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Edge excitation red shift and energy migration in
quinine bisulphate dication
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Abstract

Photoinduced excited state dynamical processes in quinine sulphate dication (QSD) have been studied over a wide range of solute con-
centrations using steady state and nanosecond time-resolved fluorescence spectroscopic techniques. The edge excitation red shift (EERS) of
emission maximum, emission wavelength dependence of fluorescence lifetimes and the time dependence of emission maximum are known to
occur due to the solvent relaxation process. With increase in solute concentration, the emission spectrum shifts towards the lower frequencies
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ccompanied with decrease in fluorescence intensity, however, absorption spectrum remains unchanged. A decrease in EERS,
ifetimes, time dependent fluorescence Stokes shift (TDFSS), fluorescence polarization and the solvent relaxation time (τr) is observed with
he increase in solute concentration. The process of energy migration among the QSD ions along with solvent relaxation has
esponsible for the above experimental findings.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The photophysics of quinine sulfate dication (QSD) (Qui-
ine sulphate in 0.1N H2SO4 solution of water) has been the
ubject of extensive research in the past because of its medical
pplications as well as its use as a fluorescence standard[1–5].
he quantum yield of the QSD (10−5 M) measured by Mel-
uish[1] long back (φf = 0.56) is still in use today. However, it
as demonstrated[2,6] that excitation spectrum of QSD was
ifferent from its absorption spectrum. Chen[7] found red
hift in emission spectrum of QSD on excitation at red edge
f absorption band (REE effect) and suggested that it arises
ue to two close lying states, but Fletcher[8] interpreted this
ffect as being due to the molecules existing in at least two
ifferent conformers each with its own electronic transition
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based on solvent relaxation modes. It is generally found
solvent bonding to chromophore restricts the position of
ochrome, which exists at least in two average conform
The excitation dependence of the emission of polar arom
molecules in viscous polar solvents is a common featur[9]
and is in general related to microenviromental heterogen
Ioth and Azumi[10] gave an explanation that on excitat
at the red edge of the absorption band only certain con
rations are excited, resulting into red shifted emission w
lacks some high frequency components compared to tha
to short wavelength excitation.

QSD is one of the rare emitters in which excited s
solvent relaxation appears to occur on nano-second
scale even at ambient temperature[16]. Thus, time-resolve
emission spectroscopy (TRES) and other dynamical stu
which depend on solvent relaxation, could easily be m
sured using QSD as an emitter. Like several other so
probe molecules, QSD is highly sensitive to the surroun
solvent environment and undergoes a large change of d
moment upon electronic excitation, yet it could not be u
as an ideal probe molecule for the quantitative studies o
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.05.026
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solvation process because of its complex decay kinetics. The
fluorescence decay has been found to exhibit a bi-exponential
decay at the shorter wavelength edge and a rise in decay is
observed at the red edge of the emission band[11–14]. The
non-exponential nature of the fluorescence decay has been
attributed to the solvent relaxation process. The photophysics
of quinine sulfate and related compounds in different solvents
and at various temperatures has been reported from this labo-
ratory[15–20]. It was shown that the methoxy group plays an
important role in the photophysics of these molecules. From
the temperature dependence of fluorescence characteristics, it
was suggested that around 160 K a rapid charge transfer from
methoxy group to the quinoline ring take place, followed by
solvent relaxation at ambient temperature in the polar fluid
medium[16]. Thus, these processes lead to change in the
charge density distribution and geometry of the fluorophore,
which combined with solvent relaxation, give a multi expo-
nential decay.

The photophysical processes in QSD and related
molecules have been explored for designing fluorescence
optical sensors for halides[21,22] and as a probe for mea-
suring free volume in membrane or sol–gel glasses[23]. We
have also shown that the magnitude of EERS in QSD can be
used as a probe to determine the micro-environmental nature
of the polymers[24]. Despite the widespread interest and
importance of QSD, its photophysical properties as a func-
t etail.
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The fluorescence intensity component (Ivv, Ivh, Ihv andIhh),
in which the subscripts refer to horizontal (h) and vertical (v)
positioning of the excitation and emission polarizer respec-
tively, were used to calculate the steady state fluorescence
polarization using following equation:

P = Ivv − GIvh

Ivv + GIvh
(1)

whereG is the grating correction factor and is equal toIhv/Ihh.
In all cases the background intensity of the reference was
subtracted from the sample emission spectra to eliminate the
errors due to scattering artifacts. All experiments were done
with multiple set of samples for each concentration and thus
the polarization curve is an average of different data sets.
The spectral shifts obtained with different sets of samples
were identical in most of the cases and values were with in
±1.0 nm.

