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Abstract The study on the relationship between the
structure and spectroscopic properties of styrylquinolinium
dyes were carried out by measuring the electronic visible
absorption, steady-state and time-resolved fluorescence
spectra of quinoline based hemicyanine dyes. The influence
of the solvent on absorption and emission spectra and the
solvatochromic properties, observed for both ground and
first excited states, for all the dyes were applied for the
evaluation of their excited state dipole moments. The
ground state dipole moments of dyes under the study
were established by applying ab initio calculations. The
measured, using solvatochromic methods, excited state dipole
moments of tested hemicyanines are in the range from 5.38 to
18.90 D and the change in the dipole moments caused by
excitation were found to differ from 1.88 to 6.64 D. It was
observed that for all tested dyes the dipole moments of the
excited states were higher than those of a ground states. The
fluorescence lifetime measurements with picosecond resolu-
tion was performed for entire series of hemicyanine dyes
possessing different dialkylamino groups attached to the
phenyl ring. The average lifetimes of the dye fluorescence,
determined from the measured data by multi-order exponen-
tial decay curve fitting, were in the range from about 120 to
1200 ps at the fluorescence peak wavelength. The fluores-
cence lifetime measurements were performed for dyes in ethyl
acetate solutions. The time-resolved fluorescence spectra
measurements allowed to propose the mechanism of the dyes
excited states deactivation.

B. Jedrzejewska (D<) - M. Pietrzak - J. Paczkowski
Faculty of Chemical Technology and Engineering,
University of Technology and Life Sciences,
Seminaryjna 3,

85-326 Bydgoszcz, Poland

e-mail: beata@utp.edu.pl

Keywords Styrylquinolinium dyes -

Electronic absorption and steady-state fluorescence spectra -
Fluorescence lifetimes - Solvatochromic shift -

Ground and excited state dipole moments

Introduction

Intense research activity has been devoted to the synthesis
of polymethine cyanine dyes, due to their relative stability,
high molar extinction coefficient, high fluorescent intensity
etc. They have found a wide application in various fields,
such as near-infrared laser dyes and fluorescent labeling
agents for proteins. Polymethine cyanine dyes also belong
to a well-known class of organic compounds which have
been used in photography and information storage, in laser
technology and as photopolymerization initiators [1-5].

Dyes, synthesized following a donor-7t-system-acceptor
design concept, play a major role in UV-vis spectrophoto-
metric and/or fluorometric ion analysis [6]. Such compounds
usually consist of a macrocyclic or acyclic ion-responsive
receptor, often the electron donating moiety, and a heterocy-
clic or polyaromatic moiety which can function as an
electron-deficient acceptor [7]. Furthermore, donor and
acceptor can be in direct electronic conjugation via an
oligomethine 7-system (-(CH = CH-),) or a (elongated, for
n>1) styrene-type m-system (-(CH = CH-),C¢Hy-). The
acceptor moiety itself can (formally) be charged or
uncharged [8]. Dyes of the former type are mostly
asymmetric hemicyanines and styryls. Those of the latter
type are often stilbene-analogue styryl bases. Based on their
electronic properties, the spectroscopic behavior of the
styryls and styryl bases is often determined by an intramo-
lecular charge transfer (ICT) process accompanying optical
excitation.
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The dipole moment of an electronically excited state of a
molecule is an important property that provides information
on the electronic and geometrical structure of the molecule
in its short-lived state. Among the existing methods for
determination of the change in dipole moments associated
with electronic excitation of a molecule, the most popular
ones are based on a linear correction between the wave-
number of the absorption and emission maxima and a
solvent polarity function which usually involves both
permittivity and the refractive index of the medium [9, 10].

Most theories [11-13, 27] of the solvent effect on the
location of the absorption, v,, and fluorescence, v¢, bands
lead, in spite of different assumptions, to similar expres-
sions for the v, — V¢ and v, + V¢ (see Egs. 11 and 12) with
the difference, however, that the applied solvent polarity
parameters F(e,n) and ¢(e,n) differ significantly.

According to Bilot and Kawski [13] and based on
quantum-mechanical second-order perturbation theory for
spherical solute molecules centered in a closed spherical
microenvironment, the solvent polarity parameters are
given by Egs. (1) and (2):
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condition 20/a’=1 is frequently satisfied, and solvent
polarity parameters can be express by equations:
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If the polarizability of the solute is neglected, i.e. a=0,
the equation for F(e,n) obtained by Lippert and Mataga et al.
[13] results from:

e—1 n*-1
Funen) =5~ w1 )

According to McRea’s theory [13]

e—1 n?-1

e = w2
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In Bakhshiev’s theory [13, 14] the functions of the
solvent polarity are:
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(7)
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where p** and p® are the parameters dependent on the solute
properties. These parameters can be determined either by
plotting a line through a point for vapours (a free molecule)
or, if no data for vapours are available, by preserving the
best linearity of the relation examined. By neglecting the
second term in (7) we receive (3).

