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1. Introduction

In our previous article [1], the features of the electron struc-
ture and molecular geometry as well as absorption spectra of
the oxystyryls containing the donor groups with the regularly
varied basicity were studied in detail. The state dipole moment
was found from the calculation to decrease considerably in the
dyes with high basic pyridinium and quinolinium residues
while the change of this parameter in the indo- and benz[c,d]
indooxystyryls is practically negligible. Also, it was shown
that the magnitudes of the dipole moments depend, first at
all, on the basicity of the donor end groups. For example, in
the ground state, the dipole moment increases markedly in
the series indo-, benz[c,d]indo-, quino- and pyridooxystyryl:
0.86, 3.44, 8.55 and 11.72 D (calculated in the AM1 approxi-
mation). It is in good agreement with the experimental fact
that the absorption spectra of the oxystyryls as extreme un-
symmetrical cyanine dyes are highly sensitive to solvent polar-
ity [2—4].

At the same time, it is well known [5,6] that the fluores-
cence spectra of the cyanine dyes depend usually far less on
the nature of the solvents than absorption bands because the
excitation leads to the significant redistribution of the charges
at the atoms along the chromophore and hence are accompa-
nied by the reorientation of the solvent polar molecules; as
a result, in the relaxed excited state, the dye molecules remove
their solvent shell. However, upon the low-temperature mea-
surements, the mobility of the dye and solvent molecules is re-
stricted; consequently, influence of the solvent polarity should
manifest itself also in the fluorescence, similarly to the absorp-
tion spectra.

In this paper, we present the results of our investigation on
the dependence of the fluorescence spectra upon the high and
low temperature on the basicity of the donor end group in the
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series of the oxystyryl dyes and two different neutral deriva-
tives: (i) oxystyryl base and (ii) merocyanine.

2. Objects and methodology

The oxystyryls studied can be presented by a general for-
mula:
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The merocyanines 2 which can be considered as derivatives
of oxystyryls 1-BIn and 1-In were investigated.

H;C CH;,

2-In-m

The synthesis of all compounds was described earlier [7].

Spectral measurements were carried out in relatively high
polar solvent, CH3CN, while the isoenergetic point was stud-
ied in the water—pyridine mixture.
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2.1. Absorption spectra

These spectra were recorded on a spectrophotometer
Shimadzu UV3100.

2.2. Fluorescence spectra

The fluorescence excitation spectra were measured with a Hi-
tachi MPF-4 spectrophotometer. The stationary and time-re-
solved fluorescence spectra were recorded with an SPM-2
monochromator with a photoelectric attachment. The spectral
slit width was 0.2—0.4 nm. The fluorescence was excited by
a 337.1-nm pulsed nitrogen laser with a pulse repetition rate
of 100 Hz, a pulse duration of 10 ns, and a pulse power of
5 kW. The time-resolved fluorescence spectra were recorded us-
ing a 0.1-ns gating system. The fluorescence kinetics and fluo-
rescence spectra were recorded with different time delays, #4,
relative to the laser pulse maximum. To improve the time reso-
lution, the fluorescence spectra were detected at the initial mo-
ment after excitation at the leading edge of the laser pulse
(negative values of ;). Because of a high steepness of the leading
edge of the laser pulse, the duration of excitation of a sample un-
der study for #y = —4 ns was equal to 0.7 ns. The decay curves
were analyzed by recording the shape G(f) of the laser pulse
and the fluorescence decay curves at different wavelengths.
This ensured the determination of the lifetime, 7, of fluorescence
with an accuracy not worse than 0.1 ns.

2.3. Quantum-chemical calculations

The equilibrium geometry of the dye molecules was obtained
in the AM1 approximation; in the excited state, the configura-
tion interaction includes all single and many electron promo-
tions from three highest occupied orbitals to three lowest
vacant MOs (MOPAC package). We supposed that the mole-
cules in the so-called “fluorescent’ excited relaxed state remain
planar; the short-lifetime twisting component is not fluorescent.
The energies of the electron transitions were calculated in the
“spectroscopic”’ ZINDO/S approximation (HyperChem pack-
age) using all ® — 7* single excited configurations. The tran-
sitions calculated upon the ground state molecular geometry
correspond to the experimental data from the absorption spectra
while the transitions upon the excited state geometry correspond
to fluorescence spectra, in accordance with the Frank—Condon’s
rule [5]. In our calculation, the overlap weight factor (OWF) for
the t—m bonds calibrates against the maxima of the fluores-
cence bands. It enables to estimate quantum-chemically the
Stock’s shift as a AAg = A(relaxed geometry) — A(ground geom-
etry) or Avg = v(gr) — v(rel).