2.3. Time domain measurements

Fluorescence decay times and time-resolved emission
spectra were recorded with the help of Edinburgh 199 time
domain spectrometer and analyzed by software FLA-199 in
PHA and MCA mode. The excitation source was a thyratron
gated nanosecond flash lamp with hydrogen as the filler gas.
Lamp profile where measured at the excitation wavelength
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ion of solute concentration has not been studied in d
n this paper we report anomalies in spectral properties
uorescence decay parameters of QSD in fluid media
ts different concentrations. The process of energy migra
long with solvent relaxation have been found responsib

he observed dynamical behavior at the higher concentra
f QSD.

. Experimental

.1. Material

Quinine bisulphate (QS) from Aldrich was re-crystalliz
rom water. All the solvents were either of spectrosco
rades or were checked for their purity. All the sample
SD were prepared by dissolving the appropriate conce

ion of QS in 1N H2SO4 containing HPLC grade water (SR
ISCO laboratory chemicals).

.2. Steady state measurements

Absorption spectra were taken with the help of dual b
ASCO V-550 spectrophotometer and fluorescence and
ation spectra were recorded with the help of JASCO FP
25] spectrofluorometer and JOBIN-YVON-SPEX fluoro
aving double monochromator in both excitation and e
ion path. The data were analyzed using related soft
RAMS/32. Polarization measurements were carried
ith the help of Spex fluorolog with polarization accesso
sing Ludox scatterer. The pulse width was about 1.0 ns
epetition rate of 20 kHz. The decay times were determ
sing non-linear least square method by time correlated
le photon counting (TCSPC) technique. Care was tak
ata analysis to differentiate between the mono-expone
nd bi-exponential fits by judging theχ2 values standar
eviations and weighted residuals. Intensity decay curv
btained were fitted to sum of exponential terms as

(τ, t) = α1 exp−t/τ1 ± α2 exp−t/τ2 (2)

hereτ1, τ2 are the shorter and longer lifetime compone
espectively, andα1, α2 are the corresponding amplitud
n QSD[16]. The negative sign indicate the rise time at
ed edge of the emission of the QSD. The average decay
τ〉 for bi-exponential decays of fluorescence were calcu
rom the observed decay times (τ1, τ2) and pre-exponenti
actors (α1, α2) using the following equation:

τ〉 = α1τ1 + α2τ2

α1 + α2
(3)

he time-resolved emission spectra (TRES) were
btained with the help of FLA-199, in it the TAC is by pass
nd signal from the discriminator, on the emission chan
re routed directly to the MCA/PC in single channel anal
SCA mode), with the channel advance rate synchron
ith the wavelength drive of the emission monochrom

ORTEC timer unit 719), the resulting histogram of cou
epresents the fluorescence spectrum of the sample. Th
s essentially a timing discriminator with two variable lev
L andVU. Input pulses having amplitude lower thanVL and
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Fig. 1. Structure of QSD.

higher thanVU are rejected. Spectra recorded by the above
method, after a certain time delay∆t, within a time window
δt, selected by upper level discriminator (ULD) and lower
level discriminator (LLD). Photon in discrete time intervals
are summed and arranged as a function of wavelengths.

3. Results and discussion

In dilute sulphuric acid solutions (0.1N H2SO4), quinine
sulphate is present as a di-cationic species, which is quite sta-
ble [16]. The molecular structure of QSD is shown inFig. 1.

The absorption and the emission spectra of QSD for differ-
ent concentrations of solute are shown inFig. 2. The absorp-
tion spectrum shows two bandsLa andLb at 346 and 316 nm,
respectively (Fig. 2i), whereas, the emission spectrum has
only a structure-less broadband for all the concentrations
studied. It is also observed that the position of absorption
bands and the corresponding molar absorption coefficient
(ε) values do not change with concentration of the solute
molecule, which rules out any possibility of dimer formation.
However, the emission spectrum (Fig. 2ii) shifts towards the
lower frequencies with the increase in solute concentration.
The full width at half maximum (FWHM) of the emission

Fig. 2. (i) Absorption spectrum of QSD in water (1N H2SO4) at 20◦C in
10−5 M. (ii) Normalized emission spectra of QSD in water (1N H2SO4)
excited by 360 nm for different concentrations.

