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VIOLATION OF IDEAL POLYMETHINE STATE
IN MEROCYANINES WITH A LONG CHROMOPHORE

1. Introduction

The spectral research of a number of merocyanine dyes, the derivatives of aminocoumarin
and the corresponding vinylog series of symmetric anionic polymethine dyes, has been carried
out. A special attention is focused on the sensitivity of the absorption curve shape to the sol-
vent polarity, which introduces a substantial correction to the spectral properties of polymethine
dyes. It is shown that the analyzed compounds reach an ideal polymethine state, the so-called
“cyanine limit”, in weakly polar solvents. When changing to solvents with a higher polarity, a
considerable growth of the spectral absorption band width is observed, as well as the disappear-
ance of the vibrational transition peak, with the main maximum shifting toward short waves
at that. It is found that the emergence of an additional wide short-wave band in the spectra of
dyes that absorb in the near IR interval is associated with the violation of the charge distribu-
tion symmetry in the polymethine chain. It is also found that, besides the similarity between
the absorption spectra of cyanines and corresponding symmetric dyes, the mobility of a charge
distribution in the polymethine chromophore for those compounds is possible. Moreover, in
strongly polar solvents, they can exist in two forms, which manifests itself in the appearance
of an additional absorption band.

Keywords: merocyanine dyes, absorption spectra, quantum chemical calculations, “cyanine
limit”.

tral properties for all three types of linear conjugated
systems 1-3 is explained by the fact that, at certain

Merocyanines are non-symmetric neutral linear con-
jugated systems 1, which contain a donor and an
acceptor end group. They can be interpreted as -
electron systems intermediate between cationic cya-
nines 2 and anionic polymethine dyes 3 [1-4].
Similarly to symmetric ionic systems 2 and 3, me-
rocyanines 1 are characterized by narrow and highly
intense absorption bands, which determines, first of
all, their wide application in domains related to the
sunlight conversion [2-4]. Such a similarity of spec-
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parameters, the donor and acceptor characters of end
groups can be in the so-called ideal polymethine state,
when the lengths of carbon-carbon bonds in the poly-
methine chain of merocyanine 1 become equal to one
another as much as possible; similarly to the bonds in
symmetric polymethine dyes 2 and 3. This is the so-
called “cyanine limit” state (see, e.g., works [2-5]). On
the other hand, like the spectra of symmetric poly-
methine dyes 2 and 3, the spectra of merocyanines 1
are interpreted rather easily and can be used to estab-
lish regularities between the molecular and electronic
structures, as well as to reveal unexpected deviations
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from those regularities [4]. The chemical structure of
linear conjugated systems 1-3 is rather simple and
can be changed, in particular, to obtain optimum lin-
ear and nonlinear optical properties [3,6, 7].

One of the most important features of cyanine dyes
is the linear dependence of the wavelength at their
absorption maximum on the corresponding polyme-
thine chromophore length, i.e. on the number of viny-
lene groups m in the chain of dyes 1-3, the so-
called “vinylene shift”. For symmetric dyes, this quan-
tity amounts to about 100 nm [3, 6, 7]. For the ab-
sorption spectra of merocyanines belonging to the
vinylog series and containing some acceptor groups,
a similar regularity is also observed, in particular,
for indandione [3] or aminocoumarin [8, 9] deriva-
tives. However, analogous researches were carried out
for merocyanines with rather a short polymethine
chain: n = 1,2. At the same time, it is known that the
symmetric ionic dyes with long chromophores, which
absorb near 1000 nm, demonstrate a drastic change
of the absorption curve shape in polar solvents: in
the short-wave spectral section, there emerges an ad-
ditional band, whose width and intensity depend on
the solvent polarity [10-12]. The correlated spectral
and quantum chemical researches showed that this
phenomenon is related to the symmetry violation in
the chromophore of polymethine dyes with a criti-
cal chain length. Two forms were found to coexist
in the solution: 1) with a symmetric distribution of
the electron density along the polymethine chains and
2) with a non-symmetric arrangement of the charge
wave (for more details, see review [7] and the refer-
ences therein).