For an ellipsoidal molecule of isotropic polarizability it
follows from the general theory of Liptay [11, 13] that the
solvent parameters are:

e—1 n?—-1
F S . 9
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= 10
oulem =5 (10

Equation (9) is identical with (6).

For spherical molecules, in the case of isotropic
polarizability of a molecule, based on the theory of Bilot
and Kawski [13] and Bakshiev [14], Egs. (11) and (12)
hold:

2
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Va — Vf =F1(6,n) 3 + C (11)
hca
. 2 (2 - 12)
Vat+vi = —Fa(e,n) ——5—%+C (12)
hca

U and i, are the dipole moments in the excited and ground
state, respectively, h is the Planck’s constant, ¢ is the
velocity of light in vacuum, a is Onsager’s interaction
radius of the solute, F;(e, n) and , F,(e, n) are the solvent
polarity functions given by Eqgs. (3) and (13).
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If the ground and excited state dipole moments are
parallel, based on Egs. (11) and (12), Egs. (14—16) can be
derived:

Y
mp; —m; hca3
- : 14
/Jg ( 2 ) _21’1’11_ ( )
_ (ml +m2) . Thea’]"/? (15)
e 2 _21’1’11_
or
m;g + mp
e = (M) - pg for (my > my) (16)

where m; and m, are the slops of the plot obtained using
the Egs. (11) and (12).

Equations (11) and (12) show that for the parallelly
orientated dipole moments in the ground and excited states
there is no need to estimate Onsager’s cavity radius for the
calculation of ., and p, as well as that . can be calculated
directly from the spectroscopic measurements [15].

The present communication deals with study of the
spectroscopic behavior of hemicyanine dyes possessing as
the electron-deficient moiety quinoline ring. We report the
determination of ground and excited state dipole moments
by the solvent perturbation method. We also investigate the
fluorescence decay lifetimes using time-correlated photon
counting technique allowing the fluorescence lifetime with
picosecond-time resolution to be measured. The decay
lifetimes of the solutions were determined from two- or
three-exponential decay fitting.

Experimental
Materials

All starting reagents and solvents (spectroscopic grade)
were purchased from Aldrich Chemical Co. and used
without further purification.

4-[4-(N,N-dialkylamino)-styryl]-1-methyl-quinolinium
iodides (marked as series L) possessing different amino
groups attached to the phenyl ring have been synthesized
by the procedures reported in literature [16-20].

Spectroscopic measurements

Absorption spectra were recorded with a Shimadzu UV-vis
Multispec-1501 spectrophotometer, and fluorescence spec-
tra were obtained with a Hitachi F-4500 spectrofluorimeter.
Absorption and emission spectra were recorded in a
spectroscopic quality: acetonitrile, acetone, 1-methyl-2-

pyrrolidinone (MP), dimethylsulfoxide (DMSO), dimethyl-
formamide (DMF), tetrahydrofuran (THF), ethyl acetate
(EtOAc) and 1,4-dioxane. The solvents are characterized by
their static dielectric constant (¢) at 20°C and refractive
index np [21]. The fluorescence measurements were
performed at an ambient temperature.

The fluorescence quantum yields of the dyes in ethyl
acetate : 1-methyl-2-pyrrolidinone mixture (10:1) were
determined as follows. The fluorescence spectrum of a
dilute (<25uM) dye solution was recorded by excitation at
the absorption band maximum of the standard. A dilute
Rodamine B in ethanol (®=0.55 [22]) was used as
reference. The fluorescence spectrum of Rodamine B was
obtained by excitation at its absorption maximum at
530 nm. The quantum yield of the tested dye (®qy.) was
calculated using equation:

Taye A
chye = Qs dye tref (17)

where: @, is the fluorescence quantum yield of reference
(Rodamine B) sample in ethanol, A4y and A, are the
absorbances of the dye and reference samples at the
excitation wavelengths (530 nm), gy and I,c¢ are the areas
arbitrary units of the corrected fluorescence spectra (plotted
in frequency scale) for the dyes and reference samples,
respectively.