spectrum also decreases with the solute concentration. It is
observed that the excitation spectrum of QSD fails to coin-
cide with the red edge of the absorption band and the quantum
yield increases when monitored at different increasing emis-
sion wavelengths[16]. When excited at the red edge of the
first absorption band the emission maximum shifts towards
the lower frequency side for all the concentrations of solute
studied. This shift in emission spectrum on excitation at the
red edge of the absorption spectrum is known as edge exci-
tation red shift (EERS) as shown in the normalized emission
spectra of QSD in water for concentrations (i) 10−2 M and
(ii) 10−5 M in Fig. 3. The magnitude of EERS expressed as
the difference in wave number (cm−1) between the emission
maximum obtained on 360 nm excitation and 420 nm excita-
tion, decreases with the increase of the solute concentration.
The EERS and FWHM values as obtained for different con-
centration of QSD are given inTable 1.

The decay fits to a bi-exponential function for all the con-
centrations of QSD studied. The bi-exponential fit gives the

F y differ
1

ig. 3. Normalized emission spectra of QS in water (1N H2SO4) excited b
0−5 M.
ent wavelengths from 310 to 410 nm for concentrations (i) 10−2 M and (ii)
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Table 1
Fluorescence parameters of QSD for different concentrations in water (in 1N H2SO4)

Concentration [M] τ1 (ns) τ2 (ns) χ2 α1 α2 τr (ns) 〈τ〉 (ns) φ FWHM (cm−1) EERS (cm−1)

10−5 2.75 (0.12) 19.43 (0.05) 1.04 0.041 0.091 6.5 14.24 0.55 4550 840
10−4 2.80 (0.14) 19.36 (0.05) 1.01 0.042 0.094 6.3 14.24 0.55 4350 740
10−3 2.60 (0.13) 17.50 (0.05) 1.05 0.043 0.082 5.5 12.37 0.47 4241 550
10−2 2.10 (0.09) 15.70 (0.04) 1.04 0.075 0.102 5.1 9.93 0.38 4190 500
5× 10−2 1.60 (0.07) 12.90 (0.04) 1.16 0.099 0.093 4.7 7.07 0.27 4120 452
10−1 1.60 (0.1) 8.10 (0.03) 1.21 0.093 0.099 – 4.95 0.19 4080 375

Decay measured byλex = 360 nm atλem= 390 nm (standard deviations are given in the parentheses andτrad= 25.89 ns).

negative amplitude corresponding to theτ1 decay component
at the red edge of the emission spectrum (above 500 nm) for
all the concentration studied andτ2 continuously increases
with the increase in emission wavelength. The major change
in magnitude ofτ2 occurs between 390 and 450 nm while
at longer emission wavelengths (500–575 nm), the increase
is small. The contribution of theτ1 component to total flu-
orescence intensity at blue edge is about 7% and at the red
edge is only 2% whereas the long lived componentτ2 domi-
nates throughout the emission band[16]. However, with the
increase in solute concentration both the lifetime components
decrease as shown inTable 1andFig. 4 for (i) 10−2 M and
(ii) 10−5 M solutions.

The fluorescence quantum yield (φ) for various concentra-
tions of QSD has been calculated with the help of following

equation[26]:

φ =
[
α1τ1 + α2τ2

α1 + α2

]
τ−1

rad. (4)

whereτrad.is the calculated radiative decay time and has been
calculated from well known Stickler and Berg[27] relation-
ship; from the absorption and emission spectra and extension
coefficient for 10−5 M aqueous solution of QSD. It comes
out 25.89 ns. This has value 0.55, for 10−5 M solution and is
in agreement with the values reported by Demas and Crosby
[28]. Clearly, the value ofφ (Table 1) decreases with the
increase in solute concentration.

In time-resolved spectral measurements, a time dependent
fluorescence Stokes shift (TDFSS) is observed for all the
concentrations studied.Fig. 5 shows peak normalized time-
Fig. 4. Decay curves of QSD in water at (i) 10−2 M and (ii) 10−5 M conc
entrations,λEx = 360 nm and emission monitored atλem= 390 nm.
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Fig. 5. Normalized TDFSS of QSD in water (1N H2SO4) at 20◦C in (i)
10−5 M and (ii) 10−2 M at (a) 0.25 ns, (b) 1 ns, (c) 2 ns, (d) 10 ns, (e) 35 ns.
(iii) Change in the time-resolved fluorescence emission maximum of (a)
10−2 M and (b) 10−5 M QSD in water at 20◦C.

