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INFLUENCE OF SURPLUS NEGATIVE CHARGE
ON ABSORPTION AND FLUORESCENCE EXCITATION
SPECTRA OF ASYMMETRIC POLYMETHINE DYES

1. Introduction

The combined spectral and quantum-chemical investigations of the vinylog series of the asym-
metric anitonic polymethine dyes, derivatives of aminocoumarin, as well as the related sym-
metric dyes, are fulfilled. The charge injection to these types of dyes leads to the essential
shifts of electronic levels. The calculations show the inverse character of the first two electron
transitions in anionic polymethines and relative cationic polymethines. It is established that
going to asymmetric dyes leads to a slight decrease of the spectral effect of the chromophore
lengthening. The influence of the asymmetry manifests itself in a positive deviation in the ab-
sorption spectra and a negative deviation of the second electron transition manifested visually
in the anisotropy of the fluorescence excitation spectra of asymmetric dyes. It is found that
the lengthening of the chromophore is accompanied by an increase of the deviation of the first
electron transition and, in contrast, by a decrease of the deviation of the second transition. The
obtained results may be used in the design of molecular systems with prognosed current-voltage
characteristics for nanoelectronics.

Keywords: anion polymethine dyes, absorption spectra, fluorescence spectra, fluorescence
excitation anisotropy spectra, quantum-chemical calculations, current-voltage characteristic.

experimentally with the use of two independent meth-
ods. For the successful execution of such works, it is

One of the major problems in nanoelectronics is the
design and synthesis of molecular systems with pre-
dictable current-voltage characteristics (CVC). For
example, a model of molecular diode as a system of
two non-conjugated m-electron systems with a given
hierarchy of energy levels was proposed in [1]. The
diode nature of the CVC of this system was confirmed
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necessary to know the features of the electric current
through a molecule. For example, what happens in a
molecular system with the appearance of an excess
electric charge (by injecting electrons or holes from
the electrode)? In our opinion, these processes can
be modeled, by using anionic or cationic dyes and by
comparing their properties with the properties of the
corresponding neutral molecules.

Asymmetric polymethine dyes continue to be
widely used, in parallel with the corresponding sym-
metric dyes, in numerous applications due to their
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Fig. 1. Chemical formula of the dyes under study

unique electronic and spectral properties, which form
a basis for the design of new efficient materials related
to the light conversion [2-5]. In addition, the symmet-
ric and asymmetric polymethine molecules remain
convenient objects for developing the new theoreti-
cal conceptions and quantum-chemical models [6-9].
So, the numeral investigations had shown that going
from symmetric dyes to their asymmetric derivatives
causes significant changes of the spectral characteris-
tics caused by changes in the charge distribution and
in the equilibrium molecular geometry in the polyme-
thine chromophore [2, 3, 5, 10-12].

Recently, we have studied, in details, the influence
of the asymmetry on the electron structure in the
ground and excited states, as well as on the elec-
tron transitions in the cationic polymethine dyes with
both typical cyanine terminal groups (indolenine and
its analogs, quinoline and p-dimethylaminophenyl)
[13] and specific terminal residues giving the local
levels (2-azaazulene and pyrane) [14,15]. The study
of spectra and the quantum-chemical modeling have
shown that the first two electron transitions in the
symmetric and asymmetric cationic dyes involve the
highest occupied molecular orbitals (HOMO and
HOMO-1) and the lowest unoccupied molecular or-
bital (LUMO). In the anionic polymethine dyes, in
contrast, the first two excited states involve two low-
est vacant levels and the highest occupied level. In
our previous papers [16, 17], we have shown that this
difference between cationic and anionic polymethine
dyes is related to the existence of the specific level of a
charge or the so-called solitonic level and, hence, to a
shift of the energy gap down or up at the injection of
a charge of the opposite sign (hole or electron). It was
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established that there is the practically mirror corre-
spondence of the relative dispositions of the solitonic
and terminal levels in the cationic cyanine dyes and
related anionic dyes.

