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PROBING OF HIGHER EXCITED STATES

OF MEROCYANINE DERIVATIVES OF AZAAZULENE
AND INDANDIONE BY FLUORESCENCE
EXCITATION ANISOTROPY SPECTRA'

This paper is dedicated to the spectral and quantum-chemical studies of higher excited states
of merocyanine derivatives of azaazulene and indandione. A particular attention is paid to
the analysis of fluorescence excitation anisotropy spectra of the mentioned compounds. The
long-wave shift by =50 nm of a deep clear minimum in the fluorescence excitation anisotropy
spectrum due to an elongation of the polymethine dye chromophore is established. Such shift
is close in a value to the bathochromic shift of the first minimum in the anisotropy spectrum
of symmetric ionic polymethine dyes, in which this minimum corresponds to the second elec-
tronic transition. The parallel spectral study and quantum-chemical calculations allowed us to
correctly interpret the fluorescence excitation anisotropy spectra of merocyanines and relate
the first clear minimum with the seventh electronic transition. The last resembles the second
electronic transition between delocalized molecular orbitals (MO) in polymethine dyes.

Keywords: polymethine dyes, absorption spectra, fluorescence spectra, anisotropy of fluo-

rescence excitation, quantum-chemical calculations.

1. Introduction

The study of fluorescence excitation anisotropy spect-
ra is a useful tool for the registration of higher excited
states [1], especially in the case of linear molecules
where the higher electronic transitions are polarized
mutually perpendicularly to the first transition.

The successful use of fluorescence excitation ani-
sotropy spectra for both ionic polymethine dyes and
their neutral derivatives, squarines and merocyanines
[2-6], was provided. Thus, on the basis of combined
spectral and quantum-chemical studies, it was shown
that the second excited state of symmetric cationic
dyes is polarized perpendicularly to the chromophore
axis, resulting in its manifestation as the first deep
minimum in the fluorescence excitation anisotropy
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spectra [2-5]; it corresponds to the transition from
the split donor level to the lower vacant orbital. The
same nature of the second transition was observed
in asymmetric styryls [6]. In anionic dyes, derivatives
of aminocoumarin, the second transition, which is
also polarized perpendicularly to the chromophore
axis and detected as the first minimum in the fluo-
rescence excitation anisotropy spectrum, on the con-
trary, corresponds to the transition to the second
vacant, acceptor orbital [7]. At the same time, in
merocyanines based on aminocoumarins, the second
transition, which also reveals itself as a clear deep
minimum in the anisotropy spectrum, corresponds to
the transition from the second split donor orbital,
similarly to cationic dyes [8]. In all these cases, the

I The paper was presented at XXIVth Galyna Puchkovska In-
ternational School-Seminar “Spectroscopy of Molecules and
Crystals” (August 25-30, 2019, Odesa, Ukraine).
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1,n=0;2,n=1
Fig. 1. Chemical formulas of the studied dyes

clear minima in the anisotropy spectra correspond
to the transitions, in which the orbitals involved are
maximally delocalized both in the main polymethine
chromophore and in the coupled system of the end
groups. The assignment of spectral bands becomes
much more complicated, if there are transitions that
involve MO, which are localized only in the end frag-
ments of the dye molecules. For example, a detailed
study of cationic symmetric dyes, derivatives of 2-
azaazulene, showed that two occupied orbitals lo-
cated below the highest occupied MO (HOMO — 1
and HOMO — 2) are the localized orbitals and have
a node on the carbon atom of the end group that is
bounded to the polymethine chain, so they are not
conjugated with the polymethine chromophore. The
electronic transitions with their participation are ac-
companied by a significant charge transfer, and the
dipole moment of such transition (and, accordingly,
the oscillator strength) is small [9-11]. As a result of
such change in the nature of the electronic transi-
tion, it manifests itself in the anisotropy spectra not
as a clear minimum, but only as a small minimum;
a distinct assignment of such bands became possi-
ble only with parallel quantum-chemical calculations
of local transitions [9]. Similarly, the manifestation
of local transitions as fuzzy minima was found for
symmetric cationic dyes with different chromophore
lengths, when quinoline residues were contained as
end groups [12].