The fluorescence lifetimes were measured using an
Edinburgh Instruments, single-photon counting system
(FLS920P Spectrometers). The apparatus utilizes for the
excitation a picosecond diode laser generating pulses of
about 55 ps at 466 nm. Short laser pulses in combination
with a fast microchannel plate photodetector and ultrafast
electronics make a successful analysis of fluorescence
decay signals with a resolution of few picoseconds
possible. The dyes were studied at concentration able to
provide equivalent absorbance at 466 nm (0.2—0.3 in the
10 mm cell) to be obtained. The fluorescence decays were
fitted to two or three exponentials, as necessary. The average
lifetime, T,, is calculated as 7., = (3 _iei7i) /(> i), were
«; and T; are the amplitudes and lifetimes. Time-resolved
emission spectra (TRES) were calculated from the fit
parameters of the multiexponential decays detected from
480 to 840 nm at 10 nm intervals and the corresponding
steady-state intensities. The TRES are obtained by spectral
reconstruction, which is a relative normalization of the fitted
decays to the steady state emission spectrum. Log-normal
fitting of TRESs yields emission maxima of TRES.

Theoretical calculations

The Onsager cavity radii (a) of the dye molecules were
determined theoretically from molecular models where the
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Table 1 The steady-state spectral properties of styrylquinolinium dyes in acetonitrile and tetrahydrofurane
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Dye Structure A A AV Ay A Av
[nm] [nm] [cm’l] [nm] [nm] [cm’l]
tetrahydrofurane acetonitrile

L1 542 689 3936 542 697 4103

S/ N\ _CH3
HsC—N CH:CH@N\
IQ — CH3
L2 555 688 3487 555 693 3588
@) CaoHs
HC-N N CH:CHO—N:
Ie — CoHs
L3 554 691 3579 552 693 3690
eg 'CHs
HsC—N CH:CH—</ >—N\
e — CH
I H3C
L4 560 694 3448 562 703 3569
®
HsC—N/ \ CH:CH@ND
o \—
|
L5 544 698 4056 550 711 4117
®
H3C—N/ \ CH:CH@N )
o \—
[
Lo 564 710 3646 561 724 4013
@S
H3C—N/ N CH:CHACQN\
Ie — CHg
L7 568 692 3155 573 719 3548
]
Hg,C—N/ \i—CH=CH4C§:\>
lg — CH
LS 595 693 2373 597 735 3141
L9 538 689 4074 542 697 4103

HSC N \ CH= CH@
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molar volumes were calculated. 4b initio calculations were
carried out using B3LYP/6-311+G (2d,p) method to
estimate the ground state dipole moments and the Onsager’s
cavity radius of the dye molecules under investigation. All
calculations were carried out with Gaussian 03 program [23].

Dipole moment determination

For the determination of the excited state singlet dipole
moments the solvatochromic method, applying the Bakshiev’s
[14] approach [Egs. (11) and (12)], was used.

Results and discussion
Absorption and fluorescence spectra

The 4-styrylquinolinium dyes L1-L9 of general structure
shown in Table 1 possess quinolinium moiety as electron
acceptor and different in structure p-N,N-dialkyl(aryl)ani-
lines as electron donating groups. Each dye has a
quaternary nitrogen acceptor at one terminus of the
chromophoric group and thus assumes a vectorial flow of
electron from the substituent in the styryl unit.

The absorption and fluorescence spectra of selected dyes
in I-methyl-2-pyrrolidinone and dimethylsulfoxide are
shown in Figs. 1 and 2.

The maxima of absorption and emission spectra posi-
tions and the Stokes shifts for styrylquinolinium dyes under
the study in two, representative solvents applied are
collected in Table 1.

The absorption spectra show a maximum around 550 nm
for all the dyes with a shift of the maximum depending on
the solvent used. Apart from this, another absorption band
around 300 nm is also observed. Only the longest

1.2
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Wavelength [nm]

Fig. 1 Normalized electronic absorption spectra of selected styrylqui-
nolinium dyes in 1-methyl-2-pyrrolidinone (MP)
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Fig. 2 Normalized fluorescence spectra of selected styrylquinolinium
dyes in dimethysulfoxide (DMSO)

wavelength band is sensitive to solvent polarity and,
therefore, the absorption maximum shift with the solvent
is reported only for this band. The emission spectra are
recorded by exciting the sample at 530 nm. The excitation
maximum coincides with the longest wavelength absorption
band that has been assigned as the intramolecular charge
transfer transition, due to transfer of charge from the
nitrogen in amino group to quinolinium residue. The
longest wavelength absorption and emission bands are
strongly influenced by the substituent at the 4-position of
the phenyl ring. For illustration of this behavior the
properties of L1 and L8 dyes are analyzed. In DMF
solution both the absorption and emission maxima are
shifted from 543 nm and 699 nm to 598 nm and 732 nm,
respectively. The bathochromic shift of the spectral maxima
with the change of the electron donor substituent is
consistent with a charge transfer (CT) character of the
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Fig. 3 Fluorescence frequency of compounds L1-L9 in acetonitrile
versus Eq (D) — Eeq(A)
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Fig. 4 Plot v,-v; [em™'] vs. Fi(e, n) for marked in Figure selected
hemicyanine dyes