3. Results and discussion

3.1. Change of the equilibrium geometry upon relaxation
in the excited state

As a typical example, the calculated molecular geometries
in both the ground and relaxed “fluorescent™ excited states for

the pyridooxystyryl 1-Py are presented in Fig. 1. One can see
the considerable alternation of the bond lengths along the
chromophore in both the states, the difference in the lengths
of the neighboring bonds in the chain reaching 0.069 A
(b1—b2) or 0.078 A (b2—b3) and hence being comparatively
close to that in the polyenes (0.099 A in the AM1 approxima-
tion). The calculation has shown that the regular decrease of
the donor strength in the series 1-Py, 1-Qu, 1-In and 1-BlIn in-
fluences negligibly on the bond lengths in the ground state
(Fig. 2a). In contrast, the relaxed geometry (Fig. 2b) proves
to depend considerably on the topology of the donor terminal
group D. The alternation of the bond lengths in the excited
state is seen from Table 1 to be less than in ground state. It
is to be noted that the relaxation in the excited state does
not change the sign of the alternation: Al=1,—1,,| (where
v is a number of the bond), in contrast to the corresponding
neutral merocyanines, Py=CH—CH=CcH,=0; 1.366,
1.424, 1.365 A in the ground state and 1.459, 1.344, 1.431 A
in the relaxed excited state. As a result, the total change in
the molecular geometry (bond lengths, first at all) should be
lesser than in the polyenes or the extreme unsymmetrical do-
nor—acceptor systems. It was established that the change in
the lengths of all the bonds in the chromophore estimated by
formula (1) corresponds to the Stock’s shift, Avg.

o= /> -h) (1)

v

where /% and [2 are the lengths of the u-th bond in the excited
and ground states, respectively.

The calculated magnitudes of the parameter ¢ as well as the
wavelength of the electron transitions for the dyes studied are
collected in Table 2. One can see the same tendencies of the
regular simultaneously increasing values of Avg and ¢ in the
oxystyryl series 1-Py, 1-Qu and 1-In with the approximately
close effective length of the donor group (L =2.73, 3.23,
and 2.76, respectively [1]), except for the dye 1-BIn contain-
ing the benz[c,d]indolium residue with the relatively large ef-
fective length (L =6.50). However, the calculated Stock’s
shifts for all the oxystyryls were proved to be considerably
lesser than observed spectral values.

3.2. The room temperature fluorescence

The typical spectra including the absorption bands as well
as fluorescence bands at both high (300 K) and low (77 K)
temperature are presented in Fig. 3. Here, we have restricted
only by considering the long-wavelength fluorescence bands.
Although, it is to be mentioned that the excitation at
Aexe =337 nm of the dye 1-BIn causes also an appearance
of the additional spectral band in the short-wavelength region,
with the maximum at 410 nm at room temperature. To check,
we have measured the fluorescence of the compound 1-BIn
upon excitation at A.x. =532 nm; the observed spectral band
practically coincides with the long-wavelength band (with
maximum at 613 nm) presented in Fig. 3b. We assume that
this spectral phenomenon in the fluorescence of the dyes
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Fig. 1. Calculated bond lengths (in 10%) in the ground state and the relaxed excited [*] state in the pyridooxystyryl 1-Py.

containing the benz[c,d]indolenine residue with the extended
m-electron system and with the five-membered ring is likely
to be of the same nature of the anti-Stock’s fluorescence as
the S, — Sy emission observed for the azulenes, pseudoazu-
lenes [10] or even for the squarilium dye containing the azu-
lene residues as terminal groups [11].