In view of the similarity between the electronic
structures of merocyanines and ionic dyes, it was
of interest to study whether a similar spectral phe-
nomenon can be observed for merocyanines with
rather long chromophores. In this work, we present
the results of the spectral researches of merocyanines,
the derivatives of aminocoumarin and strong-donor
quinoline, for which we managed to synthesize a se-
ries of stable vinylogs.

2. Dye Molecules
and Experimental Technique

The dependence of the absorption spectrum shape
in the visible and near IR intervals on the solvent
polarity was studied for three vinylogs of merocya-
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Fig. 1. Structural formulas of merocyanines (1), and cationic
(2) and anionic (3) polymethine dyes. Here, n is the number
of vinylene groups in the polymethine chain
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Fig. 2. Chemical formulas of merocyanines 4 and symmetric
dyes 5

nines 4 (with n = 1, 2, and 3), the derivatives of
aminocoumarin. For the sake of comparison, the spec-
tra of four vinylogs of symmetric anionic dyes with
aminocoumarin end remnants were measured under
the same conditions: 5 (n = 1, 2, 3, and 4) (see
Fig. 2). The synthesis of compounds 4 and 5 was de-
scribed earlier [10]. The structures and compositions
of all obtained substances were confirmed with the
help of 'H NMR spectroscopy and elemental analy-
sis. The absorption spectra were registered on a spec-
trophotometer Shimadzu UV-3100 in chloroform, ace-
tonitrile, dimethylformamide, and acetone of spectral
purity at the concentration C' = 10~° M. With the
help of the software package Origin, the peaks in some
absorption spectra were resolved into Gaussian com-
ponents.

3. Results and Their Discussion

The absorption spectra of three vinylogs of mero-
cyanines 4 and four members in the vinylog se-
ries of some symmetric anionic dyes 5 measured in
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Fig. 8. Absorption spectra of merocyanines 4 (a) and dyes 5
(b) in chloroform

weakly polar chloroform are exhibited in Fig. 3. The
corresponding quantitative parameters are summa-
rized in Table. The spectra demonstrate narrow and
highly intense absorption bands, which are very sim-
ilar to one another, in the visible and near IR inter-
vals. The bands monotonically and bathochromically
shift as the chromophore is made longer by introduc-
ing a new vinylene group -CH=CH- (the parameter
n grows). In the short-wave section of the spectral
band, a characteristic peak is observed at a distance
of approximately 1200-1300 cm~2. According to the
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theory of color of polymethine dyes (see, e.g., reviews
[6,7,13-15]), this peak corresponds to the first vibra-
tional transition.

Besides the shape of absorption bands, a charac-
teristic feature of polymethine dyes is the spectral ef-
fect of chromophore lengthening, the so-called “viny-
lene shift”. This is a displacement of the absorption
band maximum, when a new vinylene group is intro-
duced:

V=X — An_1. (1)

The parameter V is approximately identical for
cationic and anionic dyes 1 and 2, and weakly de-
pends on the end groups and the polymethine chain
length (for more details, see review [7] and the refer-
ences therein). As one can see from the data of Ta-
ble, the vinylene shifts for merocyanines 4 and sym-
metric anionic dyes 5 are almost identical, especially,
for molecules with short chromophores; they are also
close to the values of parameter V for cationic dyes
1 [7]. Such a similarity of spectra is interpreted in
the literature [3, 5, 13, 16] by the fact that not only
neutral form A can adequately describe the electronic
structure of merocyanines, but it can also be done, by
using form B with separated charges and form C with
equalized bond lengths, as is schematically illustrated
in Fig. 4.

The authors of works [3, 5, 13, 16] assert that the
neutral polyene-like structure A is realized in vacuum
(at quantum chemical calculations, when the influ-
ence of the environment is not taken into account). At
the same time, in the case of balanced donor and ac-
ceptor forces of end groups, structure B with equal-
ized bonds dominates; this structure is typical of

Calculation characteristics
of electronic transitions in compounds 4 and 5

Dye n Amax V, nm
4 1 668
2 776 108
3 886 110
5 1 623
2 714 91
3 820 106
4% 927 107

