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Abstract

The photophysical properties such as singlet absorption, molar absorptivity, fluorescence spectra and fluorescence quantum yield of BVB
have been measured in different solvents as well as in micelles and microemulsion media. Both electronic absorption and fluorescence
spectra are sensitive to medium acidity and in acidic media the fluorescence maximum is obtained at 500 nm. The quantum yields for
photochemical transformation (¢.) of BVB have been determined in different organic solvents at room temperature. The laser activity of
BVB has also been investigated. Dye solution in DMF gives laser emission around 460 nm upon excitation by 337.1 nm nitrogen laser
pulse. BVB acts as a good energy donor for N,N'-bis(2,6-dimethylphenyl)-3,4:9,10-perylenebis(dicarboximide) (DXP). The energy transfer
obeys Forster type mechanism. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Diolefinic compounds containing heterocyclic moieties of
the general formula Ar'-CH=CH-Ar-CH=CH-Ar" have
been extensively reported as laser dyes of reasonable photo-
stability [1-8]. Other applications are in UV stabilization of
polymers [9], electrochromic display and optical imaging
devices [10,11] and electroluminescent devices [12]. A new
candidate in this family of compounds is 1,4-bis[B-(2-ben-
zothiazolyl)vinyl]benzene (BVB). In the present paper we
report the spectral characteristics and photostability and
laser action of this compound as well as excitation energy
transfer to N,N'-bis(2,6-dimethylphenyl)-3,4:9,10-perylene-
bis(dicarboximide) (DXP).

2. Experimental

1,4-Bis[B-(2-benzothiazolyl)vinyl] benzene was prepared
according to the general condensation procedure reported
for the preparation of this series of diolefinic compounds
[13]. The dye was recrystallized twice from dimethylforma-
mide (DMF). The material was then vacuum sublimed in the
dark. N,N'-bis(2,6-dimethylphenyl)-3,4:9,10-perylenebis-
(dicarboximide) (Aldrich) was purified by vacuum sublima-
tion. Cetyltrimethyl ammonium chloride (CTAC, Kodak)
was used to prepare cationic micelles. Microemulsion solu-
tions were prepared using chloroform (oil), water, sodium
dodecyl sulfate (SDS) surfactant and butanol (co-surfac-
tant). Water in oil (w/0) microemulsions were prepared by
mixing these components in ratio (by weight)
37.075:4.308:4.308:4.306, respectively, and oil in water
(o/w) microemulsions by mixing them in the ratio
2.06:43.62:2.06:2.06, respectively [14]. Hammett’s acidity
scale (Hp) [15] was followed in preparing solution of
pH<1.0. All solvents used in the measurements were of
spectroscopic grade.

Steady-state fluorescence together with fluorescence and
photochemical quantum yields were measured using Shi-
madzu RF-510 spectrofluorophotometer with band-pass of
10 nm using right-angle arrangement. The fluorescence
spectra were corrected for the machine response using
107> mol dm > anthracene solution in benzene as reported
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earlier by Melhuish [16]. UV-visible absorption spectra
were recorded on Shimadzu UV-160 A spectrophotometer
with band-pass of 5 nm. Fluorescence quantum yields (¢y)
were measured relative to either 9,10-diphenyl anthracene or
quinine sulfate [17,18] according to the wavelength range of
emission. Low sample concentrations (<0.1 absorbance
units) were used to avoid reabsorption.

The following relation has been applied to calculate the
fluorescence quantum yields.

fIs(z‘))dT)xé n?
J1I.(v)do A

¢f(s) = d)f(r) 7
nr

The integrals represent the corrected fluorescence peak
areas, A is the absorbance at the excitation wavelength, and n
is the refractive index of the solvent used. The subscript ‘s’
and ‘r’ refer to sample and reference, respectively. Light
intensity was measured by using ferrioxalate actinometry
[19]. Photochemical quantum yields (¢.) have been mea-
sured using a method that accounts for the decrease in
absorbance at the excitation wavelength as the photoreaction
proceeds as described previously [1].