The shape of the spectral bands of quinooxystyryl 1-Qu is
similar to the absorption and fluorescence of the dye 1-Py. In
contrast to the non-structural uniform shape of the spectral
bands in the spectra of dyes 1-Py, 1-Qu and 1-BIn, the appre-
ciable vibronical structure manifests itself as two shoulders in
the short- and long-wavelength parts of the fluorescence band
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Fig. 2. Bond lengths (in A) in ground state Sy (a) and excited relaxed state S;
(b) in the chain oxystyryls and merocyanine 2-In-m.

at 300 K for the indostyryls 1-In (Fig. 3c). It is reasonable to
suggest that the band maxima at 529 nm corresponds to the
1" — 0 vibronical transition, while the 0’ — 0 transition
should be positioned approximately at about 500 nm, in so
far as the vibronical transition frequency for the linear conju-
gated system is equal to 1100—1300 cm ™" [5].

The measured maxima of the spectral curves are presented
in Table 3. Comparing the data from Fig. 3 and Table 3 with
the corresponding values in Table 2, one can easily see that ex-
perimental Stock’s shifts (Avg or AAg) exceed significantly the
calculated data which not at all take into consideration the in-
fluence of the solvent. Also, the trends in the change of the
spectral value of Avg in the series 1-Py, 1-Qu, 1-In and
1-BIn do not agree to a great extent with this parameter
obtained by quantum-chemical calculation. So, the spectra of
the pyridostyryl 1-Py show the maximum Stock’s shift
(Avg = 6029 cmfl), while the calculation, in contrast, predicts
the minimum parameter, Avg=423 cm~!. However, one
should necessarily take into account the fact that the change
of the state dipole moment upon excitation, Ay = u* — u’ =
2.22 —11.72 = —-9.50 D, was obtained just for the pyridoox-
ystyryl 1-Py containing the most basic pyridinium residue as
a terminal group [1].

On the other hand, the calculation of the dye 1-Im and
1-BIn with the end groups of the more lower basicity gives
the relative small magnitude of the parameter Au (—0.50 D
and +0.40 D, respectively) which agrees qualitatively with
the lower Stock’s shifts for these compounds: 3180 cm™" for
the dye 1-BIn and especially 0/ — 0 transition for dye 1-In,
3400 cm ™' It is to be noticed that the values A are calculated
upon the same (ground state) equilibrium molecular geometry,
whereas the relaxation in the excited state could cause the ap-
preciable changes in the bond lengths, and hence the changes
of the state dipole moments in the relaxed emission state. So,
the calculation indicates that the dipole moment decreases
upon relaxation in the pyridooxystyryl 1-Py (from 2.22 D to
1.71 D) and quinooxystyryl 1-Qu (from 4.65 D to 3.94 D),
while the relaxation is accompanied by increasing of state di-
pole moment in the 1-In (from 0.36 D to 6.50 D) and dye
1-BIn (from 3.84 D to 4.28 D).

Finally, we propose that the comparatively large
Stock’s shifts in the strong unsymmetrical cationic dyes
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Table 1
Alternation of bond lengths (Al = |, —1,,,]) (in A) in the chain of dyes 1—2
Dye Bond numbers State
Ground Excited
1-Py bl—b2 0.0694 0.0633
b2—b3 0.0780 0.0656
1-Qu bl—b2 0.0716 0.0416
b2—b3 0.0759 0.0429
1-In bl—b2 0.0572 0.0148
b2—b3 0.0660 0.0568
1-BIn bl—b2 0.0636 0.0402
b2—b3 0.0695 0.0469
2-In bl—b2 0.0608 0.0136
b2—b3 0.0612 0.0023

1-Py and 1-Qu are caused not only by the change in the mo-
lecular geometry upon relaxation in the excited state, but also
by the influence of the solvent in the ground state which van-
ishes in the emission state. Therefore, the solvation effect can
be estimated, approximately, as a difference between experi-
mental and calculated Stick’s shifts: Avgo, = AvSP — Apieor,
It is seen from Table 3 that this value for the oxystyryl with
the lower basic benz[c,d]indolium (1-BIn) and indolium (1-
In) residues (2722 cm~! and 2209 cmfl) is substantially
smaller than the spectral effects for the high basic dyes:
5606 cm™' (1-Py) and 4721 cm ™' (1-Qu).

