PBEO functional and 6-311G**
basis set. The ring current is plotted in a plane 1 a, above one of
the aromatic rings. For the ring current calculation of the
broken spin symmetry species 1-BS(9), UHF was used (see text),
following established protocols published in the literature.**°
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In all the plots, diatropic (paratropic) current is anticlockwise
(clockwise).

The valence bond calculations on 1(2) and 1(3) were performed
with TURTLE,*"*> as implemented in GAMESS-UK, using the
6-311G** basis set. The ¢ orbitals were obtained from a preceding
RHF calculation, and were kept frozen. The p-orbitals to describe
the m system were kept strictly atomic, and were optimized using
the VBSCF procedure.”*** The structures depicted in Scheme 2
were included in the wavefunction, and their weights were
determined using the Gallup-Norbeck (GN) scheme.*

Results and discussion

Geometries

The optimized C-C bond lengths for 1(2) and 1(3) are depicted
in Scheme 3, and the C'-C* and C>-C* bond lengths for the
series 1(n), n = 2-11 are summarized in Table 1. The main
differences between the molecules are found for the C'-C* and
C?>-C? bond lengths, the other C-C and C-N bond lengths are
very similar in the series. A clear difference is discernible
between the molecules with even n and those with odd n.
The C'-C*> bond length for the molecules with odd n is
consistently shorter than that for the even n molecules in the
series, while the C*>-C® bond length is consistently longer. The
larger bond length alternation in the n odd series hints towards
a less degree of aromaticity of the five-membered ring in the
odd series than in the even series. The difference between the
odd and even series in bond length alternation diminishes
when the molecule is elongated, suggesting a decrease in the
difference in aromaticity in the five-membered ring.

When checking for triplet instabilities in the wavefunction,
by trying to converge on a spin symmetry broken unrestricted
solution with lower energy than the closed shell solution, it was
found that using the PBEO functional all closed shell solutions
were stable. At this level of theory, no broken symmetry solu-
tions were found for the molecules in the series. However, when
unrestricted Hartree-Fock (UHF) calculations were performed,
broken symmetry solutions were found for 1(9) and longer. The
UHTF solutions were found to be lower in energy than the closed
shell RHF solutions for those molecules (Table 2). The energy
lowering with respect to the closed shell RHF solution obtained
using the broken symmetry approach becomes larger when the
molecule becomes longer. The degree of spin contamination
(Table 2) also increases upon chain elongation.

Induced current density

The aromaticity of the five-membered ring was studied using
the ring current criterion. Plots of the induced & current density

This journal is © the Owner Societies 2026
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Scheme 2 The considered valence bond structures for 1(2) and 1(3). The number of symmetry equivalent structures is indicated.
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Scheme 3 PBE0/6-311G** optimized geometries for 1(2) and 1(3). Indicated bond lengths are in A.

Table 1 The PBE0/6-311G** optimized C'-C? and C?>-C3 bond lengths
(in A) for 1(n), n = 2-11

Molecule c'-c? c*-¢? Molecule c'-c? c*-¢?
1(2) 1.355 1.453 1(3) 1.337 1.495
1(4) 1.352 1.459 1(5) 1.339 1.487
1(6) 1.351 1.461 1(7) 1.340 1.484
1(8) 1.351 1.462 1(9) 1.341 1.483
1(10) 1.351 1.461 1(11) 1.342 1.480

Table 2 AE (= Egs — Ecs, the energy difference between the broken
symmetry solution and the closed shell RHF energy, in eV) and the
expectation value of the $% operator for 1(n), n = 9-11

Molecule AE (8%
1(9) ~0.49 2.48
1(10) ~0.62 2.59
1(11) ~1.15 3.08

for 1(2), 1(3), and 2(2) are shown in Fig. 1. A clear diatropic
current is discernible for 1(2) in the five-membered ring,
indicating that this ring has aromatic character. This ring

This journal is © the Owner Societies 2026

current is dominated by the contributions from the HOMO
and HOMO-1 (Fig. 2), and can thus be seen as a classical 4n
electron current, as has been observed in prototypical aromatic
molecules.'””'® The contributions of the other n orbitals to the
current in the five-membered ring are negligible.