resolved emission spectra for QSD (i) 10−5 M and (ii) 10−2 M
for different time windows. The time dependent change in
the fluorescence emission spectrum gives a clear picture of
the evolution and decay of the excited state of a fluorescent
probe. It can be seen that there is a continuous red shift of
the emission spectrum with increasing time window with-
out changing its shape and FWHM. However, with increase
in solute concentration the magnitude of TDFSS and FWHM
decreases with the increase in solute concentration. The mag-
nitude of the TDFSS however greater for lower concentration
of QSD 900 cm−1 for 10−5 M as compared to 760 cm−1 for
10−2 M concentration. These results indicate that QSD at all
concentration studied undergoes excited state solvent relax-
ation in nano-second time scale. The emission characteristics
and complex decay kinetics of the QSD in aqueous solution

could not be explained by simple two state model as one of the
important features of this model is that only two lifetimes will
be obtained and these values will be constant regardless of the
emission wavelength. The temperature and viscosity depen-
dence of the kinetic parameters was explained on the basis
of Bakhshive’s model[29] and an unusually large solvent
reorientation relaxation time (7 ns) was obtained for QSD in
polar fluid solvents[16]. In this model the centre of gravity
of the emission is assumed to decay exponentially and shape
of the emission spectrum remain constant during the emis-
sion time. While in case of two state model the half width
of the emission spectrum change with times being maximum
of the intermediate times[30]. No change in the shape and
FWHM of the TDFSS and EERS spectra has been observed
at fixed concentration although the FWHM is decreases with
increase in concentration[16]. These results indicate that
QCD at all concentrations studied undergoes excited state
solvent relaxation in nano-second time scale. Thus the decay
kinetics cannot be explained by a simple two state model of
solvent relaxation rather suggest a continuous type of relax-
ation model. The two-state model of solvent relaxation could
not explain the TDFSS, because of the observed continuous
shift in TRES. However, the continuous model of solvent
relaxation can be used in order to explain the broader features
of complex behavior of QSD in fluid solution. The solvent
relaxation time component (τ ) values have been calculated
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sing the continuum model and adopting the same proce
s discussed by Pant et al.[16]. According to which

m̄(t) = ν̄∞ + (ν̄0◦ − ν̄∞) exp−t/τr (5)

hereνm(t) is the emission maximum for Gaussian sh
ndν0 andν∞ are the emission maxima att = 0 and∞. It

s assumed that the shift to lower energy is an expone
unction of solvent relaxation timeτr as shown inFig. 5(iii).

decrease inτr is observed with the increase in solute c
entration.

The observation of EERS and TDFSS, increases o
rescence lifetime with the wavelength of emission and
bservation of negative amplitude for the longer wavelen
f emission are the salient features of the solvent relax
rocess[9,15–20]. Generally, the relaxation of polar solve
olecules around the changed dipole moment of the ex

tate occurs in a pico-second time scale in fluid media
s compared with the dielectric relaxation timeτd. However
he results presented above show that the rates of thes
rocesses are not of the same order. The discrepancy
alues ofτr andτd is due to the fact thatτd is related to th
acroscopic properties of the solvent andτr, responsible fo
ERS and TDFSS, to the microscopic environment aro
n excited solute molecule and hence is very likely depen
n the detailed electronic and the geometrical structur

he solute.
In our time-resolved experiments, the time resolution

ot sufficient to be able to probe the ultrafast time compon
f water solvation. Using ultrafast time-resolved experim
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tal techniques[31]; the solvation of water has been shown to
be ultrafast with an inertial solvation time component of less
than 100 fs, contributing 70% to the total solvation energy
and two slower diffusive sub-picosecond time components.
However, we believe the nanosecond time component we
have resolved here using the dynamic Stocks shift measure-
ments is a slowed down (due to the strong interactions of the
SO4

− ions present in the solution with the QSD molecules)
diffusive time component of water solvation. There are sev-
eral reports in the literature about the slower solvation time
components of water in the presence of the ions in the solu-
tion. Molecular dynamics calculations and experimental data
have shown slower solvation dynamics in concentrated ionic
solutions than in bulk water. The interactions of water with
specific cations influence the water mobility. Impey et al.[32]
contrasted the interaction of water with Na+ and K+. Their
calculations showed the residence time of water in the solva-
tion shell around Na+ is about twice that for water next to K+.
Their calculations also showed that residence times around
divalent cations can be nanoseconds or longer. Guardia and
Padro[33] calculated water interacting with Na+ and report
longer residence time of 38 ps. Wang and Tominaga[34]
have used low frequency Raman spectroscopy to measure
the solvent response of ionic solutions, including NaCl, KCl
and CaCl2 salt solutions. Their results show that the ions
in solution cause relaxation times to become progressively
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Fig. 6. Curve between (i) fluorescence polarization [P] vs. concentration
[M] and (ii) 1/p (depolarization) vs. concentration of QSD in mole.