It can expected that the corresponding mirror im-
age should remain in the asymmetric anionic dyes. In
this paper, we present the results of spectral and
quantum-chemical investigations of the asymmetric
anionic dyes derivatives 1 aminocoumarin and the
corresponding symmetric dyes 2 shown in Fig. 1.

2. Measurements
and Quantum-Chemical Calculations

The synthesis of the compounds 1, 2, n = 1,2 was
described earlier [17].

The UV-Vis absorption spectra were recorded on
a Shimadzu UV-3100 spectrophotometer in toluene,
acetonitrile, and ethylene glycol (spectral grade).

The fluorescence excitation anisotropy measure-
ments are performed using a CM 2203 spectrofluo-
rimeter (Solar, Belarus) in viscous solutions to reduce
the rotational reorientation and at low concentrations
(C = 107% M) to avoid the re-absorption of the flu-
orescence. The anisotropy is recorded by a standard
procedure [19].

The quantum-chemical calculation. The equilib-
rium geometry of dye molecules in the ground
state was optimized by the non-empirical DFT/6-
31G*/B3LYP methods (package Gaussian 03 [20]);
the electron transition characteristics were calculated
by the TD DFT method. There is no perfect coincid-
ing of the calculated and experimental data; however,
it is enough to analyze correctly the nature of the
electron transitions.

3. Results and Discussion

Many of the specific spectral effects observed for the
ions of m-electronic compounds can be correctly in-
terpreted by using results in [21-25]. The idea was
mainly based on the fact that the linear conjugated
molecules can be treated as a one-dimensional collec-
tive system. Upon the transition to the ions of conju-
gated systems, the positive charge (or hole) in cations
or negative charge (electron) in anions is not delo-
calized uniformly over the whole system, but is dis-
tributed with a periodic variation of the density along
the molecule [25]. The appearance of such a charge
variation leads to periodic changes in the lengths of
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Fig. 2. Length of the bonds in the open chain of the symmetric and asymmetric dyes 1, 2
(See the legend in Fig. 1). N — the number of a carbon atom in the polymethine chain

carbon-carbon bonds. On other hand, the appearance
of the charge in the collective system of m-electrons
causes the appearance of the so-called soliton level
within the energy gap, as well as the simultaneous
shift of the energy gap. The transition from the neu-
tral molecule to the cation dye leads to a shift of the
occupied and vacant electron levels downward com-
pared with the corresponding levels (and the energy
gap), while the levels and the energy gap shift up-
ward in the anion dyes [16, 25]. In our previous paper
[17] concerning the symmetric anionic dyes, namely
aminocoumarine derivatives, the symmetric positions
of the electron levels in respect to the cationic indo-
cyanine were shown. This paper concerns the electron
structure of some other anionic dyes, first of all, the
asymmetric compounds, as well as the nature of the
electron transitions in them.

At the beginning, we will compare the lengths of
carbon-carbon bonds and the charge distributions
along the polymethine chains of the symmetric and
asymmetric dyes. The calculated values are collected
in Fig. 2. In all symmetric compounds, some increase
of the bond lengths is obtained at the both chain ends
irrespective of the number of vinylene groups n in the
chromophore. In the dyes with longer chain (n = 2),
the small alternation of the lengths of the neighbour-
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ing bonds appears, the alternation degree depending
on the acceptor strength of the terminal residues.

Going from the symmetric dyes 2 to the asym-
metric derivatives 1 causes a considerable change in
the equilibrium molecular geometry. The calculations
give the appreciable degree of bond alternation along
a chain from one terminal group to another one, ex-
cept for dye 2-Bar with short chain (n = 1).

The charge distribution in the chain is seen from
Fig. 3 to be also converted substantially, while go-
ing from the symmetric dyes 2 to the asymmetric
dyes 1. The replacing of the variable terminal group
influences only the extreme position (close to the
variable terminal residue), while the charges at the
rest atoms remain practically the same. At the same
time, the charge distribution in the symmetric dyes is
highly sensitive to the acceptor strength of the termi-
nal groups. Only in dyes 2-G and 2-GH differing by
the dialkyl-aminogroups in the coumarine residues,
the space distributions of charges practically coincide
irrespective of the length of a polymethine chain.