The lasing action of the dye was monitored in a dye laser
(GL-302 Dye Laser, PTT) pumped by a nitrogen laser (GL-
3300 Nitrogen Laser, PTI), the pump laser (\.x=337.1 nm)
was operated at repetition of 3 Hz with a pulse energy of
1.48 mJ and pulse duration of 800 Ps. The narrow-band
output of the dye laser was measured with a pyroelectric
Joulemeter (ED 100, Gen-Tec). The energy of the pump
laser was measured with a second pyroelectric Joulemeter
(ED 200, Gen-Tec).

3. Results and discussion
3.1. Effect of medium on the spectral characteristics

The electronic absorption, excitation and emission spectra
of BVB were measured in 14 different solvents of different
polarities (Af). Fig. 1 shows the electronic absorption,
emission and excitation spectra of BVB of two solvents
of different polarities, namely n-heptane and methanol. The
solvent polarity shows a slight effect on the position of the
electronic absorption maxima. The small shifts in the posi-
tion of the absorption spectra indicate a little change in
dipole moments on going from ground state to excited state.
As the solvent polarity (Af) increases, the emission spectra
become red-shifted. The absorption and fluorescence max-
ima of BVB are red shifted by 6 and 14 nm on going from n-
heptane to methanol, respectively. There is also a good
mirror image relationship between absorption and fluores-
cence spectra and a coincidence between absorption and
excitation maxima. These facts together with the high molar
absorptivities are consistent with a strongly allowed transi-
tion with a small geometry change between electronic
ground and excited state. In non-polar solvents, however,
e.g. n-heptane fluorescence spectra exhibit more fine struc-
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Fig. 1. (a) Electronic absorption spectra of 1x10~> M of BVB solution in
( ) n-heptane and in (x X x x) MeOH. (b) Emission and excitation
spectra of 1x 107> in ( ) n-heptane and in (xxXx) MeOH
(Aex=392 nm).

tures compared with polar-protic solvents e.g. methanol as
shown in Fig. 1(b). This could be due to specific solvent—
solute interaction. The Franck—Condon peak occurs at the
second vibrational peak in electronic absorption and emis-
sion spectra and also no effect of excitation energy on the
position of emission maximum which indicated that the
different conformers of BVB have the same energy or only
one conformer is present. The spectral data of BVB are
presented in Table 1. The fluorescence quantum yields (¢y)
of BVB are much affected by the solvent polarity (Af). As
shown in Table 1, the values of ¢; decreases with increasing
solvent polarity. This could be attributed to efficient internal
conversion and/or intersystem crossing by extensive mixing
between the close-lying (7w, 7*) and !(n,7*) states. In
addition non-radiative rate increases markedly in solvents
with strong hydrogen bonding character and competes with
fluorescence emission [20,21].

The emission and excitation spectra of BVB in micro-
emulsion media have also been studied. Fig. 2 shows both
the emission and excitation spectra in chloroform, w/o and
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Table 1
Spectral behavior and fluorescence quantum yield (¢¢) of BVB in different solvents
Solvent Af(D,n) €max 1 mol ' em ™! Aab(max) (nm) Aex(Max) (nm) Aem(mMax) (nm) o
n-Heptane 0.001 76600 386 387 436 0.86
Carbon tetrachloride 0.0117 57700 396 388 443 0.66
Dioxane 0.020 57800 390 394 445 0.75
Toulene 0.029 57710 390 394 445 0.63
Ether 0.167 57500 392 394 446 0.56
Chloroform 0.149 56800 392 395 446 0.51
n-Butanol 0.246 54600 392 395 450 0.48
n-Propanol 0.280 54700 392 395 450 0.48
Cyclohexanol 0.299 49800 392 395 450 0.45
Methanol 0.309 48300 392 395 450 0.25
Ethylene glycol 0.276 - 394 396 450 0.18
Dimethyl formamide 0.274 54500 392 396 450 0.48
Acetone 0.287 52300 390 393 450 0.38
Acetonitrile 0.305 52500 393 395 450 0.45

