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Abstract

The title diolefinic dye (BQxVB) was synthesized and its spectral characteristics were investigated in various solvents as well as
microemulsions. A large solvents effect on the fluorescence maxima and quantum yields (¢;) was observed. The effect of excitation
wavelength on both fluorescence and photoisomerization quantum yields have been evaluated in different media and interpreted in terms of
conformational equilibrium. The fluorescence quenching of BQxVB by Fe ' ions was also investigated in aqueous, anionic and cationic
micellar solutions. The photochemical behaviour of BQxVB in halomethane solvents (such as CH,Cl,, CHCl; and CCly) has been
discussed. The dye solution in N,N-dimethyl formamide (DMF) lases around 460 nm upon pumping with a nitrogen laser (Aex = 337.1 nm).
Energy transfer from BQxVB to rhodamine B has been studied in ethanol and the critical transfer distance has been determined. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

In recent years, there has been considerable interest in the
development of dye lasers as a source of tunable radiation.
The entire range of the visible spectrum can be covered, in
fact, by a suitable choice of organic dye solutions, each
lasing in a different region. However, for many applications
it would be preferable to use a single dye solution to cover as
large as possible a fraction of the visible spectrum.

Several diolefinic laser dyes, specially the aza-analogues
of distyrylbenzene have been recently studied [1-6] in both
homogeneous and micellar media. These dyes are highly
efficient blue-emitting laser dyes with good photochemical
stability in comparison with other widely used blue-emitting
dyes such as coumarins. In this paper, we report the spectral
and photochemical characteristics as well as the laser activ-
ity of a new diolefinic laser dye; 1,4-bis[B-(2-quinoxalyl)-
vinly]benzene (BQxVB) in different media.

BQxVB

*Corresponding author.

2. Experimental

BQxVB was prepared according to the method reported
for the preparation of styrylquinoxaline [7]. The product was
recrystallized twice from ethanol and characterized by ele-
mental analysis. Calc. for Co6H; gNy4: C, 80.83; H, 4.66; N,
14.51 (%). Found: C, 81.40; H, 4.95; N, 13.87 (%). Also, the
IR spectrum (as KBr disc) shows bands at 1640 and
1608 cm ™! characteristic for the ethylenic double bond,
as well as a band at 970 cm ™" characteristic for the =C—
H out of plane bending of trans olefins. The purity of the dye
was also checked by fluorescence and UV-Vis spectral
measurement. Both anionic and cationic micelles were
prepared by dissolving sodium dodecylsulfate (SDS, Fluka,
Puriss) and cetyltrimethyl ammonium chloride (CTAC,
Kodak) in water. All solvents used in the measurements
were of spectroscopic grade. The water in oil (W/O) micro-
emulsion containing chloroform as the oil phase was pre-
pared by mixing chloroform (oil) with water plus SDS
(surfactant) plus butanol (cosurfactant) in the ratio (by
weight) 37.075:4.308 : 4.308 : 4.308, respectively [8].
The oil in water (O/W) microemulsion was prepared by
mixing the above components in the ratio
2.06 :43.62 :2.06 : 2.06, respectively.

Steady-state fluorescence spectra were recorded on a
Perkin Elmer LS 50B luminescence spectrometer while
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the electronic absorption spectra were recorded using a

Shimadzu UV-160A spectrophotometer. Fluorescence quan-
tum yields (¢f) was measured relative to 9,10-diphenylan-
thracene [9] as a standard. Light intensity was measured by
using ferrioxalate actinometry [10]. Continuous irradiation
experiments were carried out in the same cell of a spectro-
fluorimeter equipped with a 10 kW xenon lamp and a
monochromator. The quantum yields of trans = cis photo-
isomerization have been determined by the method reported
previously [11]. The lasing action of BQxVB in dimethyl
formamide (DMF) was monitored upon pumping with a GL-
3300 nitrogen laser (Aex = 337.1 nm). A detailed descrip-

tion of the pumping laser source and detection system is
given elsewhere [6].