The ring current pattern for 1(3) is distinctly different: here,
a paratropic 7 ring current is found (Fig. 1). This ring current is
also dominated by the (paratropic) contributions from the
HOMO and HOMO-1 (Fig. 2). Again, the remaining n orbitals
do not contribute to the m current density significantly. Hence,
in 1(3), the five-membered ring shows the signature of anti-
aromatic character.

As a reference, the ring current has also been calculated for
2(2) (Fig. 1); this molecule has a saturated C,H, bridge
(Scheme 1). No ring current is visible for 2(2), only localized
currents around the nitrogen atoms and on the carbon back-
bone. This shows that the ring current in the five-membered ring
of 1(2) is not a mere consequence of the presence of a ring, but
that the unsaturated C'-C? bond actually plays an important role
in the aromaticity/anti-aromaticity of the five-membered ring.

Now, a pattern emerges: the members of the series 1(n), with
n being even, have an aromatic five-membered ring, whereas

Phys. Chem. Chem. Phys., 2026, 28, 6627-6635 | 6629
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Fig. 1 Plots of the induced = current density for 1(2), 1(3), and 2(2).
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Fig. 2 Orbital contributions to the m current density for 1(2) and 1(3). Upper panels, the sum of the contributions of the HOMO and HOMO-1, lower

panels the sum of the contributions of the remaining = orbitals.

those with n being odd, have an anti-aromatic five membered
ring. This is corroborated by plots of the = ring currents for the
other members of the series (Fig. S1). For the compounds 1(n),
with n = 4, 6, 8, and 10, a diatropic ring current is found, while
the compounds 1(n), with n = 5, 7, 9, and 11, possess a

6630 | Phys. Chem. Chem. Phys., 2026, 28, 6627-6635

paratropic ring current. This odd/even behaviour can be
explained using the ipsocentric rules for induced current
density,"”**?° in terms of orbital contributions and virtual
translational (rotational) transitions that contribute to the
diatropic (paratropic) ring current. For this analysis, we
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Fig. 3 Orbital interaction diagram for n even and odd.

consider the n orbitals of the HC—CH moiety to interact with
the m orbitals of the methine chain (Fig. 3). In C,,, the HOMO
and LUMO of the methine chain transform according to the a,
and b, irreducible representations for even n, and according to
the b, and a, representations for odd n. The HOMO and LUMO
of the HC—CH moiety transform according to the b; and a,
representations, respectively. Consequently, for even n, the
HOMO of 1(n) is stabilized by the interaction of the methine
chain (a, symmetry) with the anti-bonding, a,, © orbital of the
HC—CH moiety. The LUMO of b; symmetry of the methine
chain interacts with the occupied b, n orbital of the HC—CH
moiety, resulting in a destabilization of the LUMO of 1(n). The
result of these interactions is a widening of the HOMO-LUMO
gap in the series 1(n), with n even (Fig. 3).

For the molecules of the series with odd n, the situation is
reversed (Fig. 3): the methine chain HOMO of b; symmetry
interacts with the occupied m orbital of the HC—CH moiety,
leading to destabilization of the HOMO of 1(n), with n odd. The
LUMO of a, symmetry interacts with the empty, a,, © orbital of
HC=CH, resulting in stabilization of the LUMO of 1(n). Hence,
for n odd, the HOMO-LUMO is smaller, and consequently, the
paratropic contribution to ring current arising from the virtual
allowed rotational transition from the b; occupied orbitals to
the empty a, LUMO is increased. This is further corroborated
by a spectral decomposition of the ring current (Fig. 4a). If only
the rotational transitions from the HOMO and HOMO-1 of
1(3) are taken into consideration, a strong, paratropic ring
current is obtained in the five-membered ring. The absolute
value of the mixing coefficient in the perturbation expansion
for the paratropic HOMO — LUMO transition was calculated to
be 7.4. The next largest mixing coefficient is that for the
HOMO-1 — LUMO transition of 4.7, with other coefficients
smaller than 3.5. This indicates that the dominant virtual
transition is indeed the rotationally allowed HOMO — LUMO
transition, together with the HOMO—1 — LUMO transition,
but other virtual transitions contribute to the current as well, as
shown in Fig. 4a. If all these other transitions (translational and

This journal is © the Owner Societies 2026

rotational) are taken into consideration, except the two rota-
tional HOMO — LUMO and HOMO—1 — LUMO transitions, a
strong diatropic current is obtained, similar to the current in
the 1(n) series with even n.