o/w microemulsions. In o/w microemulsions the spectral
pattern is red shifted compared with the emission spectra in
w/o microemulsions. Both emission and excitation spectra
of BVB in w/o microemulsions resemble that in pure chloro-
form (Aep(max)=446 nm, M. (max)=396 nm). Fluores-
cence quantum yields of BVB have been measured in
w/o and o/w microemulsions. A ¢¢ value of (0.54) in w/o
is higher than that in o/w microemulsions (¢=0.12). The ¢
value in w/o is nearly equal to that measured in chloroform
(9¢=0.51), whereas the ¢; value in o/w is lower than that in
bulk chloroform or in w/o microemulsions. This due to high
solubility of BVB in chloroform. The low values of ¢; in the
o/w system is presumably due to hydrogen bond formation
with dominant water molecules.

BVB is insoluble in water but undergoes solubilization in
cationic micelle e.g. CTAC, with subsequent increase in
fluorescence intensity. An abrupt increase in fluorescence
intensity is observed at surfactant concentration correspond-
ing to the critical micelle concentration (cmc) [22,23] as
shown in Fig. 3. The structured spectra of BVB in CTAC
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Fig. 2. (a) Emission spectra of 1x107®M of BVB in ( ) CHCls;,
(-++) w/o and (X x x) o/w microemulsions (A\x=392 nm). (b) Excitation
spectra of 1x107>M BVB in ( ) CHCl3, (--+) w/o and (XXX X)
o/w microemulsions. Excitation spectra were measured by following the
emission maxima.

above cmc indicate that the BVB molecules are located in
the non-polar hydrocarbon core of micelles.
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Fig. 3. (a) Emission spectra of 1x10"®*M of BVB in different
concentrations of CTAC. The concentrations of CTAC at increasing
emission intensities are: 2x 1074, 4x107%, 6x107*, 8x107%, 10x107%,
12x107%, 14x107* and (--9) 1x107>M (A;=392nm). (b) Plot of
emission intensity at emission maximum against CTAC concentrations.
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Fig. 4. (a) Electronic absorption spectra of 1x10~> M of BVB in ( )
DMF and in different values of H,. The values of H, at decreasing
absorbance at 392 nm are: 0.9, 0.7, 0.5, 0.4 and 0.22. (b) Emission spectra
of 1x107° of BVB in (- - -) DMF and in different values of Hy,. The values
of Hy at decreasing emission intensity at 450 nm are 0.9, 0.7, 0.5, 0.4. 0.12
(Aex=392 nm). The dotted spectrum is the emission spectrum of BVB at
Hp=0.18 (Aex=420 nm).

The effect of medium acidity on the electronic absorption
and fluorescence spectra has been studied. The electronic
absorption and emission spectra of BVB in DMF were
measured at different hydrogen ion concentrations (Hy).
In acidic media a new absorption band develops at
423 nm with an isobestic point at ca. 406 nm as shown in
Fig. 4. The fluorescence spectral pattern also changes in
acidic media upon increasing medium acidity, the emission
at 450 nm decreases in intensity. The change in both absorp-
tion and emission spectra of BVB in acidic media is
obviously due to protonation of heterocyclic nitrogens with
subsequent development of the spectral pattern. The proto-
nation constant of ground state (pk) was determined by UV-
spectrophotometric and fluorometric titration according to
half-height method. Both absorbance-pH and fluorescence
intensity-pH curves display the same value of pk as 0.55.

This indicates that the lifetimes of respective prototropic
species are shorter than the reciprocal rate constant for the
protonation and deprotonation reactions. The excited state
protonation constant pk~ were calculated by using the
following relation [24]:

pk — pk* = 2.10 x 1073 (Dgyy+ — 7).