Then, the electron transitions may be illustrated by the fol-
lowing scheme, presented in Fig. 4. The excitation starts from
the solvatic ground state (which is stabilized by solvation, in
comparison with the “pure” ground state) to the solvatic ex-
cited state which is disposed higher than “pure’ excited state.
The next relaxation to the emission state is accompanied by
the change of the molecular geometry and reorientation of the
solvent shell; both processes are most likely to proceed con-
currently or simultaneously. Consequently, the final emission
state is unsolvatic; thereafter, the electron transits correspond
to the unsolvatic ground state with the relaxed (in the excited
state) molecular geometry, excepting, of course, the twisting
short-lifetime component which is not consider here. Without
doubt, the energies of solvation in the ground state and reor-
ientation in the excited state depend on the degree of asym-
metry of the oxystyryl molecules.

At last, it is to be noted that in Fig. 4 is somewhat simpli-
fied, for convenience. In fact, the excitation at Ao, =337 nm
causes the jump of an electron to the higher excited state; nev-
ertheless, the emission occurs from the lowest excited state,

Table 2
Calculated data of dyes 1—2 upon the ground state geometry A (gr) end relaxed
excited state geometry A (rel)

Dye OWF Ael) A(gr) AA(mm) Ay (em™ 6

1-Py 0.50 491 481 10 423 0.0626
1-Qu 0.46 550 528 22 758 0.0800
1-In 0.50 531 486 45 1744 0.0870
1-BIn 0.47 609 575 34 971 0.0722
2-In-m 0.14 (5*1) 580 550 30 940 0.0669

OWEF is Overlap Weight Factor (ZINDO/S).

according to the well-known Franck—Condon’s rule [5] (this
rule is disrupted for the dye 1-BIn).

3.3. Low-temperature fluorescence

Fig. 3 presents also the typical fluorescence spectra of the
three dyes measured at the low temperature, i.e. in the frozen
matrix; the maxima of the fluorescence bands of all compounds
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Fig. 3. Absorption and fluorescence spectra of cationic dyes: 1-Py (a), 1-BIn

(b), 1-In (c); 1 — absorption spectra, 2 — fluorescence at 300 K, 3 — fluores-
cence at 77 K.
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Table 3
Spectral data of the dyes 1—2 (in CH;CN)

Compound 2208 (nm) A« (nm) (CH;CN) Stock’s shift Av (L—H) (cm™") ApPeor — ApgP
HT LT Alg (nm) Avg (cm™Y)

1-Py 383 498 467 6029 1333 5606

1-Qu 425 554 515 5479 1367 4721

1-In 427 529=500" 496 69=73 4516=3400" 1258 =150° 2722=1650°

1-BIn 513 613 594 3180 522 2209

2-In-m 540 582 564 1336 546 396

HT and LT correspond to 300 K and 77 K.
# Magnitude corresponds to 0’ — 0 vibronical transition.

studied are collected in Table 3. As would be expected, spectral
bands obtained in the frozen solutions preventing reorientation
of the dye and solvent molecules are regularly shifted into the
short-wavelength region. Hence, the relaxed emission state of
the oxystyryls fixed in the frozen matrix is disposed higher
(Fig. 4b) than the emission state after the final relaxation at
the room temperature when all molecules are not restricted
in their mobilities. Unfortunately, the correct quantum-chemi-
cal simulation of the relaxation of the molecular geometry and
post-redistribution of the electron density are faced with diffi-
culties; we would only assume that the “‘solvatic” relaxed state
in the matrix is disposed slightly below the solvatic excited
state at the high temperature (compare the corresponding en-
ergy curves in Fig. 4a and b). One can see from Table 3 that
the hypsochromic effects of the decrease in the temperature,
Av (H—L), for the high basic dyes, 1-Py (1333 cm™') and
1-Qu (1367 cm™"), are more large than for the dyes with the
lower donor strength of the end group, 1-BIn (522 cm™")
and 1-In (1258 cm ! for the 0/ — 0 transition).