corresponding electronic transition. These results indicate
an electronic interaction between the substituted phenyl
ring, as an electron donor, and the quinolinium residue, as
an electron acceptor, via the styryl double bond. The nice
illustrations of this specific interaction are L6-L8 dyes
possessing characteristic rigid and planar structure of the
amino group in respect to benzene ring causes an increase
in delocalization of the lone pair electron at the amino
nitrogen to the 7t-orbital of the dye chromophore cation [24,
25]. In general, the better electron donor is the substituted,
the more bathochromically is shifted the CT absorption
band.

The absorption and emission spectra of tested dyes were
also examined in various solvents characterized by different
polarities. In solvents applied for dye with a dimethylamino
substituent (L1) the spectral shift of the absorption maxima
between the highest and lowest value (AA.y), due to
change of solvent, is within 735 cmfl, whereas dye LS,

4200

0.0 0.2 0.4 06 08 10
F,(e.n)

Fig. 5 Plot v,-v; [em™'] vs. Fi(e, n) for marked in Figure selected
hemicyanine dyes
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possessing a stiffened alkylamino group, shows a shift of
about 660 cm ', In general, in the absorption spectra the
long wavelength absorption band undergoes a hypsochro-
mic shift (absorption peak position blue-shifts) as the
solvent polarity increases (negative solvatochromism). This
relation allows concluding that the dipole moments of the
excited states reached directly after excitation are rather small.

The emission spectra of all the hemicyanines under the
study are structureless and have a maximum around
700 nm, with the Stokes’ shifts depending on the solvent.
The emission charge transfer band shows a shift of about
970 cm ' in the fluorescence spectra on changing the
solvent polarity from low to high. The large bathochromic
shifts of the emission bands with increasing the solvent
polarity indicate greater stabilization of the excited singlet
state in polar solvents. The less pronounced absorption shift
with solvent implies that the ground state energy distribu-
tion is not affected to a greater extent possibly due to the
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Fig. 7 Plot v, +v¢ [em™] vs. Fa(e, n) for marked in Figure selected
hemicyanine dyes
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Table 2 Slops of the linear relationship between the spectral shift and the solvent polarity parameters, calculated Onsager’s cavity radius, the
ground state dipole moments and estimated excited state dipole moments of the tested dyes

Dye denotation m mp R! R? Onsager’s radius [A] K [D] He [D] Ue-Hg [D] Ue/g
L1 418.72 1327.2 0.97 0.98 5.41 2.82 5.38 2.56 1.91
L2 276.61 1528.7 0.99 0.96 5.80 5.22 7.55 2.33 1.45
L3 434.29 1577.7 0.97 0.96 5.66 3.70 6.50 2.80 1.76
L4 366.64 1731 0.96 0.96 5.50 4.74 7.16 2.42 1.51
L5 215.05 1611.4 0.99 0.96 5.52 6.27 8.15 1.88 1.30
L6 888.32 2154.3 0.95 0.97 5.44 2.66 6.46 3.80 2.43
L7 631.17 2061.4 0.93 0.98 5.74 3.89 7.36 3.47 1.89
L8 370.45 1770.7 0.77 0.97 5.73 491 7.58 2.67 1.54
L9 1933.5 1583.2 0.87 0.97 6.11 12.26 18.9 6.64 1.54

less polar nature of the dyes in the ground state rather than
the excited state. This trend is characteristic for molecules
that are likely to have enlarged dipoles and CT characters in
their excited singlet states [26].

The structures of acceptor and donor, as Verhoeven at al.
[27] documented have strong influence on the energy of the
CT state, namely on the CT fluorescence. The energy level
of emitting CT state can be described by Eq. 18.

Ect = Eox(D) — —Ejea(A) + C (18)
where: E (D) and E,4(A) represent the one-electron
oxidation and reduction potentials of donor and acceptor
and C is a constant that depends on the degree of charge
separation. For the analysis the reduction and oxidation
potentials of compounds under the study have been
measured by cyclic voltammetry. The correlation between
CT fluorescence frequency (in MeCN) and E. (D) —
E.eq(A) for L1-L9 is shown in Fig. 3. A linear relationship
is observed, documenting that the observed emission occurs
from CT state. Similar behavior was earlier observed for

other class of hemicyanine dyes studied in our laboratory
[18, 28, 29].