The quantities ¥gy+ and g represent the wavenumber of
pure electronic transition in acidic and conjugate base,
respectively. The wave numbers were obtained from elec-
tronic absorption spectra giving pk~ values termed pky,
wavenumber obtained from fluorescence spectra give pk
values termed pki. For BVB in DMF, pk; = 3.8 and
pk = 3.46. The values of pk” are consistent with the earlier
observation that the tertiary nitrogen atom becomes more
basic on excitation to s; state. There is a small difference
between the pk~ values obtained by using absorption and
fluorescence maxima. This is because, the solvent relaxation
for the respective species are nearly the same in the ground
and excited states.

3.2. Photostability of BVB

Photostability of BVB has been studied in different
organic solvents. Fig. 5 shows the effect of photoirradiation
(Aex=392, I4=6.1 x10 ®Einmin~' on the electronic
absorption spectra of 1x107> M of BVB in methanol and
dimethylformamide. Photoirradiation using 392 nm light
causes a decrease in the absorbance at 392nm and a
photostationary state is reached upon prolonged irradia-
tion. The original absorption spectrum, on the other hand
is regenerated almost quantitatively upon irradiation of
the photoproduct using short wavelength light of
A=337 nm. At such low concentration of diolefinic dyes,
the dominant photoreaction is believed to be a trans-cis
photoisomerization process. This view is substantiated by
the attainment of a photostationary state and the back
reaction on using 337 nm light. The photochemical quantum
yield (¢.) values of BVB in different solvents are summar-
ized in Table 2. The low values of ¢, and back photoche-
mical reaction induced by 337 nm light can make BVB a
good laser dye.

Table 2
Photochemical quantum yield (¢.) of BVB in different solvents (A\.,=392,
Iy=6.1x10"° Ein min~")

Solvent b
Dioxane 0.023
Carbon tetrachloride 0.017
Chloroform 0.012
n-Propanol 0.14
Methanol 0.16
Dimethyl formamide 0.013
Acetonitrile 0.015
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Fig. 5. Effect of photoirradiation (Ax=392 nm) on absorption spectrum
(a) in MeOH; (b) in DMF. The irradiation times for decreasing absorbance
are 0, 1, 2, 3, 8, 12, 22 and 70 min for MeOH and 0, 2, 5, 10, 20, 30 and 55
for DMF. (c) The back photoreaction induced by using short wavelength
light (Aex=337 nm) in irradiating the photoproduct. The irradiation times
at increasing absorbance are: 0, 20 and 30 min.

3.3. Laser activity of BVB

2x107> M solution of BVB in DMF was excited by
nitrogen laser pulses (Aex=337.1 nm) of 800 Ps duration
with 1.48 mJ. The dye solution was taken in oscillator and
amplifier cuvettes of 1 cm path length. Output of laser
dye was measured by power meter as a function of wave-
length to determine the lasing range. BVB gives laser
emission in the wavelength range 430-480 nm with
emission maximum at 460 nm of 0.18 mJ energy per pulse.
The gain coefficient a()\) of laser emission of BVB was
calculated by measuring the intensity /i of laser emission
from the entire cell length L and the intensity /; ,, from the
cell half-length, one can evaluate the laser gain a(\) [25]
from the following relation:

1.4
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g
S
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Fig. 6. Gain spectrum of laser emission from 2x 10~ M of BVB in DMF.
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The gain spectrum of BVB is shown in Fig. 6. The cross-
section for stimulated laser dye emission o, was calculated
at laser emission maximum (A=460 nm) according to the
equation [26]

L NEO)