(*) The dye contains a tri-methylene bridge (~-CH2—CH2—CHa—)
at the middle of polymethine chain.
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Fig. 4. Representations of a cyanine molecule with the help
of resonance structures
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Fig. 5. Absorption spectra of merocyanine 4 with a long chro-
mophore, n = 3, in solvents with various polarities

symmetric polymethine dyes: both cationic and an-
ionic. It is owing to the equalizing of bond lengths
that the ideal state, the so-called “cyanine limit”, is
realized in merocyanines, and the form of their spec-
tral bands becomes similar to that of the spectra of
polymethine cyanine dyes, in particular, cyanine dyes
with nitrogen-containing heterocyclic end groups.
Hence, the spectral forms for merocyanines 4 and
symmetric anionic dyes 5 (Fig. 3) and the compari-
son of vinylene shifts for both series of compounds 4
and 5 (Table) allow us to draw conclusion that the
“cyanine limit” state, which is described by resonance
structure B, is attained in merocyanines 4, the deriva-
tives of aminocoumarin, and strongly donor quinoline
in a weakly polar solvent. The registration of spectra
of merocyanines 4 in highly polar solvents revealed a
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Fig. 6. Spectral absorption bands of dye 5 with n = 3 in
chloroform (a) and dye 4 with n = 3 in acetonitrile (b) and
their resolutions into components

drastic modification in the shape of the long-wave ab-
sorption band in the dyes with relatively long polyme-
thine chains. For illustration, Fig. 5 exhibits the ab-
sorption spectra of tricarbomerocyanine 4 with n = 3.

By comparing the spectra in Fig. 5 and the spectra
obtained in weakly polar methylene chloride, which
are depicted in Fig. 3, it becomes evident that the
change of the solvent even to acetone with enhanced
polarity is accompanied by a considerable growth
of the spectral band width. The peak of the vibra-
tional transition also disappears. Instead, there ap-
pears a shoulder at the short-wave recession sec-
tion, which is shifted hypochromically, so that it
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can hardly be associated with the vibrational struc-
ture. The principal maximum also shifts toward short
waves.

The further growth of the polarity in such solvents
as acetonitrile (ACN) or dimethylformamide (DMFA)
changes the spectral curve shape so that the short-
wave peak turns out the most intense. In addition, in
both solvents, the long-wave peak shifts hypochromi-
cally with respect to the corresponding peak in the
spectra registered in weakly polar solvents CH;Cly
and CHCls.

This sensitivity of the adsorption curve shape to
the solvent polarity was described for higher vinylogs
of symmetric polymethine dyes (for more details, see
review [7] and the references therein). On the basis
of a detailed spectral research and a parallel quan-
tum chemical simulation, it was found that the ap-
pearance of the additional wide short-wave band in
the spectra of dyes that absorb in the near IR in-
terval is related to the violation of the charge dis-
tribution symmetry in the polymethine chromopho-
re. Namely, the charge wave in dyes with long poly-
methine chains becomes mobile and shifts toward ei-
ther of the end groups. Two forms can coexist si-
multaneously in the solution. One of them is sym-
metric and has rather a small dipole moment, which
is directed normally to the chromophore. This form
is weakly sensitive to the solvent polarity. The other
form is non-symmetric and has a much larger dipole
moment directed along the chromophore. As a result,
this form is very sensitive to the solvent polarity ow-
ing to the dipole-dipole interaction [7]. In work [12]
dealing with a detailed spectral and quantum chem-
ical studies of the phenomenon of symmetry viola-
tion in thiacyanines (six vinylogs were obtained for
them), it was shown that the absorption band for
dyes with long chromophores can be resolved into
two components, which can be attributed to different
forms.