3. Results and discussion

3.1. Medium effects on the spectral properties

The absorption spectra of BQxVB in three solvents of
different polarities (namely cyclohexane, DMF and metha-
nol) are shown in Fig. 1 together with the corresponding
excitation and emission spectra. Table 1 shows the spectral
properties and fluorescence quantum yields measured in
various solvents at room temperature. BQxVB exhibits a
strong absorption band in the UV region which is probably
due to the allowed m—7 transition of the conjugated ethy-
lenic system. The 7— nature of the transition is supported
by a large molar absorption coefficients (e,.x is greater than
8 x 10*M~' cm™') and a high fluorescence quantum yield.

The excitation spectra are replica of the absorption spectra,
and there is also a good mirror image relationship between
the emission spectra and the low-energy absorption band.
These facts are consistent with a small geometry changes
between the electronic ground and excited states [12]. The
fluorescence maximum is shifted dramatically to longer
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Fig. 1. (a) Electronic absorption spectra and (b) emission and excitation
spectra of BQxVB in (I) cyclohexane, (II) DMF and (III) methanol. The
excitation spectra were followed at the emission maxima.

Table 1
Spectral properties and the fluorescence quantum yield (¢r) of BQxVB in different organic solvents and microemulsions
Solvent A (nm) Emax X 1074 AP (nm) o¢
M em™h
Aex = 365 nm Apax Aex = 436 nm Aex = 365 nm Aex = 405 nm
Methanol 396 10.05 484 484 495 0.54 0.32
Ethanol 400 9.82 487 487 495 0.68 0.31
n-Propanol 399 9.90 471 0.69 0.41
n-Butanol 400 13.20 469 0.77 0.46
Ethylene glycol 398 9.69 485 0.33 0.27
DMF 399 9.85 458 0.63 0.41
Acetone 395 8.15 445 0.58 0.37
CH,Cl, 397 10.44 450 0.64 0.42
CHCl, 400 9.63 455 455 456, 477°" 0.73 0.39
CCly 396 11.11 442 0.44 0.29
Cyclohexane 393 12.98 436, 459" 436 436,464" 0.33 0.21
W/0 402 10.94 457 0.79 0.39
Oo/W 402 9.50 461 0.70 0.45
*Aex = 430 nm.
sh: shoulder.
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wavelengths on increasing the solvent polarity, while the
position of the absorption maximum suffers a slight red shift
as shown in Table 1. The solvent-induced shifts of the
emission spectra can be attributed to a large change in
the dipole moment of the excited state compared with that
of the ground state.

The fluorescence quantum yield (¢r) of BQxVB is highly
sensitive to solvent properties. In aprotic solvents, ¢
increases dramatically with increasing solvent polarity
(expressed in the 7 scale reported by Kamlet [13]) as shown
in Fig. 2. This is probably due to a decrease in the non-
radiative decay processes caused by a decrease of the
vibronic coupling between the lowest !(r,7*) and
'(n, 7*) states in this compound. On the other hand, the
fluorescence quantum yield decreases with increasing sol-
vent polarity in the case of protic solvents. This effect can be
interpreted in terms of efficient internal conversion by
extensive vibronic mixing between the close-lying (n,7")
and (7r,7r*) states. In addition, the radiationless internal
conversion is enhanced by hydrogen bonding with solvent
molecules. The solvent dependence of the fluorescence yield
has been also analyzed in terms of two solvent parameters,
namely dipolarity/polarizability (7") and solvent acidity (cv)
[13]. In fact, no significant correlation could be obtained on
using all solvents (r = 0.26), but the data correlate very well
when the solvents are divided into two sets as expressed by
the following equations:

For protic solvents:

¢r = 1.305 — 0.9277*(£0.103) — 0.161(£0.058)
(r = 0.985) )
For aprotic solvents:

¢r = 0.334 + 0.3357"(£0.012) + 0.195¢(£0.079)
(r = 0.999) @)
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Fig. 2. Plots of ¢ vs. 7 values for (@) aprotic solvents and (Q) protic
solvents.

These findings indicate that the effect of solvent is mainly
due to the dipolarity interactions, and support the previously
discussed solvent dependence of ¢y.