¢ 8meonrt
where ), is the emission wavelength, n the refractive index
of the solution, ¢ the velocity of light and E()\) is the
normalized fluorescence line-shape function. For BVB
dye value of 6.=1.76x10"'® cm® was obtained at 460 nm
which is close to the values for best laser dyes [26]. BVB dye
acts as a good energy donor for laser dyes, which have low
molar absorptivities at 337 nm such as DXP. A mixture of
BVB and DXP laser dyes give laser emission tail of the
fluorescence spectrum of the acceptor in the emission range
540-610 nm with emission maximum at 580 nm upon exci-
tation by nitrogen laser pulses (A\x=337.1 nm). This estab-
lishes the fact that lasing takes place in acceptor only. Thus
most of the excitation energy absorbed by the donor is
transferred to the acceptor as a useful pump power making
excitation transfer efficient. Fig. 7(a) shows the output
energy of maximum laser emission (A=580 nm) of DXP
in DMF as solvent in presence of different concentrations
of BVB (donor). For increase in the concentration of the
donor, self-absorption is responsible for screening the
tunable laser action. Thus the maximum output energy
of laser decreases with increasing the concentration of
BVB in the dye mixture. In addition to the above ETDL
study, fluorescence energy transfer characteristics have
also been studied to determine the rate constant of energy
transfer and also ascertain the nature of energy transfer
involved in the BVB/DXP system. The rate constant
(kgt) of energy transfer in BVB/DXP system in DMF
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Fig. 7. (a) Output energy of laser emission of 1x 107> M DXP against the
concentration of BVB (\.,;=580 nm). (b) Stern—Volmer plot of fluores-
cence quenching of 1x10°M BVB by DXP (A,=337 nm,
Aem=450 nm).

was calculated from the fluorescence quenching study by
using 0.2 cm cuvette. Fig. 7(b) shows the Stern—Volmer
plot of BVB fluorescence quenching using DXP as a
quencher by applying the Stern—Volmer relation in the
form [27].

I
702 1 + kgr7[Q],

where I and I are fluorescence intensities in the absence and
the presence of the quencher of concentration [Q] in M, the
rate constant of energy transfer kgt in M 's7!and 7 is the
solution lifetime taken as 0.9 ns in DMF. From the slope of
Fig. 7(b) kgt has been calculated as kpp=1.12x10"2
M~ 's™!. This value is much higher than the diffusion-
controlled rate constant (kg;r) in DMF at room temperature.
From the spectral data shown in Fig. 8, it is seen that there is
a significant overlap between the electronic absorption of
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Fig. 8. Emission spectrum (Aex=337 nm) of 1x 10> M BVB dye in DMF
(---) and absorption spectrum of 1x 107> M DXP in DMF (=--).

DXP and the emission of BVB. Applying Forester’s reso-
nance energy transfer mechanism, the critical transfer dis-
tance R has been calculated for BVB/DXP system using the
following relation [28]:

6
Ry =
0 n*

1.25 x 1025 x ¢f7FD

0

where R, is the distance at which energy transfer and
emission processes are equally probable, ¢y is the emission
quantum yield of donor in the absence of acceptor, n is the
refractive index of the solvent, and the integral is the overlap
integral for fluorescence spectrum of donor normalized to
unity (Fp) and the absorption spectrum of acceptor (ep)
divided by the fourth power of wave number v. The critical
transfer distance (R) was found as Ry=49.5 A. This value is
higher than that for collosional energy transfer in which R
values are in the range of 4 — 6 A [29]. The high value of
critical transfer distance as well as quenching rate constant
indicate that the underlying mechanism of energy transfer is
that of resonance energy transfer due to dipole—dipole
interaction between excited donor (BVB)" and ground state
acceptor (DXP).

4. Conclusion

The following conclusion can be arrived to from the above
studies. BVB dye has high fluorescence quantum yield, high
molar absorptivity at 337 nm and high photostability when
excited at 392 nm and back photochemical reaction upon
excitation at 337 nm. These properties make BVB a good
laser dye. The dye gives strong laser emission at 460 nm.
BVB dye acts as good energy donor for laser dyes which
have low molar absorptivities at 337 nm.
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