3.4. Time-resolved spectroscopy

Another feature of the low-temperature fluorescence is con-
nected with the shape of the spectral bands for some dyes. One
can clearly see from Fig. 3a that the fluorescence at 77 K exhibits
the wider spectral band, compared with the width of the fluores-
cence curves measured at room temperature. This is in contrast

Fig. 4. Scheme of electron transitions at high (a) and low (b) temperatures;
curves (—) and (- - -) correspond to pure and solvation electronic states.

with the wide known experimentally and well justified theoreti-
cally spectral phenomenon that bandwidth is usually narrowed
down at low temperature because of decrease of the intensity
of the vibronic interaction [5]. As a consequence, we have as-
sumed that the observed increase of the fluorescence bandwidth
is not only of the homogeneity (vibronic structure), but is also
connected with the existence of an additional component which
can be registered by time-resolved spectroscopy. The measured
spectra (steady-state and time-resolved at two-time interval) of
pyridostyryl 1-Py are presented in Fig. 5. The initial fluorescence
bands are seen to be more narrow (in comparison with the inte-
gral steady fluorescence); nevertheless, the band tail extends
up to 600 nm and so on. At time, the intensity in the long-
wavelength region regularly increases. By subtraction of the
fluorescence curves obtained at two-time interval, the new
wide spectral band, with the maximum at 530—540 nm, appears.
Similar spectral effects have been found also in the low-temper-
ature time-resolved spectrum for the other high basic quinooxys-
tyryl 1-Qu. At the same time, the band widths of the dyes with the
relative low-donor strength, 1-In and 1-BlIn, are changed only
slightly upon going from the room temperature to 77 K.

Thus, in the frozen matrix, the dyes with the high dipole
moments can also relax to an additional long-wavelength
emission state, as it is proposed in Fig. 4b. We would not dis-
cuss the nature of this component; it is not impossible that the
later relaxation can lead to the unsymmetrical structure with
the higher degree of asymmetry of the electron density distri-
bution, in comparison with the ground state. While, the distri-
bution of the charges in the chromophore of the dyes 1-In and
1-BIn was shown earlier [1] to be more equalized, and hence
an appearance of any additional components upon relaxation
is a little possible.

It is interesting to compare the effects in the fluorescence
spectra of the cationic oxystyryls with the spectral features
in the related neutral derivatives, merocyanines 2, as we
have studied earlier for absorption spectra [1].

The merocyanines M may be regarded as deprotonated
neutral derivatives, in which the removing of the proton is ac-
companied by changing of coordination number of the oxygen
atom (from 2 to 1).
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The neutral compounds 2-In-m and 2-BIn-m are typical
donor—acceptor conjugated molecules.We have shown earlier
that the merocyanines constituted from one end group with the
high donor strength and another residues with the acceptor
strength absorb light deeper than the corresponding cationic
oxystyryls [1], in contrast, the absorption band maxima of
the cyanine bases containing the low-basic p-alkoxyphenylene
as a donor end group and desalkiled nitrogenic heterocycles as
the another end group with low-acceptor strength are consid-
erably shifted to short-wavelength spectral region.

Here, we will consider in detail the fluorescence of two sta-
ble merocyanines 2-In-m and 2-BIn-m. Typical spectra of the
compound 2-In-m are presented in Fig. 6, while the absorption
and fluorescence band maxima are collected altogether in
Table 3.

67¢.10*
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Fig. 6. Absorption and fluorescence spectra of merocyanine: 2-In-m; 1 — ab-
sorption spectra, 2 — fluorescence at 300 K, 3 — fluorescence at 77 K.

At first, let us consider the geometrical changes upon relax-
ation in the excited state, restricting only by the bond lengths
in the chain. One can see from Fig. 2 and Table 1 that there is
a considerable alternation of the lengths of the neighboring
bonds in the ground state, so that A/ value is close to that
for bonds in the corresponding cationic dye 1-In, but is oppo-
site in sign. The relaxation is found from calculation (Fig. 2a)
leading to equalization of bond lengths, so that the lengths of
all the three bonds in the chain are close to the magnitude
1.4 A which is a common length of the C—C bonds in the pol-
ymethine chain of the symmetrical cyanine dyes exhibiting the
deep color [12]. As a result, the merocyanines absorb light
also in the relatively long-wavelength spectral region [1]; for
example, going from the indooxystyryl 1-In to its meroform
2 is accompanied by the bathochromic shift 113 nm (in
CH3;CN), as one can see from Table 3. It is well known
[13,14] that merocyanines are polar highly sensitive sensors

b £10* 2-BIn-m

10 16

2 .
20
40
0 100
60
1 .
80
0 T T T 1
620 640 660 680 700
A,nm

Fig. 7. Dependence of position of absorption band maximum (4,,,,) and its extinction (¢) on the concentration of pyridine (numbers on the curve) in the water—