The emission spectra and quantum yields of BQxVB have
been also measured in microemulsion media containing
chloroform as the oil. Microemulsions have been exploited
as media capable of causing molecular dispersion with a
subsequent decrease in molecular aggregation and bimole-
cular reactions [14]. As shown in Table 1, in O/W micro-
emulsion the fluorescence maximum is red shifted
(Af =461 nm) compared with that in W/O and CHCI;
(A =457 and 455 nm, respectively). The ¢ value in W/O
is higher than that in O/W microemulsion (¢r = 0.79 and
0.70 respectively). However, these values are comparable
with the quantum yield measured in bulk chloroform
(¢¢ = 0.73) indicating that BQxVB is solubilized in the
oil phase in both cases. This is confirmed by the close
similarity between the emission and excitation spectra
recorded in the three media, Fig. 3. The relatively lower
¢ value in O/W medium may be due to the quenching role of
hydrogen bond formation with the dominant water mole-
cules.

Since the fluorescence spectra of BQxVB are sensitive to
the environment, it seems reasonable to study the fluores-
cence quenching by Fe* " ions in micelles to get information
on the micro-environment encountered by solubilized dye
molecules. The electronic absorption spectrum of BQxVB in
2% methanolic water shows no changes when FeCl; is

Emission intensity (arb. units)

200 300 400 500 600
Wavelength (nm)

Fig. 3. Emission and excitation spectra of BQxVB in CHCl;, W/O and
O/W microemulsions.
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Fig. 4. Stern—Volmer plots for the fluorescence quenching of BQxVB by
Fe*? in SDS, water and CTAC micelles.

added, indicating the absence of ground state interactions
between BQxVB and Fe*t ions. Also, no discernible
changes in that fluorescence maximum or band shape
accompanied quenching excluding exciplex formation.
The quenching of BQxVB by Fe*' in water as well as
cationic (SDS) and anionic (CTAC) micelles follows the
Stern—Volmer relation as illustrated in Fig. 4. The quench-
ing constants (Kgy) calculated from the slopes of the plots
are 9.96 x 10°, 4.44 x 10’ and 1.92 x 10°M ™" in SDS,
water and CTAC, respectively. The quenching efficiency in
SDS is more than five times higher than that in CTAC
micellar solution. This can be explained on the basis of
BQxVB solubilization in the micelle phase, however,
BQxVB is sparingly soluble in water but becomes soluble
in micelles as reflected by the increased fluorescence inten-
sity. In SDS, Fe** ions become adsorbed on the micelle’s
surface in the place of the counterion, leading to efficient
quencher—fluorescer interactions and thereby enhanced
quenching. On the other hand, in CTAC micellar solution,
the electrostatic repulsion between the quencher and the
positively charged micelle’s surface displaces the quencher
from the vicinity of the excited BQxVB causing reduction of
the quenching efficiency. Since there is no overlap between
the absorption spectrum of FeCl; and the emission spectrum
of BQxVB, so quenching via energy-transfer can be
neglected. It seems that Fe* ions quench the fluorescence
of BQxVB by charge transfer from the excited BQxVB to
the ground state Fe> ions and/or heavy atom effects.

3.2. Conformational equilibrium of BOxVB

The fluorescence spectra as well as ¢y in various solvents
varied greatly upon changing the excitation wavelength, see
Fig. 5 and Table 1. This was explained in terms of con-
formational equilibrium [15-17] where for BQxVB at least
two conformers are possible due to rotation of both quinoxa-

@) Aex =365 nm ——
Aex =436 nm ------

Emission intensity (arb. units)

Wavelength (nm)

Fig. 5. Emission spectra of BQxVB in (a) methanol and (b) cyclohexane
recorded at different excitation wavelengths. The spectra in methanol were
normalized to highlight the shift in the maxima.

line rings around the quasi-single bonds between the ethy-
lenic carbon atoms and the aromatic groups. The emission
properties (maxima and quantum yields) indicate the excita-
tion at shorter wavelength (365 nm) populates a conformer
which gives short-wavelength fluorescence with higher
fluorescence quantum yield. Contrary to this, excitation in
the long-wavelength edge of the absorption spectra
(436 nm) leads to a conformer which displays long-wave-
length fluorescence with lower quantum yield. The fluores-
cence spectra of BQxVB in cyclohexane at various
excitation wavelengths (Fig. 5 (b)) display structure shape
with two components, probably the summation of different
conformers in equilibrium. On changing the excitation
wavelength, the composition of the excited conformers
changes and the contribution of each conformer to the
fluorescence spectra is different, thus changing the shape
of the fluorescence spectra.