Now, let us consider the nature of the first and
second electronic transitions. It was already shown
[16] that the lower vacant levels of acceptor residues
in the anionic dyes are split, and this splitting is
an inverse-similar to the splitting of levels in the
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Fig. 3. Atomic charges in the open chains of the symmetric and asymmetric dyes 1, 2 (see
the legend in Fig. 1). N — the number of a carbon atom in the polymethine chain

cationic dyes, where two highest occupied orbitals
are split. As a clear visual demonstration, Fig. 4
presents the scheme of some lowest electron transi-
tions in the symmetric cationic dye (indocarbocya-
nine) (Fig. 4, b) vs anionic dye 2-G (Fig. 4, ¢), as
well as in the polyene with the comparatible chain
(Fig. 4, a).

The main distinguishing characteristic of all three
cases is the nature of the second (and also the third)
electron transition, whereas the first transition is de-
scribed by the same single excited configuration:

The higher transitions in polyene are seen from
Fig. 4, a to be described by two configurations. For
example, the second and third transitions are lin-
ear combinations of two configurations that involve a
frontier MO and the orbital nearest to another fron-
tier MO:

(IS0 — S3) = [HOMO — 1 — LUMO) +
+HOMO — LUMO + 1))/v/2,

(IS = S3) = [HOMO — 1 — LUMO) —
—HOMO — LUMO + 1))/v/2.
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In contrast to neutral polyenes, each of the higher
electron transitions, |So — S2) and |Sy — S3) in both
cationic and anionic polymethine dyes is described
practically only by one single excited configuration, as
one can see from Fig. 4. So, in the cationic dye, these
transitions involve the same solitonic level (the lowest
vacant levels) and two occupied levels (Fig. 4, b):

1So — Ss) ~ |[HOMO — 1 — LUMO),

(4)
()

In anionic dye 2-G, the picture is mirror: the sec-
ond and third transitions are connected with the same
solitonic (but occupied) level and two next vacant lev-
els (Fig. 4, ¢)

1So — S5) &~ [HOMO — LUMO + 1),
1So — S5) ~ [HOMO — LUMO + 2).

(6)
(7)

Our study has shown that this inverse difference
in the nature of the second and some higher elec-
tron transitions in the cationic (Fig. 4, b) and an-
ionic (Fig. 4, ¢) polymethine dyes remains also in the
asymmetric compounds. In our next discussion, we
will restrict ourselves only to two lowest electron tran-
sitions, so as the first transition manifests itself in
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the absorption/fluorescence spectra as a narrow high-
intensity band in the visible region, while the energy
of the second transition can be obtained from the flu-
orescence excitation anisotropy spectrum.

The measured characteristics of the spectra of sym-
metric and asymmetric dyes 1 and 2 are collected in
Table 1.

As an illustration, the absorption, fluorescence, and
fluorescence excitation anisotropy spectra of symmet-
ric dye 2-Bar and of asymmetric dye 1-Bar are given
in Fig. 5. Comparing the absorption spectra of dye 2-
Bar and dye 1-Bar shows that the going to the asym-
metric dye causes a somewhat widening of the long-
wavelength band, so that the vibronic peak clearly
appears on the short-wave side of the spectral band
analogously to the asymmetric cationic polymethine
dyes [11-15]. This peak corresponds just to the vi-
bronic transition, not to the second electron transi-
tion, since the second transitions polarized perpen-
dicularly is connected with the first minimum in the
anisotropy spectrum: Ag min.