Determination of the excited state dipole moment

In order to estimate the ground and excited state dipole
moments of the molecules, the spectral shirts v, — vy and
Va4 ve (in em™") for the dyes under the study versus the
solvent polarity function Fi(¢, n) and F,(e,n) were
measured. The results of these measurements are shown
in Figs. 4, 5, 6 and 7. The linear progression was done and
the data were fitted to a straight lines. The slopes m; and
m, of lines shown in Figs. 4, 5, 6 and 7 are listed in the
Table 2.

The solvatochromic methods [13, 14, 30-32] applied for
determination of the dipole moments of the excited state
give for the dyes under the study the linear relationship
between the spectral shift and the polarity parameters
(dielectric constant and refractive index) of solvents. The
correlation coefficients being larger than 0.93 (expect the
L8 and L9) indicate a good linearity for both m; and m,
factors. All method used gave very similar the excited state
dipole moments values (with except of L9 dye), thus
indicating colinearity of y, and u. vectors.

The dipole moments estimated from the linear relationships
and calculated Onsager’s cavity radius, evaluated from the

Table 3 Fluorescence quantum yields, lifetimes, radiative and non-radiative rate constants for hemicyanine dyes under the study

Dye T [ps] A T, [ps] As 3 [ps] As Tav [ps] o k/107 [s7] ki/107 [s7']
L1 63.87 86.82 263.58 3.23 1209.98 9.95 120.76 0.0118 9.77 8.18
L2 108.05 74.71 365.06 18.78 2013.61 6.52 482.68 0.0125 2.59 2.05
L3 47.86 59.05 534.63 20.08 2417.78 20.88 625.38 0.0074 1.19 1.59
L4 91.87 65.75 437.29 26.63 1811.6 7.62 576.16 0.0133 2.31 1.71
L5 85.99 11.11 360.5 65.12 1722.64 23.78 1217.06 0.0130 1.07 0.81
L6 46.78 45.15 377.37 16.51 1695.81 38.34 445.78 0.0034 0.76 2.24
L7 58.57 60.4 339.24 21.13 1403.34 18.47 394.56 0.0060 1.53 2.52
L8 122.25 34.28 284.23 22.26 1228.73 43.46 639.18 0.0088 1.38 1.55
L9 100.23 84.95 263.41 8.26 1532.75 6.79 229.64 0.0033 1.44 4.34
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molecules optimized geometries, for styrylquinolinium dyes
under the study are summarized in Table 2.

The calculated values of the cavity radius for L1-L9
dyes are in the range of 5.41-6.11A. This value is rather
small compared to the molecular length of the dyes which
are about 15-16A.

The obtained results show that the excited state dipole
moments of hemicyanine dyes under the study in their
excited state are in the range from 5.38 to 18.90 D and are
higher than those calculated for the ground state. The

evaluated differences (i.-1,) oscillates between 1.88 D and
6.64 D. The changes in the dipole moments on the
electronic excitation (pe-1g) depend on the dye structure.
The calculated changes in the dipole moments upon
excitation corresponds to an intermolecular displacement
of a charge upon excitation oscillating in the range from
0.39 to 1.38A.

Inspection of the data presented in Table 2 reveal that for
all dye molecules under investigation, the changes in the
dipole moments on the electronic excitation are rather

Fig. 8 The fluorescence decay
curves of selected hemicyanines
(LS, L8, L9) recorded in ethyl
acetate - 1-methyl-2-pyrrolidi-
none (10:1) solution; Agx=

466 nm; Agy=650 nm 8000 -

—15
—18
———ig

E 6000 -
g o]
o
2000 -
0_
: : 3 s ’
Time [ns]
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2 4] [ | 1 Ll |
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small. This suggests that the emission of these dyes
originate from states, which although are more polar than
the ground state, are probably similar to the locally excited
states (FC excited state).

Fluorescence quantum yield and lifetime

The most common method to determine the absolute quantum
yield of fluorescence involves comparison with a standard
material emitting with a known efficiency. We chose
Rhodamine B dissolved in ethanol (A=0.1 at 530 nm) as a
reference substance. The fluorescence quantum efficiency of
this dye is well established and equals 0.55 [22].

The fluorescence efficiency of the styrylquinolinium
dyes are compiled in Table 3. The values are rather small
and are dependent on the structure of a dialkylamino group
substituted in the phenyl ring. The fluorescence quantum
yield decreases with increasing of the electron-donating
ability of the amino substituent. The low fluorescence
quantum yields, characteristic for styrylquinolinium dyes
possessing electron donating substituents in phenyl ring,
can be attributed, at least in part, to the photoinduced
intramolecular charge transfer (ICT) interaction, which
contributes effectively to fluorescence quenching.