Concerning another type of possible transitions
such as n— m*-transitions, in which lone pairs (n-
MOs) are involved, it can be assumed that they un-
likely appear in the anisotropy spectra, since they are
forbidden by symmetry: n-MOs are perpendicular to
the m-orbitals.

This paper presents the results of the spectral and
quantum-chemical studies of higher excited states of
merocyanines 1 and 2 shown in Fig. 1, which con-
tain a 2-azaazulene donor end group that generates a
localized occupied orbital, as well as the indandione
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residue that produces both localized MOs and n-MOs
due to the lone pairs of oxygen atoms.

2. Methods of Experiments and Calculations

The synthesis of compounds 1 and 2 was described
previously [13].

The absorption spectra were recorded with a Shi-
madzu UV-3100 spectrophotometer in acetonitrile
and ethylene glycol solvents of the spectral purity
grade.

The spectra of fluorescence and the fluorescence ex-
citation anisotropy spectra were measured by using a
Varian Cary Eclipse fluorescence spectrophotometer
in a viscous solution to prevent the rotational reori-
entation and at low concentrations (C = 1076 M) to
avoid the overflow.

Quantum-chemical calculations. The geometry op-
timization was performed by a non-empirical
method DFT/6-31G(d,p)/CAM-B3LYP (Gaussian
03 [14]); characteristics of electronic transitions
were calculated using the method (TD/DFT/6-
31G(d,p)/CAM-B3LYP) and semiempirical method
ZINDO. Of course, the calculations failed to achieve
a perfect match of the calculated and experimental
data (which is typical of these approximations [15—
17]); however, this is sufficient for a correct analysis
of the nature of electronic transitions.

3. Results and Discussion

The calculated energies of frontier HUMO and
LUMO, as well as MO closest to them, are given in
Table 1, and the characteristics of electronic transi-
tions — in Table 2. The orbital shapes for merocya-
nine with longer polymethine chain, 2, n = 1, are
presented in Fig. 2.

The measured spectra of absorption, fluorescence,
fluorescence excitation, and anisotropy of fluores-
cence excitations of two merocyanines 1 and 2 are
shown in Fig. 3. From the two lowest electron tran-
sitions, the first one manifests itself in the absorp-
tion/fluorescence spectra as a narrow high-intensity
band in the visible region, while the energy of the
second transition can be obtained from the fluores-
cence excitation anisotropy spectrum.

As shown in Fig. 3, the relatively narrow and
highly intense band with a typical vibrational peak,
which is shifted by 221700 cm ™! to longer wavelengths
from the maximum of the main absorption band,
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Table 1. Energies and types of frontier and close orbitals of merocyanines 1 and 2

1,n=0 2,n=1
MO

Type g, eV Type €, eV
LUMO + 3 0.65 Localized (Aaz) MO 0.70
LUMO + 2 0.47 Delocalized MO 0.13
LUMO + 1 Localized (Ind) MO —0.19 Localized (Ind) MO —0.25
LUMO Delocalized MO —1.37 Delocalized MO —1.46
HOMO Delocalized MO —5.89 Delocalized MO —5.74
HOMO -1 Localized (Aaz) —6.85 Localized (Aaz) MO —6.80
HOMO -2 —7.78 n-MO —7.50
HOMO -3 —7.92 Delocalized MO —7.84
HOMO —4 —8.41 Localized (Ind) MO —8.44

Designation: Aaz — azaazulene donor end group; Ind — indandione acceptor end group; n-MO — orbital of a lone pair of oxygen
atoms.