3.3. Trans=cis photoisomerization and photoreactivity of
BOxVB in chloromethanes

With the aim of testing whether BQxVB can serve as a
laser dye, its photostability has been studied in different
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Fig. 6. Absorption spectra of BQxVB in methanol ( ) fresh solution
and (- - -) photostationary state obtained after irradiation at 405 nm for
45 min.

solvents as well as in microemulsions. Upon irradiation of
5%x107°M BQxVB in methanol at 405 nm, for example,
the conversion reaches a photostationary state with the
appearance of an isosbestic point at 361 nm, Fig. 6. The
photoreaction is assigned to the trans/cis photoisomerization
since the photostationary state is displaced to the trans-rich
side on irradiation with shorter wavelength (254 nm) and its
absorption maximum is shifted to shorter wavelength com-
pared to the pure trans isomer. The photochemical quantum
yields (¢;_..) of the trans — cis isomerization as well as the
composition of the photostationary states (expressed as
%cis) have been measured using two different excitation
wavelength and the data are summarized in Table 2. Both
¢ and the %cis are sensitive to the medium and excitation
wavelength. As can be seen from the data in Tables 1 and 2,
the decrease in the fluorescence yield is accompanied by an
increase in the photochemical quantum yield. This indicates
that the trans — cis photoisomerization proceeds through an
excited state similar to the fluorescing state. The larger
excitation wavelength effect on the photoisomerization
quantum Yyield is a further indication for the previously
discussed conformational equilibrium of BQxVB. The lower
photochemical quantum yields and appearance of trans-rich

Table 2
Quantum yields of trans — cis photoisomerization and the percentage of
the cis isomer measured at two irradiation wavelengths in different
solvents

Solvent Airr = 382 nm Airr = 405 nm
Proe Yocis Pre Yocis

Methanol 0.005 10 0.008 18
DMF 0.003 8 0.006 16
CHCl; 0.004 7 0.005 16
Cyclohexane - 0.6 0.001 5
W/O - 22 0.008 32
Oo/wW 0.003 17 0.006 29

photostationary states reflect a reasonable photostability of
BQxVB with respect to UV light. Thus, it can serve as an
effective laser dye.

However, BQxVB undergoes photodecomposition in
chloromethane solvents such as CCly, CHCl; and CH,Cl,
upon irradiation at 254 nm, Fig. 7. The absorbance of the
band around 400 nm decreases with increasing the irradia-
tion time. Also, the photoproduct displays a distinct absorp-
tion band around 460 nm in the case of CHCl; and CH,Cl,
but is missed in CCly. Furthermore, the photoproduct gives
strong emission at ca. 500 nm as shown in Fig. 8.

The rate constants of the photodecomposition of BQxVB
were calculated by applying the simple first-order kinetics
and were found to be 0.037, 0.011 and 0.001 s 'in CCl,
(Exa=2.12eV), CHCl; (Ep=1.75¢eV) and in CH,Cl,
(Eo=136¢eV) [18], respectively. It could be easily
observed that the rate constant increases with increasing
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Fig. 8. Emission and excitation spectra of BQxVB in CH,Cl, (x X X)
before irradiation and (. ..) after irradiation at 254 nm for 31 min.

the electron affinity (E4) of the solvent. This result indicates
that the photodecomposition of BQxVB proceeds via an
electron transfer step from excited BQxVB” to the solvent
molecules.

The photodecomposition of BQxVB in chloromethanes
can be explained according to the reaction scheme proposed
to account for the photoreactions of carbolines [18] in
CHCl; and CCly:

BQxVB + hv —2 [BQxVBJ*
2[BQxVB]" —' [BQxVB]"*
'[BQxVB]" — BQxVB + hvpy, (3c)
'[BQxVBJ* + CH,Cl,_,

— [BQxVB®" .. .*~ CH,Cly_,]*

light absorption (3a)

internal conversion (3b)

exciplex (3d)
[BQxVB’* ...~ CH,Cl,_,]"
— [BQ x VB'* ...~ CH,Cl;_,]

[BQxVB'*.-."~ CH,Cl,_,]
— [BQxVB'*-..Cl™ ---CH,Cl;_,] 3f)

electron transfer (3e)

The formation of the chloride ion in the contact ion pair, step
(3f) was tested by using an ethanolic AgNOj solution where
a white precipitate from AgCl was formed. The photode-
composition of some diolefinic dyes [19] and anthracene
laser dyes [20] have been recently examined. The photo-
ionization of some aromatic and aliphatic amines in CCly,
CHCl; and CH,Cl, has also been reported [21].