It must be noted that the diatropic ring current in all 1(n)
molecules is not determined by only a few translational transi-
tions, but more transitions have to be taken into account to
obtain the diatropic ring current. The spectral decomposition
(Fig. 4b) shows that the ring current is dominated by the
translational and rotational virtual transitions from the HOMO
and HOMO-1 to the LUMO, LUMO+1, LUMO+7, and LUMO+8.
The remaining virtual transitions do not significantly contri-
bute to the diatropic ring current.

Further support for this alternation of the HOMO-LUMO
gap is obtained from TDDFT calculations. The excitation energy
to the first 'B, state has been calculated for the series (Table 3).
A decreasing trend in excitation energy is observed in the series
1(n), with n even, and, separately, a decreasing trend is
observed for 1(n), with n odd. However, the excitation energies
for the n even series are higher than those for n odd, in
agreement with the model proposed. The excitation energy
for 1(2) is higher than for 2(2), while the excitation energy for
1(3) is lower than that of 2(3), substantiating the hypothesis
that the orbital interactions in the n even cases would increase
the gap, whereas in the n odd cases it would decrease the gap.

As has been noted earlier, at the UHF level, the closed shell
solution becomes unstable, and a broken symmetry solution
with lower energy is found. This symmetry breaking may have a
consequence for the induced m ring current. The smallest
molecule in the series for which a broken symmetry solution
is found is 1(9). For the closed-shell solution, the ring current
follows the general pattern observed for the molecules in the
series with n odd. A paratropic ring current is thus found
(Fig. 5). However, the broken symmetry solution is of b,
symmetry, meaning that a b; and an a, orbital are singly
occupied. In the spin-up («) manifold, the highest occupied
orbital has b; symmetry (and the lowest unoccupied a,),

Phys. Chem. Chem. Phys., 2026, 28, 6627-6635 | 6631
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n ring current of 1(2).

Table 3 The excitation energies (Eqxc. in €V) to the first 182 state, and the
character (only weights higher than 10%) of the transition for 1(n), n = 2-11,
and 2(n), n=2,3

Molecule E.. Character Molecule E.,. Character
1(2) 4.04 76.4% H—-1 — L 1(3) 2.02 79.6% H — L
23.9% H — L+1 19.3% H-1 - L
1(4) 3.02 91.5% H —» L 1(5) 1.77 74.6% H — L
23.8% H-1 - L
1(6) 244 965% H —» L 1(7) 1.63 78.5% H — L
19.0% H-2 —» L
1(8) 2.07 981% H > L  1(9) 1.50 85.8% H — L
10.7% H-2 —» L
1(10) 1.81 98.4%H > L  1(11) 1.37 90.6% H — L
2(2) 3.76 98.0% H > L  2(3) 3.50 98.8% H —L

whereas in the spin-down (f) manifold, the highest occupied
orbital transforms according to the a, representation, with the
lowest unoccupied B orbital transforming according to the b,
irreducible representation. This means that the induced cur-
rent density in the spin-up («) channel is similar to that of
closed-shell 1(9), which is a paratropic ring current. However,

6632 | Phys. Chem. Chem. Phys., 2026, 28, 6627-6635

the consequence of the switch in occupation in the spin-down
(B) channel, is that the ring current in this spin manifold
follows the n even rules and results in diatropic contribution
(Fig. 5). The sum of the « and f current densities lead to
localized currents around the double bonds, and the five-
membered ring becomes non aromatic (Fig. 5).