Table 2. Calculated characteristics of electronic transitions of merocyanines 1 and 2

No. Transition A, nm f Type Basic configuration

1 So —S1 448(679)* 2.156 ™= 7| 0.98/HOMO — LUMO)
So —+S2 367 0.000 n— 7* 0.83lHOMO — 2 — LUMO)
So —+S3 353 0.018 m(Aaz)— 7* 0.91JHOMO — 1 —LUMO)
So —Sa 347 0.000 n— 7* 0.79JHOMO — 2 — LUMO + 1)
So —Ss 321 0.009 m — 7*(Ind) 0.91lHOMO —LUMO + 1)
So — Se 318 0.012 m — w*(Aaz) 0.91lHOMO — LUMO + 3)
So —S7 273 0.181 Tt L 0.76lHOMO — 3 — LUMO)

2 So —+S1 473(674)* 2.582 ™= 7| 0.98lHOMO — LUMO)
So —S2 368 0.000 n— 7* 0.81lHOMO — 2 — LUMO)
So —S3 349 0.016 w(Aaz) — 7* 0.86/HOMO — 1 — LUMO)
So —Sa 347 0.000 n— 7* 0.81/HOMO — 2 —LUMO + 1)
So — S5 321 0.016 m — 7*(Aaz) 0.91lHOMO — LUMO + 3)
So — Se 320 0.009 m — 7*(Ind) 0.88lHOMO — LUMO + 1)
So —S7 292 0.373 T—= L 0.87/HOMO — 2 — LUMO)

Note: * data in brackets are calculated using the ZINDO/S method with the parameter OWF = 0.2 and taking 50 single-excited
configurations into account.
Designation: || is the transition polarized in parallel to the chromophore, L is the transition polarized perpendicularly to the

chromophore.

is observed in the absorption spectrum of merocya-
nine 1. A narrow peak with a small Stokes shift,
Avg =~ 530 cm ™!, appears in the fluorescence spec-
trum, which indicates small changes in the equilib-
rium geometry of the chromophore upon the excita-
tion. By magnitude, these changes are close to the
Stokes shifts in the spectra of symmetric polyme-
thine dyes [6, 9, 12]. The anisotropy spectrum demon-
strates fuzzy regions at about 450-500 nm and a clear
deep minimum at 410 nm.

The elongation of the polymethine chain is accom-
panied by a bathochromic shift of the fluorescence
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excitation band by ~106 nm, while the absorption
band significantly changes its shape. The distance be-
tween the maximum of the absorption band and the
maximum of the fluorescence band is ~2200 cm™?,
while the distance between the maximum of the flu-
orescence excitation band and the maximum of the
fluorescence band is ~527 cm™!, which practically
coincides with the Stokes shift Avg for a shorter
molecule. So, it can be assumed that the intense peak
in the absorption spectrum of dye 2 corresponds to
the vibrational transition 0 — 1’; quantitative evalu-
ation of its magnitude (as the distance between the
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Fig. 2. Shapes of the frontier and close MOs of merocyanine
2 (n=1)

intense peak in the absorption spectrum (640 nm)
and the peak in the fluorescence excitation spectrum
(718 nm)) is ~1700 cm~! and, therefore, practically
coincides with the distance between the basic 0 — 0’
and the next 0 — 1’ vibrational transitions for dye 1
with a shorter chromophore. The comparison of the
anisotropy spectra in Fig. 3, a and 3, b shows that the
elongation of the chromophore leads to a red shift of
the deep clear minimum by ~40-50 nm. This value is
close to the bathochromic shift of the first minimum
in the anisotropy spectra of symmetric ion polyme-
thine dyes, in which this minimum corresponds to
the second electronic transition So — So [2-10].

In order to provide the assignment of bands of the
obtained spectra correctly, we have analyzed the na-
ture of the lower electronic transitions of molecules
1 and 2, which are observed in the UV and visible
regions. At first, we examine, in detail, the shape of
the frontier and close MOs that form the lower elec-
tronic transitions: their localizations are shown in Ta-
ble. 1. As an example, MO’s shape of merocyanine
with an extended chromophore is shown in Fig. 2.