pyridine mixture.
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on the solvent polarity as well as they are used as the suitable
model for the wide quantum-chemical study of the solvato-
chromism. One way to estimate the polar sensitivity is to mea-
sure the change of the position of the band maximum and the
intensity (extinction) of the spectral band for the merocyanine
dye in the mixture of polar and non-polar solvents. It was pro-
posed by Kiprianov [15] and then by Brooker [16] that the reg-
ular bathochromic shifting of the absorption band maximum
upon increasing of the concentration of the relatively weak po-
lar pyridine in the strong-polar water and consequently de-
creasing of the solution polarities connected with the
increasing of the contribution on neutral valence structure,
whereas in the polar solvent, the zwitterionic structure with
the separated charges becomes dominant; they have assumed
that the point of the highest extinction corresponds to exact en-
ergetic equivalence of the valence structures of their merocya-
nine (conveniently called the ‘“‘isoenergetic” point). Although
Kiprianov’s—Brooker’s assumption cannot now be regarded as
correctly established, nevertheless, the “isoenergetic”’ point
may be used as the simplest way to test the degree of merocya-
nine asymmetry depending on the basicity of the donor end
group. We have carried out the similar spectral investigation
for the water—pyridine solutions of the merocyanines 2-In-m
and 2-BIn-m; the results are presented in Fig. 7. It is to be noted
that going from CH3CN solvent to water causes the hypsochro-
mic shift 19 nm for indomerocyanine 2-In-m, while the corre-
sponding spectral effects are somewhat smaller and regularly
decreases in the low-basic cationic dyes: 10 nm (1-Py), 11 nm
(1-Qu), 6 nm (1-In) and 4 nm (1-BIn).

One can see from Fig. 7 that “isoenergertic” points for
merocyanines 2-In-m and 2-BIn-m are reached at the compar-
atively low concentration of the pyridine which could be inter-
preted as a predominance of the bipolar valence structure, not
neutral. This may indicate on the weak sensitivity of the mer-
ocyanines to solvent polarity, and hence the solvation effect in
the spectra should be minimum.

Our calculation gives the parameter 6 = 0.0669 and Stock’s
shift Av§'® =940 cm ™' which are close to the corresponding
values for oxystyryls 1-Qu (758 cm™') and 1-Bln
971 cmfl) (Table 2). One can see from Fig. 7a and Table 3
that the calculated value AvE'™ is only slightly smaller than
the experimental Stock’s shift: 1336 cm_l, so that “solvation”
effect, 396 cm_l, is negligible (taking into consideration an
accuracy of the quantum-chemical simulation).

The relatively small hypsochromic shift is seen from Table
3 and Fig. 6 to be observed upon decreasing of the tempera-
ture: 546 cm™'; i.e. the influence of the solvatic shell on mer-
ocyanine on the fluorescence of the merocyanine 2-In-m is
non-appreciable, in comparison with the high basic oxystyryls

1-Py or 1-Qu. Fig. 6 also demonstrates the considerable nar-
rowing of the spectral bandwidth at 77 K, in the rigorous
agreement with the well-known theoretical postulation about
decreasing of the vibronical interaction at the low temperature
[5]. Although the distinct shoulder is observed on the long-
wavelength tail of the fluorescence band at 77 K, we could
not detect any additional component, so as the relaxation
was found by the femtosecond punb probe spectroscopy [17]
to be finished far fast, approximately to 5—10 ps.

4. Conclusion

Thus, the simultaneous quantum-chemical and spectral
study of the dyes enables to propose that the large Stock’s
shifts in the fluorescence spectra of the cationic oxystyryls
containing the high basic donor group is mainly caused by sol-
vation in the ground state, and not by the significant geomet-
rical relaxation; the influence of the solvent polarity decreases
with the lowering of the basicity of the end groups (1-In and 1-
BIn). The appreciable dependence of the spectra on the sol-
vent microenvironment remains at low temperature; the band
maxima are shifted hypsochromicaly, the positions depending
on the donor strength of the end groups. In contrast, the spec-
tral properties of the neutral derivative, the merocyanines de-
pend substantially less on polarity.
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