Figure 8 shows the fluorescence decay curves of selected
hemicyanine dyes in ethyl acetate. In order to extract the
quantitative values of the decay lifetimes from the
experimental fluorescence curves, the three-exponential
decay functions were used for nonlinear curve fitting.
From the three-exponential decay functions, the fast
decay lifetime for L1 is fitted to the value of about
64 ps (T1), the middle to 264 ps (1) and the slow one
to 1210 ps (13), yielding averaged time (T,,) equals
Tay = (A171 + Ar1y +A313)/(A1 + A, + Az) = 120.7ps.

The decay lifetimes of the hemicyanine dyes solution
from previous reports ranges from 17 ps [14] to 200 ps
[33]. The observed difference can be due to the changes in
the polarity of the solvent or to the hemicyanine derivative
used, and finally to the limited time resolution of the Time-
Correlated Single Photon Counting (TCSPC) methods
applied [33-35].

As can be seen in Fig. 8, the fluorescent behaviors of the
dyes seem to present an appreciable change caused by the
amino alkyl substituents in phenyl ring. The fitting results
for the different dyes are summarized in Table 3. The
fluorescence lifetime lack of similarity difference is
considered to not be within the experimental uncertainties
and suggests that the amino alkyl substituent influence the
possible rotation about the dye double bond.

The molecules under investigation can be treated as D-7-
A salts. In literature there are two different explanations that
describe observed photophysical behaviour of salts of this
type. The first adopts the model developed for stilbene

photoisomerization that assumed the presence of so-called
“phantom state” being, according to Hammond et al. [36]
twisted stilbene triplet state. In the “phantom state” the dye
exists in a quinoid form with a 90° twist of the two
aromatic planes on either side of the double bond. This
perpendicular configuration (labeled as Q,) can exist in
other dyes with similar structures such as hemicyanines and
dyes used in this study. This model was successfully
adopted by Ikeda et al. [37] for the description of amino-
styrylpyridinium dyes photophysics. The Q, form in hemi-
cyanine dyes may be stabilized by the intramolecular
charge transfer (ICT) from pyridinium to dialkyl amino
group [34]. In more polar solvents the benzenoid form
dominates due to hydrogen bonding between solvents and
dimethylamino group, whereas the quinoid form is stabi-
lized in nonpolar solvent. Since the “phantom state” can be
the triplet state in nature, its lifetime should be longer then
that for molecule singlet state. Thus, according to this
model, the longest luminescence lifetime recorded for D-n-
A salts can be attributed to the emission from the
perpendicular quinoid (Q,) or ICT state (the “phantom
state”). The fluorescence shortest time observed (t;<
0.08 ns) can be attributed to the emission from trans
isomer, and finally the middle lifetime (t=0.1-0.7 ns) is
due to the emission from cis form.

A
Energy

/
radiationless possible
(twisteddouble TICT or CRICT
bond) fluorescence
\
‘\
\
\
\
\
\
\
vy o ground state energies
(twisted single bond)

Lt

Scheme 1 Conceptional presentation of the different conformations
of hemicyanine dyes as predicted by Rettig et al. [33]
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Fig. 9 Time-resolved emission 20000
spectra of L1 in ethyl acetate —
1-methyl-2-pyrrolidinone (10:1) L %‘
solution recorded at room §
temperature; Agzx=466 nm «E‘ 16000 - §
= Ik
2
s
€ 12000 2
()]
Q 4
@
&% 8000 -
o
o .
=)
Y- 4000 -
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The second explanation of specific photophysical prop-
erties of stilbazolium salts is given by Rettig et al. [38].
These authors applied the global analysis technique to
construct the spectral profile of several emitting states. A
global fit of the emission data, obtained from time-resolved
fluorescence spectroscopy, for the molecules tested by
Rettigs group, showed that a multi-exponential model was
necessary in order to obtain acceptable fit.

According to the Rettig model [38] simultaneous
fluorescence can occur from the initially reached excited
state with planar conformation (E) and the two twisting
states (A and A,) formed as a results of a rotation around
both of the single bonds of the olefinic styryl group (see
Scheme 1). These twistings lead to two twisted intramo-
lecular charge transfer (TICT) states with an energy close to
that of relaxed Franck-Condon state. The twist of the
dialkylamino group leads to a TICT state, however its
energy level is considerably higher than for non-twisted
conformation, therefore it can not be easily thermally
activated and to contribute in the emission spectra. A twist
of the double bond gives a state with a relatively narrow S;-

40

500 550 600 650

—a—0.8ns
—e—09ns
—&—1.0ns
—v—1.1ns
——12ns
—4—13ns

—»—14ns

/ \+16ns

21ns
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Wavelength [nm]

Wavelength [nm]
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So gap. The deactivation of this state should be radiationless
in character because of a small energy gap to the ground
state. A simultaneous fluorescence from E, A, and/or A, is
therefore a likely explanation for the broad steady state
spectra measured and for the multiple fluorescence decay.