The analysis of the spectral data in Table 1 shows
that the distance between the absorption band maxi-
mum and the anisotropy minimum, AXgp1 = At max —
— A2,min, is comparatively large. This testifies to a sig-
nificant interaction between acceptor levels and, thus,
to a significant splitting of the first two electronic
transitions. Increasing the length of the chromophore
by introducing a new vinylene group causes the reg-
ular bathochromic shifts of both the long-wavelength
band in the absorption spectra and the minimum in
the fluorescence excitation anisotropy spectra: the so-
called vinylene shift estimated by the formula [27]:

V=An=2)-An=1). (8)

One can see from Table 1 that the vinylene shifts
for the first electron transition in symmetric anionic
dyes 2 are close to 100 nm, what was found by Koenig
for the typical cationic cyanine dyes [27]. In contrast,
the vinylene shifts for the second transition obtained
from the anisotropy spectra are seen to be substan-
tially less, similarly to the Sy — S5 transition in the
symmetric cationic dyes, for example, indo-, thiacya-
nines, ete. (see, e.g., [28]).

As is seen, the fluorescence spectra from Table 1
exhibit the relative small Stokes shifts, Avg. This in-
dicates directly a comparatively slight change in the
equilibrium molecular geometry in the excited state
upon the relaxation to the “fluorescence” or emitting
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Fig. 4. Scheme of the lowest electronic transitions in neutral
polyene (a), cationic dye (b), and anionic dye (c). Schemes (b)
and (c) are inverse for the second and third transitions

state. The values of Avg in symmetric anionic dyes 2
are approximately of the same order as in symmetric
cyanine dyes [28]. It should be noted that the vinylene
shifts obtained from the fluorescence spectra coincide
practically with these parameters for the absorption
apectra obtained from the position of the long-wave-
length band maximum, according to formula (8).
The performed calculations confirm the nature of
the first two lowest electron transitions: both tran-
sitions are described practically by the single ex-
cited configuration: |Sy — 51)0.95 — 0.98l HOMO —
— LUMO) and |Sy — 52)0.85 — 0.95 | HOMO —
— LUMO + 1), the oscillator strength of the first
transition, fi, exceeding the value fo by several or-
ders (see Table 2), which agrees with the high ex-
perimental intensity of the long-wavelength band and
with the negligible absorption in the short-wavelength
spectral region (300-500 nm). However, the compar-
ison of Tables 1 and 2 points out that the calcu-
lated wavelengths of the both electron transitions dif-
fer significantly from the corresponding experimen-
tally data. Unfortunately, this is the well-known typ-
ical disadvantage of the TD DFT method as for the
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Table 1. Positions of band maxima

in the absorption, fluorescence, and fluorescence excitation spectra of dyes 1 and 2

Absorption Fluorescence Anisotropy
Dye n
A1, max, M V, nm Al,max, M V, nm Avg, cm~ ! A2 min, DM V, nm Avgpl, cm~!
Symmetric dyes
2-G 1 615 636 537 447 6111
2 711 96 733 97 422 470 23 7212
2-G-H 1 572 581 271 382 8695
2 683 111 694 113 232 436 54 8294
2-Bar 1 490 518 1103 290 14075
2 588 98 620 102 878 360 70 10771
2-Malo 1 445 468 1104 -
2 540 95 563 95 757 342 10721
Asymmetric dyes
1-G-H 1 600 623 615 420 7143
1-Bar 1 516 536 723 396 5872
2 606 90 627 91 553 433 37 6593
1-Malo 1 500 512 469 372 6882
2 580 80 602 90 630 408 36 7268

calculation of the electron transitions in linear poly-
methine cationic/anionic dyes absorbing in the visible
and near IR region of the spectrum [30].

One can see that the difference in the calculated
and experimental wavelengths for the first transition
is substantially larger than for the second transi-
tion. As a result, the distance between the obtained
M,max (absorption spectrum) and g yin (anisotropy
spectrum) exceeds significantly the distance between
the corresponding calculated values. In addition, the
calculated vinylene shifts, V', for the first transition
are less than the shifts of the position of the long-
wavelength band in the absorption spectra upon the
passage to a higher vinylog. At the same time, the
calculated parameter V for the second transition is
quite close to the experimental shift of the position
of the minimum, A2 min, in the fluorescence excitation
anisotropy spectra.