As one can see from Fig. 3, b, an analogous modi-
fication of the spectral band shape is also observed
for symmetric anionic dye 5 with a long chromo-
phore. Accordingly, the absorption curve can be re-
solved into components that can be associated with
the symmetric and non-symmetric forms of dye in the
polar solvent (see Fig. 6, a). The results of calcula-
tions showed that the alternation of neighbor bonds
in the non-symmetric form is stronger, i.e. the latter
becomes polyene-like.
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The corresponding component resolution of the
spectral band for merocyanine 4 with a long chro-
mophore in a strongly polar solvent — namely, ace-
tonitrile — is depicted in Fig. 6, b. By comparing the
both panels of Fig. 6, a conclusion can be drawn that
the ideal state “cyanine limit” is violated in merocya-
nines with long chromophores in strongly polar sol-
vents, so that the dye molecules coexist in two forms:
a polymethyne-like form with equalized bonds (res-
onance structure C) and a polyene-like one with a
considerable alternation of neighbor bonds (structure
B), similarly to two shapes of symmetric ionic dyes. It
is worth noting that the order of single- and double-
bond alternation in structure B is opposite to that
in neutral form A. A similar change of alternation in
polyenes occurs, as was shown in works [17,18], at the
transition from the neutral form to their dications or
dianions.

4. Conclusions

To summarize, the spectral research of a specially
synthesized series of merocyanines, the derivatives of
aminocoumarin, and the corresponding vinylogs of
symmetric anionic dyes demonstrates that, besides
the similarity of absorption spectra for merocyanines
and symmetric polymethine dyes, a mobility of the
charge distribution in the chromophore and the exis-
tence of two forms in strongly polar solvents is pos-
sible for the both types, which manifests itself in the
appearance of an additional band in their absorption
spectra.
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IIOPYIIEHHA IJEAJIBHOI'O
ITOJIIMETMMHOBOI'O CTAHY B MEPOIITAHIHAX
3 JOBI'IM XPOMO®OPOM

Peszowme

Pobora npucesiueHa CrieKTpaabHOMY JTOCTIIKEHHIO PSILy MEPO-
iaHiHOBUX GApBHUKIB, IOXIIHUX aMiHOKyMapUHY Ta BiJAIoOBi-
HUX BIHIJIOTiYHUX cepifi CHUMETPUYHUX aHIOHHUX ITOJIMETHHO-
Bux 6apBHUKIB. Ocob/IuBa yBara IpuiiieHa Ty TIIHBOCTI popMu
KPHBOI MOIVIMHAHHS [0 IOJISIPHOCTI PO3YMHHUKA, IO BHOCUTH
CyTTEBI KOPEKTHUBU 10 CIIEKTPAJIbHUX BIACTHBOCTEH MOJIMETH-
HOBHUX OapBHUKIB. [loKa3aHO, 110 y JaHUX CIIOJIYK B MaJjio IO-
JIIPHAX PO3YMHHHUKAX JIOCATAETHCS 1€ IbHUI TOJTIMETHHOBUM
cTaH, Tak 3BaHui cral “‘cyanine limit”. I[Ipu nepexoni 1o pos-
YUHHUKIB 3 BUIIOIO IOJISPHICTIO CIIOCTEPIra€ThCcst 3HAYHE 3PO-
CTaHHSI IIMPUHU CIIEKTPAJIbHOI CMyIH MOIVIMHAHHS, a TaKOX
3HUKAHHS I1iKa KOJIMBAJILHOTO 1epexoxdy. [Ipu mpomy rojsoBHmit
MaKCHMyM 3MII[yeTbCs B 61K KOPOTKUX XBWJIb. BcraHoBieHo,
10 BUHUKHEHHH JIOJATKOBOI HIMPOKOI KOPOTKOXBUJIBOBOI CMYT'U
B cuekTpax 6apBHUKIB, sKi noriuHaoTh B OykHii [Y obia-
cTi, TOB’sI3aHO 3 MOPYIIEHHSIM CUMETpPil B PO3MOALIL 3apsiiy
B [OJIIMETHHOBOMY JIAHIIOXKKY. 3HANEHO, 1110 KPIM CXOXKOCTi
CIIEKTPIB MOIVIMHAHHS I[IaHiHIB 1 BiANMOBIAHUX IM CUMETPUIHUAX
OapBHUKIB, IS IUX CIIOJIYyK MOXKJINBa MOOIIBHICTL PO3MOiILY
3apsily B IIOJIIMETUHOBOMY XpoModopi i icHyBaHHs J1BOX pOpM
B CUJIBHO IIOJIIPHUX PO3YMHHUKAX, IO IIPOSIBIISIETHCH B IIOSIBI
0/TaTKOBOI CMYyT'U IIOTJIMHAHHSI.
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