The excited-state decay kinetics we represent as a series
of time-resolved emission spectra (TRES) corresponding to
particular instants of time. To reconstruct TRES for L1 in
ethyl acetate—1-methyl-2-pyrrolidinone (10:1) solution,
the corresponding emission decays recorded at a series of
wavelengths spanning the steady state emission spectrum
have been recorded. Log-normal fitting of TRESs yields
two emission maxima (Fig. 9).

Characteristic two emissive bonds are observed upon
transition from the initial red to the final blue spectra. The
main fluorescence spectrum occurring at shorter times
shows a maximum around 660 nm whereas for longer
times the fluorescence reaches a maximum of about
560 nm. The analysis of the fluorescence lifetime distributions
at different emission wavelengths indicates that two major
emissive excited-states are present (Fig. 10).

Fig. 10 Area-normalized time- a b

‘resolved emission spectra of L1 1.04 1.0 — :gSns

in ethyl acetate — 1-methyl-2- & A DG

pyrrolidinone (10:1) solution at 0.8 0.8 / / \ \

room temperature at different ? g 4 2 % e
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The spectra shift to shorter § § / J / RN
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zero, and each subsequent 0.2 024 // /' \ .\
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spectrum is at 10 ns 500 550 600 650 700 750 500 550 600 650 700 750 800
Wavelength [nm] Wavelength [nm]

@ Springer



J Fluoresc (2010) 20:73-86

83

1.04

1.02

1.004

0.98 4

0.96

Relative intensity

1.5ns,14ns,..,02ns

094 74
4

0904 L4 ; ; :
630 640 650 660 670
Wavelength [nm]

0.924

9.9ns, .., 26ns
O,

ity

Relative intensi

= a T T T . - .
560 570 580 590 600 610
Wavelength [nm)]

Fig. 11 Area-normalized time-resolved emission spectra of L1 in ethyl acetate — 1-methyl-2-pyrrolidinone (10:1) solution at both longer and
shorter wavelength region measured at different time delays after excitation (time delay changed every 0.1 ns from right to left)

The measured and the evaluated photophysical proper-
ties for dyes under the study, e.g. fluorescence quantum
yields (¢g), lifetime (t¢), radiative (k,) and non-radiative
(k,,) rate constants are presented in Table 3. The rate
constants of the radiative and nonradiative processes of the
excited singlet state were calculated according to the
relations [39]:

D¢
knr _ (1 - ¢f) (20)

Tf

The data compiled in Table 3 show that for tested dyes
the non-radiative transition rates are two order of magnitude
faster than the radiative rates. The non-radiative rate
includes contribution of the excited singlet state to the
photoisomerization reaction, the singlet-triplet intersystem
crossing and the internal conversion processes.

The spectroscopic and lifetime results indicate the exis-
tence of emitting multiple species of the styrylquinolinium
dye. The multiple fluorescence can in principle be due to:

i) a possible transition of T—7" locally excited state (LE)
to the charge-transfer (CT) state

ii) the intramolecular relaxation of the T—7t locally excited
state involving A; and A, rotations (see Scheme 1).

Figure 11 shows the presence of characteristic two iso-
emissive points at both longer and shorter wavelength
regions. The presence of a characteristic iso-emissive point
at about 660 and 580 nm supports the prediction that two
major interconverting excited states populations are present
for both emissions.

The interpretation of multiple fluorescence of tested
hemicyanine dyes, considering obtained results can be
based on the three-state kinetic scheme (Scheme 2) pro-
posed by Rettig et al. [38] and then modified by Abraham
et al. [40].

According to the Scheme 2 after excitation of the nearly
planar molecule the excited state is directly formed. This
excited state may be assign to an intramolecular charge
transfer state (ICT) formed during a time shorter than the
pulse duration (< 1 ps) after vertical transition of the so-
called delocalized excited DE state [41]. From this state
isomerization can occur by population of the P* state with
non-radiative transition. The P* state is less polar than the
ICT state. Increasing solvent polarity stabilizes the ICT state
(lower energy minimum) without changing the P* state
configuration. Thus, the energy barrier ICT—P* increases
with solvent polarity. Alternatively the twisting of one or
both single bonds neighboring the olefinic double bond
according to the TICT mechanism lead to an intermediate
state (TICT or CRICT). The TICT excited state is formed
when the twist is complete and goes to 90°. Whereas, the
conformational relaxed ICT (CRICT) state is formed from
the ICT state by barrierless relaxation through single bond
twisting when some twisting angle exists which increases
the dipole moment and the polarity of this state more than
the ICT state. The formation rate of this CRICT state is
controlled by the solvent viscosity and polarity which
dramatically changes the barrier crossing owing to the
dipole moment of the CRICT state. Since the relaxation
channel from ICT to CRICT state is very fast compared to

DE

ICT - !