In a solution, the excited state of the molecular ensem-
ble can be considered as a distribution of quasi continuum
excited states. The emission from a higher state is overlapped
with the absorption transition to a lower lying state, making
conditions for excitation energy transfer favorable, particu-
larly when the concentration is increased. The degradation
of energy in this manner ultimately terminates into the emis-
sion from the lowest level of the system, which falls at 454 nm
(SWE position) and 465 nm (REE position) for the highest
concentration (10−2 M). Such an energy transfer, known as
energy migration, results in a successive decrease in the life-
time with the increase in solute concentration, which follows
the Stern–Volmer quenching kinetics. The occurrence and
nature of the TDFSS as found above for higher concentration
can be attributed to energy migration along with the solvent
relaxation processes.

To verify that the energy migration is responsible for
dependence of various observed parameters on concentration,
the concentration depolarization experiments were carried
out as shown inFig. 6(i). It shows that fluorescence polar-
ization decreases, i.e. depolarization increases, with increase
in concentration. This clearly indicates that the migration of
excitation energy among emitting molecules occurs as the
concentration of the solute increases. The critical transfer
distance (R0) for energy migration has been calculated using
onger with increasing concentration. Obst and Brada
35] found that the interaction of Ca2+ ions was signifi
antly stronger than the interaction of alkali ions with wa
sing a combined quantum mechanical/molecular mec

cal dynamics calculation, Tongraar et al.[36] have shown
hat the translational, librational and vibrational motion
ater near Ca2+ is perturbed due to ion water interaction
On shorter wavelengths of excitation (SWE), the em

ion maximum shifts towards the lower frequencies with
ncrease in concentration. However, on red edge excit
REE), the spectral maximum falls nearly at the same
uency (at 480 nm) for all the concentration and coinc
ith the highestλmax for the highest concentration obtain
n SWE. This results in a decrease in the magnitude of E

or the concentrated solutions. The fluorescence lifetime
he quantum yield also decrease with the concentratio
he solutions. Thus in addition to the solvent relaxation
ess, the concentration quenching also takes place. S
nd Rolling[37] have also observed concentration quenc
f QSD fluorescence intensity and its decay however,
eported a mono-exponential exponential decay for Q
toh and Azumi[38] have reported a decrease in conc
ration quenching on REE.

The decrease in lifetime, quantum yield, EERS
WHM of emission band with increase in concentra
long with the coincidence ofλmax at long time in TDFSS
ith the steady state fluorescence spectrum for the h
oncentration suggest that at higher concentrations
dditional dynamical process is competing with the sol
elaxation process.
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these concentration data and using the equation[39]:

(
1

p
− 1

3

)
=
(

1

p0
− 1

3

)(
1 + 4πNR6

0C × 103

15(2a)3

)
(6)

wherep andp0 is the final and initial polarization at highest
(10−1 M) and lowest (10−5 M) concentration respectively,N
the Avogadro number,C the concentration, and “a” is the
radius (3.5Å) of the molecular system. InFig. 6(ii), we have
plotted 1/p against concentration of QSD, which is in agree-
ment with above equation. From the slop of the straight line
in the figure,R0 comes out to be 18.7̊A showing that for
concentration depolarization is due to energy migration.

Again we calculatedR0 from Forester equation[40]:

ROD = 3

√
3000

4π3/2NCOD
(7)

where COD is the critical transfer concentration at which
decay time become half of its initial value. Hear critical
transfer concentration is 5× 10−2 M as shown inTable 1.
It comes out 20.0̊A. These values are quite in agreement
with the depolarization measurements. This shows that con-
centration depolarization is due to energy migration among
d ipole
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Fig. 7. Curve between (i) EERS vs. concentration and (ii) solvent relaxation
time (τr) vs. concentration of QSD in mole.

4. Conclusions

We propose that on SWE, the concentration dependent
red shift of emission maximum and a decrease in fluores-
cence lifetimes and quantum yield at higher concentrations of
QSD is due to the singlet–singlet non-radiative energy trans-
fer from molecular higher energy emitting state to those of
lower energy emissions known as energy migration. On REE,
the decrease of EERS with concentration is also attributed to
energy migration. The occurrence and nature of TDFSS, the
decrease inτr and not the least, the observed concentration
depolarization supports such energy migration. The observed
photo-physical behavior for the higher concentrations can be
attributed to the energy migration process along with the sol-
vent relaxation process.
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