Valence bond calculations

A remaining question that needs to be answered is whether this
alternating aromaticity/anti-aromaticity with n even/odd can be
explained on the basis of resonance structures. For this pur-
pose, we performed valence bond calculations. In both cases,
structures can be drawn with the positive charge delocalized
over the methine chain (Scheme 2, structures A, B, and E). For n
odd, additional structures C can be drawn, with the positive
charge on the methine backbone, in the corner of the five-
membered ring, and additional structures D, with the positive
charge delocalized in the five-membered ring (note that these
structures cannot be drawn for the n even series). Additionally,
when drawing double ionic structures (the structures with two

This journal is © the Owner Societies 2026
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Fig. 5 Plots of the induced n current density for 1(9), 1-BS(9), the induced = current density for « electrons (1(9)-a), and the induced = current density for

B electrons (1(9)-p).

positive charges and one negative charge), for both series, the
structure H can be drawn, with the negative charge on the top
carbon of the five-membered ring. Only for the n even series,
structures can be drawn with the negative charge delocalized in
the five-membered ring (structures F and G). Hence, based on
drawing resonance structures, it is possible to delocalize six &
electrons in the five-membered ring of the n even series, but
in the n odd series, there are four n electrons in the five-
membered ring.

The calculated GN weights for the valence bond wavefunc-
tions are summarized in Table 4. The non-aromatic structures
A and B have the highest weight for both the molecules 1(2) and
1(3). For 1(2), structure E is also non-aromatic, whereas the
structures F, G, and H, each with six n electrons in the five-
membered ring, have a cumulative weight of 0.114. Hence, also
based on this valence bond analysis, it can be concluded that
the five-membered ring in 1(2), and in general in 1(n) with n
even, has aromatic character. However, for n odd, the situation is
different. In this case, structure H is non-aromatic, but struc-
tures C, D, and E have four © electrons in the five-membered
ring, and contribute therefore to the anti-aromatic nature for
this ring in the 1(n) series, with odd n. The cumulative weight of

This journal is © the Owner Societies 2026

Table 4 The GN weights of the valence bond structures (depicted in
Scheme 2) in the wavefunctions for 1(2) and 1(3)

Structure 1(2) 1(3)
2 xA 0.451 0.422
2xB 0.334 0.344
2xC — 0.172
2xD — 0.001
1 xE 0.100 0.006
2 xF 0.092 0.047
2 xG 0.016 —
1xH 0.006 0.007

these anti-aromatic structures is 0.179, which is non-negligible,
and these contributions give rise to the presence of the para-
tropic ring current in the n odd members of the series.
Although the weights of the ionic aromatic and anti-
aromatic structures is modest, it is important to notice that
the magnetic response is dominated by mixing in excited states
into the ground state via the angular (paratropic contribution)
or the linear (diatropic contribution) operator.’”'® These
excited states consists of ionic structures,’® and the accessi-
bility of these excited states determines the magnetic response.
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This observed odd/even effect for aromaticity may have
further implications for the applicability of this class of mole-
cules in for example electronic circuits. The conductance of
molecules is dependent on the aromaticity of the five-membered
ring,””*® and an odd/even effect is, hence, also expected for
quantum interference effects and should thus be considered
when designing single molecule circuits.

Conclusions

The five-membered ring in the cyanine dyes 1(n), with n = 2-11
show alternating aromatic and anti-aromatic character for n is
even or odd, respectively. This odd/even effect has been
explained using the ipsocentric symmetry selection rules. For
the odd members of the series, the occupied b, n orbital of the
HC=—CH moiety interacts with the b»; HOMO of the methine
chain, while the unoccupied a, « orbital of the HC—CH moiety
interacts with the LUMO of the methine chain. These interac-
tions lead to a destabilization of the HOMO and a stabilization
of the LUMO, thereby reducing the HOMO-LUMO gap. The
paratropic contribution to the ring current is increased due to
this lower energy gap, resulting in a final paratropic ring
current, and hence, anti-aromatic character for the n odd
members. A spectral decomposition analysis of the induced
current density and valence bond calculations further corrobo-
rate this interpretation. The valence bond calculations show
that aromatic resonance structures, with six © electrons in the
five-membered ring, contribute to the wavefunction for the n
even members of the series, whereas for the n odd members,
anti-aromatic structures, with four m electrons in the five-
membered ring, contribute to the wavefunction. This odd/even
effect may have consequences for the optical properties and
reactivity of the cyanine dyes.
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