3.4. Laser activity and excitation energy transfer

The laser action of BQxVB solution (ca. 10> mol dm )
has been studied in DMF solvent in which ¢;= 0.63
(Aex =365 nm) and the photochemical quantum yield is
very low (¢,_.=0.003). On pumping BQxVB solution
in DMF using nitrogen laser pulses (Aex = 337.1 nm) of

800 ps duration and 1.48 mJ pulse, the dye gives laser
emission in the range 440-485 nm with a maximum laser
emission at 460 nm. The output energy of laser dye was
measured by a power meter as a function of the wavelength
to determine the lasing range. The maximum gain coeffi-
cient («) was calculated (o« = 2.3 cm™ ') at the maximum
laser emission (460 nm) by measuring the intensity /; of
laser emission from the entire cell length L and the intensity
Iy, from the cell half length, according to the following
relation [22]:

a:zln{I—L—l} 3)

The cross section for stimulated laser emission (o.) was
calculated at the emission maximum according to the equa-
tion [23]:
ME(X
_NEQ) o "

8meon? T

Oe

where ). is the emission wavelength, n the refractive index
of the medium, c, the velocity of light and E()\) the normal-
ized fluorescence line-shape function where

/ E(\)dA = o 5)
0

for BQxVB 7= 1.1 ns in DMF and 0.=3.11 x 10~ '¢ cm?
at 460 nm.

It is worth mentioning here that BQxVB acts as a good
energy donor for laser dyes which have low molar absorp-
tivities at 337.1 nm (nitrogen laser) such as rhodamine B
(RB). An equimolar mixture of BQxVB and RB in ethanol
gives laser emission in the spectral range of RB (600-
650 nm) upon excitation by nitrogen laser pulses. This
indicates excitation energy transfer from excited BQxVB
to RB. The sensitized RB fluorescence was observed in the
presence of BQxVB. As shown in Fig. 9 (a), the fluores-
cence intensity of RB, measured at 570 nm where BQxVB
has no emission, increases with increasing the concentration
of BQxVB.

The fluorescence quenching of BQxVB has also been
studied in ethanol using RB as a quencher to determine the
rate constant of energy transfer (kg) in BQxVB/RB system.
ket can be calculated by applying the Stern—Volmer relation
in the form [24]

I,
7= 1 + kgr7[Q] (6)

where I, and [ are the fluorescence intensities in the absence
and presence of the accepted concentration [Q] and 7y is
the fluorescence lifetime of BQxVB (=1.7 ns in ethanol).
From the fluorescence lifetime and the slope of the Stern—
Volmer plot, (Fig. 9 (b)), kgt has been calculated as
16.2 x 10> M~'s™!. This value is much higher than the

diffusion rate constant in ethanol (dg;er = 9.2 X 10°M 1!
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Fig. 10. Overlap between the emission spectrum of BQxVB and the
absorption spectrum of RB in ethanol.

at 25°C). There is a significant overlap between the electro-
nic absorption spectrum of RB and the emission spectrum of
BQxVB. Fig. 10. Applying Forster’s resonance energy
transfer mechanism, the critical transfer distance (R,) for
the BQxVB/RB system can be calculated [25].

o0

RO — 1.25 x 1072 x qsf/FDs(ﬁ)dv
(8]

nt % M

0

where R, is the distance at which energy transfer and
emission process are equally probable (critical transfer
distance). ¢y is the emission quantum yield of the donor, n
the refractive index of the solvent and the integral is the
overlap integral for fluorescence spectrum of the donor
normalized to unity (Fp) and absorption spectrum of the
acceptor (ep). Accordingly, the critical transfer distance
was calculated as 31.3 A. This value is higher than that for
collisional energy transfer in which R, < 10 A [26]. The
high value of the critical transfer distance as well as the
energy transfer within the BQxVB/RB pair is a resonance
energy transfer due to long range dipole—dipole interaction
between the excited donor and the ground state acceptor.
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