Now, let us consider the changes in the spectral
characteristics, while going to asymmetric polyme-
thine dyes 1. It follows from Table 1 that the asym-
metry is accompanied by a decrease of the vinylene
shifts in the absorption spectra (detected the first
electron transition), whereas the vinylene shifts in the
anisotropy spectra (detected the second electron tran-
sition) of the asymmetric dyes increase somewhat.
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However, the main feature of the optical spectra of
the asymmetric dyes is related to the position of the
band maximum in the absorption spectrum, as com-
pared with the band maximum of the parent sym-
metric dyes, what is traditionally used for the quan-
titative estimation of the degree of asymmetry of the
asymmetric cyanines. It was proposed by Brooker [11]
to introduce a parameter deviation D, which is cal-
culated in the following way:

D= (>\sd1 + )\Sd2>/2 - Aas- (9)

Here, \,s is the absorption maximum of the asym-
metric dye, and Agq1 and Agq2 are maxima of the cor-
responding symmetric parent molecules.

It was found [11] that D > 0 for the typical asym-
metric cationic dyes, i.e. the positions of the maxi-
mum for the asymmetric dye, and \,s is shifted in the
direction of shorter wave lengths as compared with
the arithmetic mean value from the maxima of the
parent dyes. The analysis of the experimental data
from Table 1 shows that there are appreciable pos-
itive deviations for the both vinylogs of asymmetric
dyes 1-Bar and 1-Malo, in contrast to the series of
dyes 1-G-H with the inappreciable degree of asym-
metry. Moreover, the magnitude of D changes gradu-
ally at the lengthening of the polymethine chain. So,

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 7
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the deviation of the long-wavelength band in the ab-
sorption spectrum of asymmetric dye 1-Bar for n = 1
D[\] = 36 nm increases, while passing to higher
vinylog 1-Bar (n = 2): D[A;] = 44 nm.

Just the same increase of a deviation is observed
for the dye series Malo: D[A\1] =30 nm (n = 1) and
D[X1] = 57 nm (n = 2). This testifies to an increase
of the degree of asymmetry upon the introduction of
the new vinylene group into the chain. In contrast
to the spectral effect of the first electron transition,
the deviation of the second transition detected by the
minimum in the anisotropy spectra, D[] (e.g., in the
asymmetric dye series 1-Bar) proves to be negative,

Table 2. Calculated characteristics
of electron transitions in dyes 1 and 2

Dye n Transition A, nm f V, nm
Symmetric dyes
2-G 1 So — S1 469 1.84
So — SQ 397 0.004
2 So — S1 517 2.44 43
So — S2 428 0.004 31
2-G-H 1 So — S1 472 1.27
So — S2 410 0.003
2 So — S1 520 1.81 48
So — S2 445 0.004 35
2-Bar 1 So — S1 392 1.24
So — Sa 326 0
2 So — S1 446 1.82 54
So — Sa 340 0 14
2-Malo 1 So — S1 352 1.11
S() — S 277 0
2 So — S1 408 1.63 56
So — So 292 0.01 15
Asymmetric dyes
1-G-H 1 So — S1 474 1.45
So — Sa 403 0.15
2 So — S1 521 2.04 47
So — S2 437 0.15 38
1-Bar 1 So — S1 425 0.88
So — So 348 0
2 So — S1 470 1.43 45
So — Sa 386 0.65 38
1-Malo 1 So — S1 419 0.61
So — Sa 338 0.78
2 So — S1 457 1.13 38
So — S2 378 0.84 40
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Fig. 5. Spectra of symmetric dye 2-Bar (a) and asymmetric
dye 1-Bar (b)

and the absolute value decreases, as the length of the
polymethine chain increases: D[\g] = —27 nm (n =
=1) and D[A\] = =18 nm (n = 2).