%

/
/
/

TICT or CRICT Sy P
fluor exc| |[fluor / non
/ radiative ™,
y 4

trans cis

Scheme 2 Model for the interpretation of the photophysical behavior
of donor-acceptor compounds [35]

@ Springer



84

J Fluoresc (2010) 20:73-86

the relaxation channel between ICT and P* state, the route
for isomerization is practically hindered in polar solvents
[38, 40-42].

The structural mobility of planar dye molecules has been
suggested to be a possible cause of the internal conversion,
depending on the 7t-electron density in the electronic excited

state. Table 4 summarized the quantum chemical calculations
of the electron density for geometric and conformational
isomers of the simplest styrylquinolinium dye L1.

From the theoretical calculations it was deducted that the
major changes in net atomic charges occur only on few
atoms of the dye in the vicinity of the styryl bond.

Table 4 The enthalpy of molecule formation and the electron density calculated for geometric and conformational isomers of the simplest

styrylquinolinium dye

No Electron density
AH; =146.5 kJ mol
AH; =31.7 kJ mol’!
1 0.676 0.651 0.723
2 -0.226 -0.201 -0.213
3 -0.445 -0.455 -0.040
4 0.523 0.558 1.011
5 -0.225 -0.215 -0.658
6 -0.221 -0.177 -0.283
7 0.078 -0.005 -0.438
8 0.052 0.139 -0.442
9 0.989 0.937 1.280
10 -0.068 -0.029 -0.062
11 0.129 0.159 0.129
12 0.145 0.176 0.146
13 -0.462 -0.458 -0.774
14 0.080 0.042 0.377
15 0.098 0.095 0.095
16 0.185 0.176 0.203
17 0.081 0.080 0.192
18 -0.382 -0.395 -0.348
19 -0.146 -0.176 -0.177
20 -0.277 -0.285 -0.278
21 -0.079 -0.109 -0.282
22 0.493 0.489 0.831
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Therefore, it is reasonable to expect that this part of molecule
plays a dominant role in the solvation dynamics because of the
changes in atomic charges. The ab initio calculations indicate
that the bond length of the central C4-C7, C7-C8 and C8-C9
bonds show single-double-single bonds characters with
values equals to 1.427, 1.377 and 1.426A for trans and
1.436, 1.378 and 1.435A for cis forms, respectively,
confirming the ethenic linkage character in the ground state.
The values of bond angles C4-C7-C8 and C7-C8-C9 are equal
127.61 and 125.5 for trans and 133.62 and 131.17 for cis
forms, respectively. The torsion angle of twisting of electron
donor and electron acceptor parts of molecule around bridging
moiety (C4-C7-C8-C9 atoms) are equal 180.0 and 19.0 for
trans and cis form, respectively, which suggests a planar
structure for trans form in the ground state.

The enthalpy of the quinoid form formation AHg is
higher than that calculated for ground state, by about
146.5 kJ mol " which indicates that the trans conformation
of L1 dominates in the ground state while the quinoid
structure is more favorable in the excited.

The importance of a stable perpendicular quinoid (Q,,
configuration in the ground state of asymmetric dyes such
as cyanine dyes has been discussed in literature particularly
in a nonpolar medium [43, 44]. The quinoid form was
proposed to be quasi-stable in the ground state [43] but
experimental results were supportive of stable quinoid form
in excited state only [43].

The foregoing results indicate clearly that combination of a
substituted phenyl ring with a quinoline moiety through an
ethylenic bridge provides a unique family of tunable intrinsic
fluorophores. For such a family, changes in the electronic
polarization (due to introduction of different substitution
groups), solvation and rotation free volumes are translated
into changes in their spectral behavior and the fluorescence
characteristics. Highly emissive tunable chromophores are rare
[45] although they have been attracting considerable interest
as compounds for fluorescent sensors and switches [46].

Conclusions

The spectroscopic behavior of the hemicyanine dyes in
solvents of different polarity has been compared. It was
observed that the shifts of emission peaks with change in
solvent polarity are more pronounced than the shifts of
absorption peaks, indicating that p. >> ,, i.e. the dipole
moments of the molecules increase on excitation. We also
reported the results of the measurements of the fluorescence
quantum efficiency of nine styrylquinolinium dyes relatively
to Rhodamine B in ethanol and the fluorescence lifetimes. The
results revealed three-exponential decay of the emission
spectra in ethyl acetate.
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