As can be seen, both frontier orbitals of the con-
sidered dyes, HOMO and LUMO, are delocalized
almost all over the conjugated system; the occu-
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Fig. 3. Absorption, fluorescence, fluorescence excitation,

and fluorescence excitations anisotropy spectra of dyes 1 (a)
and 2 (b)

pied HOMO — 3 and unoccupied LUMO + 2 are
also delocalized. All other orbitals shown in Fig. 2
and listed in Table 1 are localized: (i) the occupied
HOMO — 1 and unoccupied LUMO + 3 are localized
m-orbitals formed by the atoms of donor azazulene’s
end group; (ii) the occupied HOMO-4 and unoccupied
LUMO +1 are localized only in the acceptor residue
of indandione. Among the occupied orbitals, one or-
bital from the 4 split ones, which are based on the lone
electron pairs of two oxygen atoms of indandione, is
highly localized. This orbital lies in the plane of the
molecule and is orthogonal to the m-electron system
of dye molecules.

With regard for the classification of orbitals, it is
possible to identify the types of lower electronic tran-
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sitions and to analyze the possibility of their spec-
tral detection. As can be seen from Table 2, the
first transition, Sy — Si, is almost completely de-
scribed by a configuration of singly occupied frontier
orbitals. Since both MOs are delocalized, the transi-
tion has a large oscillator strength. This is consistent
with the high intensity of the long-wave absorption
band in the absorption spectrum. This transition is
polarized along the polymethine chain. The compar-
ison of the calculated wavelength, Acale, (Table 2)
with the experimental position of the absorption band
maximum (Fig. 3) shows a significant difference. The
use of a semiempirical calculation method with vary-
ing the OWF (overlap weight factor) gives a much
closer value to the spectral one; and the order of ar-
rangement of the excited states and their nature do
not change. So, when continuing to use the data ob-
tained by the non-empirical method for the analysis,
one should keep in mind that these data do not have
the best correlation of the calculated values with the
experimental ones.

The elongation of the polymethine chain to one
vinyl group causes a red shift of the absorption max-
imum in the spectrum of dye 2 (0 — 0’ vibrational
transition) by about 90-100 nm, while the calculation
by the non-empirical TD DFT method gives a much
smaller value of this shift to be 25 nm; the semiempir-
ical ZINDO/S method gives a larger value of 95 nm.

According to our calculations, the next transition,
So — S, is associated with the participation of n-
MO, so it is forbidden: the oscillator strength is
fs = 0.000. Therefore, it does not manifest itself
in either the absorption spectrum or the anisotropy
spectrum. Table 2 shows that the fourth transition,
So — S4, is also the forbidden n— 7* transition in
both dyes. The transition of this type is almost in-
sensitive to the length of the chromophore.

The third transition is realized by the electron jump
from the localized MO (HOMO — 1), which includes
only atoms of azaazulene end residue, to the delocal-
ized LUMO; the calculated oscillator strength, fy, is
two orders of magnitude lower than in the case of the
first transition, so it is not observed in the absorp-
tion spectrum. In the anisotropy spectrum, this tran-
sition, as well as other local ones, can be associated
with unclear areas at the region around 500 nm. The
precise analysis of the data from Table 2 shows that
the vacant MO, localized only on the azaazulene end
group, participates in the transition Sy — Sg in the

ISSN 0372-400X. Yxp. ¢is. orcypn. 2020. T. 65, N 4

case of merocyanine 1 with a shorter chain. While it
turns to lower transition: Sg — S5 along with the
elongation of the chromophore, it is almost insensi-
tive to the number of vinyl groups in the polyme-
thine chain. The oscillator strength is also two orders
of magnitude smaller than f;; therefore, it is also prac-
tically not observed in the anisotropy spectra.

The calculations give the same small oscillator
strength for another local transition with the par-
ticipation of a vacant MO (LUMO + 1), localized
only on the acceptor residue of indandion: the tran-
sition Sg — Ss in dye 1; the transition Sy — Sg in
dye 2. For the same reasons, as mentioned above, a
clear spectral manifestation of this type of transition
is unlikely. Table 2 shows that the elongation of the
chromophore is accompanied by the inversion of local
transitions of different types.