4. Conclusion

Thus, the combined spectral and quantum-chemical
investigation of the specially synthesized asymmetric
anionic dyes, the derivatives of aminocoumarine, as
well as the corresponding symmetric dyes, has shown
that the introduction of the excess electric charge in
a molecule leads to a significant shift of the electron
levels. The results of calculations have shown the in-
verse nature of the position shift of the first two elec-
tron transitions compared with cationic polymethine
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dyes. The short-wavelength shift of the first electron
transition is observed in the absorption spectra of
asymmetric dyes, in respect to the parent symmet-
ric dyes. But in the fluorescence excitation anisotropy
spectra, which detect the second electron transition,
there is a shift in the opposite direction. It is found
that the lengthening of the chromophore is accompa-
nied by an increase of the shift magnitude of the first
electron transition and, in contrast, by a decrease of
the shift magnitude of the second electron transition,
which indicates the increase of the electron asymme-
try degree of the asymmetric anionic dye.
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BIIJIMB HAJJINIIIKOBOI'O

BII’EMHOTI'O 3APALY HA CIIEKTPI
IIOTJIMHAHHSA TA AHI3OTPOIIIT 3BY/IXKEHH S
®JTIOOPECIEHIII HECUMETPUYHUX
ITIOJIIMETVHOBUMX BEAPBHUKIB

Pezmowme

Pobora npucBsiueHa CleKTPaJIbHO-JTIOMIHECIIEHTHOMY Ta KBaH-
TOBO-XIMIYHOMY JIOCJII/I?KEHHIO BIHIJIONIYHUX Cepiif HeCuMeTpu-
YHUX aHIOHHUX IIOJIIMETUHOBUX OApBHUKIB, MTOXiAHUX aMmiHO-
KyMapHHy, & TaKOXK BIJIOBIIHUX CUMETPUYHUX OapBHUKIB.
OcobnnBa yBara IpHIieHa CIEKTPAJIBHAM IIPOSBAM BHECEH-
Hsl HA/UIMIIIKOBOI'O €JIEKTPUYHOI'O 3apsijly B MOJIEKYJIM HECH-
METPUYHUX aHIOHHHUX IOJIIMETHHOBHX OapBHEKIB. [lokazamo,
IO BBEJEHHsI 3apsi/ly 0 HECUMETPUYHOIO OGapBHUKA JIAHOTO
THUILYy CHPUYMHIOE iICTOTHE 3Mill[EeHHSI €HEPreTUYHUX €JIEKTPOH-
Hux piBHiB. Po3paxyHKn Tako>K IOKa3a/Il iHBEPCHUI XapaKTep
3MIIEHHS MEePIINX JBOX €JEKTPOHHUX I1€PEXOJiB B aHIOHHHX
Ta BIANOBIHMX KaTiOHHMX OapBHUKaxX. BCTaHOBJIEHO, IO CIe-
KTpPaJIbHO edeKT acuMeTpil MPOSBISETHCH sIK 3CYB IEPIIOrO
€JIEKTPOHHOTI'O IIEPEXO/LYy B CIEKTPax IOTVIMHAHHS Y KOPOTKO-
XBUJILOBUH JIialla30H CIIEKTPa 1 siK 3CyB JPYyroro Iepexojy B
CIIEKTpax aHi3oTpoIIil 30yaKeHHs (DIIIOOPECIEHIIIT Yy TOBIOXBU-
JIBOBHI Jialta30H MOPIBHSHO i3 cepefHbOapUMMETHTHOIO BEJIN-
YUHOIO MAKCHMYMIB IIOIVIMHAHHS BiJIIOBIJHUX MaTE€PHHCHKUX
GapBHUKIB. 3HalZIEHO, 10 ITOJOBXKEHHS XPOMOdOpa CyIpOBO-
JPKYETHCS 3pOCTaHHSIM BEJIMYMHU [ILOIO 3CYBY 1, HABIIaKU, Or0
3MEeHIIEeHHAM JJisl apyroro nepexoay. Orpumani B poGoti pe-
3yJbTATH MOXKYTh OyTH BUKOPUCTAHI B JU3aiiHI MOJIEKYJISIDHIX
cucTeM i3 3a/1aHOI0 BOJIBT-AMIIEPHOIO XapaKTEPUCTUKOIO JIJIst
HaHOEJIEKTPOHIKH.
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