Finally, the seventh transition, Sy — S7, can be
classified as a delocalized transition or as a transi-
tion between two delocalized orbitals similar to the
first transition Sy — S;. According to the calcula-
tions, this transition is polarized perpendicularly to
the chromophore (unlike the transition So — Si)
and, therefore, to the first transition. Its oscillator
strength is much higher than for local transitions.
However, it is obviously too small to be observed as
a single band with sufficient intensity in the absorp-
tion spectrum. Although, this transition is clearly ob-
served in the anisotropy spectrum of fluorescence ex-
citation as a relatively deep first minimum in the 400—
450 nm region. This is similar to the anisotropy spec-
trum of cationic and anionic polymethine dyes, where
such a minimum also corresponds to the transition
between delocalized MOs that polarized perpendicu-
larly to the chromophore.

The calculated distance between delocalized tran-
sitions, So — S; and Sg — S7, is 175-180 nm and is
slightly smaller than the experimental distance be-
tween the positions of the maximum of the long-
wavelength absorption band and the deep minimum
in the anisotropy spectrum, which is 200-250 nm. Ho-
wever, it can be stated that the calculated electronic
transitions correspond by their characteristics to the
transitions detected experimentally.

4. Conclusions

Thus, for the first time, the spectral studies and quan-
tum-chemical calculations allowed us to correctly in-
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terpret the anisotropy spectra of fluorescence exci-
tation of merocyanines. The first clear minimum is
assigned to the seventh transition, which by its na-
ture is similar to the second transition between de-
localized MOs of polymethine dyes and is polarized
perpendicularly to the first transition. The electronic
transitions (third, fifth, and sixth) that involve the
participation of localized orbitals are either weak or
completely inactive in the anisotropy spectra.
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30HIYBAHHS BUHIINX 3BYIXKEHUX

CTAHIB 3A JIOIIOMOI'OIO CIIEKTPIB AHI3OTPOITII
3BYIPKEHHS OJIIOOPECIHEHII B MEPOITIAHIHAX,
HOXIJTHUX ABAABYJIEHA TA THJIAHJIIOHA

PeszmowMme

Jana pobora mpUCBsSTYEHA CIIEKTPAJIBHOMY Ta KBAHTOBO-XiMid-
HOMY JOCJIPKEHHIO BUINMX 30yKEHUX CTaHIB MepOliaHiHIB,
MoXiHMX azaa3yseHa Ta iHgaHgaioHa. OcobiauBa yBara Ipui-
JIeHa aHaJIi3y CHEeKTPIB aHi3oTporil 30yKeHHs DII0OPECIIEHIIHT
JAaHUX CHOJIYK. BCcTaHOBIIEHO, 110 ITOOBXKEHHS XpOMOdOpa I10-
JIIMETUHOBOrO OGapBHUKA BHUKJIMKAE JOBMOXBUJIBOBE 3MIIIEHHS
rInGOKOro YiTKOro MiHiMyMy B CHEKTpi aHizoTporii 30y12KeH-
Hs durroopectieniii Ha 50 HM, [0 3a CBOIM 3HAYEHHSM OJIU3b-
Ke J10 6aTOXPOMHOI'O 3CyBY IEPIIOrO MiHIMyMy B CIIEKTPi aHi-
30TpOIIl CUMETPUYHUX HOHHHUX IOJIMETUHOBUX OApBHUKIB, B
SIKAX JJAHUU MiHIMYM BiJIIOBiZ1a€ ApyroMy eJIeKTPOHHOMY IIepe-
xonoBi. [TapaJsesibHe crleKTpajbHe JOCJIIKEHHsI Ta KBAHTOBO-
XiMiuHE MO/IE/TIOBaHHS JTO3BOJIMJIO KOPEKTHO IHTEPIIPETYBaTH
crieKTpu aHizoTpornil 30yaKeHHs (III0OPECIeH il MepoliaHiHiB
i moB’s13aTH MEpIIMi YiTKUl MIHIMyM 3 CbOMHUM €JIEKTPOHHUM
epexoaoM, SAKHH 3a CBOEIO IPUPOAOI0 Haralye APYTHuil ese-
KTPOHHUI IIepexi/i B IOJIMETHHOBUX OapBHHUKAaX MiXK JieJIOKa-
mizoarumu MO.
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